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Chapter 1 

Chapter 1 

Introduction. 
Design of synthetic thin polymer films capable of smart response is a challenging task for 

creation of new coatings with a potential to adjust and improve surface characteristic of 

the materials. Recently many studies devote a special attention to surfaces, which 

performance is not fixed at variable environmental conditions [Bli98, Tsu98, Tsu00, 

Bir00]. Often it is of importance to combine antagonistic, mutually incompatible, 

properties, e.g. acid and base, hydrophobic and hydrophilic, conductive and not 

conductive, adsorbing and repelling and many others, on a single plane. Development of 

such sophisticated surface with a predictable response under different conditions is 

currently imposed from the requirements of nanotechnology, biomaterials and medicine.  

Polymers, grafted with one end to a planar surface, represent a recently reported example 

of stimuli sensitive nanomaterials. Modification of surfaces via grafting of different 

polymers is well known and promising method for regulation of adsorption, adhesion, 

wetting, reactivity, micro/nanopatterning, swelling, friction, stabilization of colloids and 

other surface properties sensitive to the surface composition [Raph92, Man97, Hab99, 

Huss00, Russ02].  

A novel strategy for fabrication of responsive functional polymer films is based on 

grafting of several different functional polymers onto a solid substrate at high grafting 

density, resulting in varied types of polymer brushes [Sid99, Min02a]. It is shown that 

grafting of two chemically different polymers on one substrate implies 

adaptive/switching properties of the thin polymer coating. This behavior is affected by a 

phase segregation mechanism in the thin polymer films [Lem03]. Such an arrangement 

suggests many interesting applications of the polymer brushes, regarding their versatile 

adaptive surfaces, capable for responding to changes of solvent polarity, pH, temperature, 

electromagnetic field and other stimuli, generally by reversible swelling [Luz04]. 

 

This thesis focuses on synthesis of binary polymer brushes chemically tethered to a solid 

substrate and investigation of their responsive/adaptive to external stimuli properties.  
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Introduction 

Recently the polymer brushes attract interest from academic and practical point of view, 

due to their well-defined surface properties and predictable environmental response 

[Min02a, Min02b, Pru98]. Large number of experimental and theoretical investigations is 

devoted to homopolymer brushes [Zhu91, Halp92, Sev96, Qua99, Coh99, Hab99, Bie99]. 

In contrast, binary polymer brushes were synthesized [Sid99] and studied intensively 

only in the last few years [Min99, Min02a, Min02b, Mül02, Lem03]. It was shown that 

the combination of polar and non-polar polymers in the layer results in an mixed 

amphiphilic polymer brush surface, able to switch from hydrophilic to hydrophobic (and 

vice versa) surface energetic states by appropriate tuning of the external conditions 

[Min02a, Min03b, Min03c, Mot03].  

We synthesized and characterized mixed amphiphilic polymer brushes, as our results are 

in a good agreement with literature data. In the frame of this thesis, the amphiphilic brush 

was investigated in terms of its response to aqueous surrounding media. The ability to 

reversibly switch the properties of the material from water-repellent to hydrophilic was 

investigated in aqueous media, which is a new aspect in evaluation of its responsive 

behavior.   

Features that are even more promising can be attributed to the mixed brushes if the 

polymers in the layer carry electrical charges. There are only a few theoretical 

approaches, predicting some particular properties of such novel material [Shu01a, 

Shu01b]. We performed the first attempt to synthesize and experimentally to investigate 

binary polyelectrolyte brush, composed of oppositely charged polymers. The larger 

variety of combinations of electrostatic and short-range interactions leads to much more 

complex response as compared to homopolyelectrolyte and binary amphiphilic brushes. 

In the latter case, a completely switching of the surface composition can be approached 

by the change of the solvent, while a layered segregation of two different polymers in the 

binary polyelectrolyte brush can be easily approached by a small change of pH.  

 

The amphiphilic and binary polyelectrolyte brushes were further examined as adaptive 

tool for regulation of adsorption of different charged species from aqueous solutions. 

In terms of simplicity, first we performed adsorption of nanoparticles with fixed charges 

onto binary polyelectrolyte brushes. Tuning the surface response of the brush without 

 2 



Chapter 1 

changing the behaviour of the adsorbate allows one to investigate the switching of 

acid/base properties of the layers via long-range electrostatic forces. 

Adsorption of synthetic polyampholytes was performed onto amphiphilic and binary 

polyelectrolyte brushes. In this case the adsorbate molecules bear both acidic and basic 

groups as in the vicinity of isoelectric pH the net charge is zero. These properties of 

polyampholytes allow investigating the adsorption behaviour of both type polymer 

brushes at different charge asymmetries at the adsorbing interface. 

Adsorption of proteins onto amphiphilic and binary polyelectrolyte brushes is the most 

complex case we consider here. The strong internal coherence of the protein molecules 

imply different adsorption behaviour compared to that of the polyampholytes. Different 

interactions may originate from redistribution of charged groups, changes in the 

hydration state and structural rearrangement, caused by the switching phenomenon, and 

exhibited by polymer brushes. 
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Chapter 2 

Theory of polymer brushes. 
 

2.1. Introduction.  
Polymer brushes refer to an assembly of polymer chains, attached by one end to a surface at 

high grafting density. The chains are stretched away from the substrate due to excluded 

volume effect [de Gen76, de Gen80, Ale77, Mil91, Halp92, Fle93, Szle96, Zha00]. 

Mixed polymer brushes, constituted from two incompatible polymers and grafted to the same 

substrate, represent another example of responsive surfaces. In this case, the micro-phase 

segregation of the polymers in the mixed brush results in change of structure and surface 

chemical composition, influenced by external environment.  

 

2.2. Theory of monocomponent polymer brushes. 
The term polymer brush was derived and specified by Alexander [Ale77], who performed 

theoretical analysis, considering grafted by one end polymer chains to a planar surface. The 

theory of Alexander was further developed by de Gennes [Gen76, Gen80], who investigated 

polymer brushes by self consistent field (SCF) calculations. 

To build the profile of a polymer chain, grafted to a planar surface, one needs to assume an 

interfacial limitation factor, influencing its behavior. Deformation (or expansion) of grafted 

layers is an expression of the energetic balance between the interaction and the free elastic 

energies. Sufficiently strong overlapping of the polymer chains themselves occurs at the 

interface, and it is initiated by the dense tethering factor. Hence, an increase of the inter-

contact between monomer units, and therefore, also of related interaction energy, takes place 

in the system. Following that order, the chains are forced to expand away from the surface (Z 

direction), and that way, to minimize monomer units contact by increase the brush layer 

thickness, d. As result, the interaction energy per chain, Fnt tends to lower, on expense of the 

elastic one, Fel. The equilibrium thickness state for a brush-like layer can be determined, 

evaluating the balance between both energies. 

The entire free energy finds an expression by both terms, discussed above: 

 

F=Fnt+Fel          (2.1) 
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To simplify the meaning of both parameters, one assumes a step-like statistical segments 

depth profile and equal distance between free ends and the surface, d, for all chains, i.e., the 

description of the layer assumes a single plane profile. 

The concentration of single segments can be expressed as:  

 

 ϕ = Na3/dg
2d      (2.2) 

where N is the number of statistical segments along the chains, a is their diameter and dg is 

the average distance between the anchoring points. The latest must be smaller than radius of 

gyration of an unperturbed chain.  

Considering the findings above, one needs to obtain a more precise expression for the free 

energy. It is provided by the Flory approximation [Flo81], evaluating the configurational 

entropy loss. Considering an ideal chain, forced to expand the distance d and related to 

entropic “springs” with a spring constant kT/Rg
2, the free energy cost per chain is: 

 

            













+≈

d
NN

Na
dkTF ν2

2

2
3     (2.3) 

where k is the Boltzmann constant, Rg-radius of gyration, T-temperature and ν is a 

dimensionless excluded volume parameter. 

Minimization with respect to the brush height gives the equilibrium thickness: 

 

 d  N(νa≈ 2)1/3      (2.4) 

 then 

 F  kTN(νa≈ -1)2/3     (2.5) 

The results for the simple model, first noted by Alexander, can be summarized as follows:  

• Sequence of brushes with coverage and increasingly large N. 

• Height d grows linearly with N, while unstretched chain dimension Rg only grows as N1/2 

• The properties of long enough chains, d >> Rg (chains are strongly stretched), may be 

expected to be quite different from unstretched chains in solution. 

 

Properties well described by the simple model: 

• Rough measurements of the brush height d. 

• Rough measurements of the free energy per chain F. 

• Rough measurements of the stretching-repulsion balance. 
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To conclude, one can state that Alexander approach does not attempt to examine in details the 

conformation of polymer chains or density profile of the chain units. The model describes the 

hydrodynamic thickness, permeability and force, required to compress the brush. 

Dealing with this matter, simple results have been obtained for a wide range of brush 

properties. An uncomplicated hypothesis, that the free chain ends can be located at any 

distance from the interface [Mil91, Sem75, Mil88, Mill89] has been developed. 

 

2.3. Theory of mixed binary polymer brushes and phase segregation. 
Mixed brushes theoretical studies was started by Marko and Witten in year 1991, who 

successively showed a microphase separation between two chemically different polymers, 

grafted to a planar surface. It is important to note that the incompatibility between both types 

of chains should have a higher value as well. For studying any mixed polymer brush system, 

one have to apply the mean field theory for strong stretching limit, also successively applied 

for homopolymer brush. 

Marko et al. extended the theory for case of mixed polymer brush [Mar91]. The basic idea in 

their study is that the incompatibility of both polymers increases the mixing free energy per 

chain, which is function of the monomer concentration. 

 

)()(
3

rrrd
nkT
E

BA
rr

φφ
σΩ

∫Λ=     (2.6) 

where  is the volume fraction of polymers A and B, n = Ω is the total number of 

molecules in the layer, Ω  is the surface of the layer,  is a radius-vector which points out 

monomer units and σ is the grafting density. 

φ σ

rr

Λ [volume-1] is calling coupling constant and is related to Flory-Huggins parameter χ, via: 

 

χ = ΛV/N     (2.7) 

A and B indexes in equation (2.6) represent two chemically different polymers 

The incompressibility conditions one can state as φA = 1- φB.  When Λ>0, the monomers of A 

and B will separate.  

Recently the mixed brushes prepared from polymers of similar molecular weight but different 

chemical compositions were intensively investigated theoretically and experimentally [Zhu96, 

Min01, Min02a, Min02b, Sid99]. It was shown that the mixed brush morphology is affected 

by the interplay between lateral and phase segregation, governed by solvent quality. The 

lateral segregation of mixed brushes is dominant in nonselective solvent and results in ripple 
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b 
Figure 2.1. Phase segregation routes for a
mixed polymer brush in melt. 

a 

morphology, while in selective solvent the unfavored polymer forms clusters embedded in the 

continuous phase (dimple morphology) of the second polymer. This mechanism introduces 

the adaptive and switching properties of the thin film, which can change morphology, surface 

energetic state, and functionality upon exposure to a controlled environment.  

A binary polymer brush exhibits mainly two segregation routes. The first one is a lateral 

segregation (Figure 2.1.a) characterized by a 

homogeneity in perpendicular direction and the 

chains form so called ripples. The right scheme 

(2.1.b) represents the perpendicular case of 

segregation. One of the polymers enriches the 

top layer, while the other one collapses near to 

the surface. Typical morphology formed is 

dimple morphology. It is noteworthy to say that the ripple morphology (case 2.1.a) occurs by 

the block co-polymer melts as well. The difference is in two dimensional periodicity of the 

structure and also in the brush-like profile, perpendicular to the surface.  

The theory of Milner, Marko and Witten predicts the main phenomena operating in the binary 

brushes, but it is limited only for very high grafting densities and /or long chains. By reason 

of that, a more general method has been developed by M. Müller [Müll02]. The basis of this 

approach lies on the self consisted field theory, initially using Matsen and Schick calculations 

[Mat94] for phase diagram of block-copolymers. The monomer densities and effective fields 

have been calculated, using Fourier approach. This method is useful to analyse the stable 

morphologies-lamellas, square, hexagonal, dimple phases. Varying the incompatibility of the 

polymers, total and relative grafting densities of A and B, as well as the solvent quality 

concerning different polymer components chemistry, one can build up phase diagram for 

mixed polymer brushes, regarding a first order phase transitions. The delicate interplay 

between both types phase segregations was shown to result in different morphologies as well 

[Min02a]. 

In the Figure 2.2, a phase diagram for a symmetrical binary brush as a function of solvent 

selectivity ζ is shown in order to outline the origin of responsive behavior of the mixed brush 

[Min02a]. The reversible microphase separation of the components occurs in the following 

order: 

• Non selective solvent (ζ = 0). Laterally homogeneous to ripple phase transition, upon 

increasing the incompatibility of A and B species. 

• Decreased solvent quality for A (ζ<0). Ripple phase convert in dimple structures, as 
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the A component segregates into clusters. 

• Decreased solvent quality for B (ζ>0). Ripple phase convert in dimple structures, as 

the B component segregates into clusters. 

 
igure 2.2. Phase diagrams adopted from [Mül02] and [Min02b].: (a) symmetric binary 

.4. Binary polyelectrolyte brushes. 
polyelectrolyte brushes, consisting of electrically 

F
polymer brush as function of incompatibility χ´ and inverse stretching δ´ , the layered 1D 
morphology was found to be not stable at δ´>0.25 and is pre-empted by the laterally 
segregated morphologies, however the hypothetical transition from the disordered phase to 
1D phase is shown with the dashed line; (b) inverse stretching δ´=0.5 as function of 
incompatibility χ´ and the brush composition Ф´, the inset displays the variation of the lateral 
period d for the lamellar and checkerboard clusters (solid) and hexagonal cluster structures 
(dashed); (c) symmetric binary polymer brush as function of incompatibility χ´ and solvent 
selectivity ξ, the inset presents the laterally averaged perpendicular composition profile at 
χ´=2.4 for various solvent selectivity.  
 

2
A particular case of the polymer brushes are 

charged polymers [Bie02a, Bie02b]. Recently polyelectrolytes attached to a surface and 

formed brush-like layers have attracted great interest because the structure and properties of 

the layers are strongly modified by electrostatic interactions of the charged chains and the 

osmotic pressure of counter ions. Swelling of polyelectrolyte brushes and chain conformation 
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strongly depends on external environment, ionic strength, valence of counter ions and pH 

[Pin91, Ross92, v.Goe94, Mis89], demonstrating tough responsive properties of the thin 

films.  

Polymer brushes fabricated by oppositely charged polyelectrolytes grafted on the same planar 

lyelectrolyte brushes were studied theoretically. However, in the frame of this 

substrate exhibit a complicated behavior [Shu01a, Shu01b]. In contrast equally charged 

homopolymer brush, when the intra- and interchain Coulomb repulsion leads to a stretching 

of the chains, the oppositely charged mixed brush has the possibilities to reduce the 

electrostatic repulsion depending on charge ratio. Consequently, the larger variety of 

combinations of electrostatic and short-range interactions leads to much more complex 

response. 

Binary po

thesis, the first attempt to synthesize such brushes is presented [Hou03]. Such materials are 

promising to tune behavior and surface charge of the film, which is important to regulate 

adsorption of proteins, cells and colloidal particles. 
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Chapter 3 

Polyelectrolytes. 
 

3.1. Introduction. 
The term polyelectrolyte is employed for a wide field of macromolecules which contain 

dissociable subunits. Polymers with both positive and negative charges are referred to as 

polyelectrolytes, macroions or polyions. These polymers may be synthetic, natural or 

modified. The synthetic polyelectrolytes include polymers that can be prepared by several 

methods, the major one being chain growth polymerization. The distinctive behavior of 

polyelectrolytes in aqueous solutions is what separates this class of polymers from non-ionic 

polymers. In aqueous solution, the polymer coils are greatly expanded by the presence of 

charged groups. If the solution is free of added electrolytes, the polymer coil expands as the 

polymer concentration decreases. This is known as "polyelectrolyte effect". In presence of 

added electrolytes, the polyelectrolytes behave like non-ionic polymers and chain expansion 

is not observed. 

A polymer system can be described via persistent length, Lp, i.e., the maximal length by 

which the system is still rigid [Barr95]. Particularly, for polyelectrolyte systems one 

introduces an additional electrostatic term: 

 

                                                               Lp = L0 + Le,     (3.1) 

where L0 is the intrinsic persistence length, dependent on the structure of the chemical 

segments. The electrostatical part, Le, depends on Debye length, k-1, via Le ∝1/ky
 [Oi77, 

Wan88, Hol98]. Neglecting the excluded volume effects and the interactions between 

different polymer chains, and assuming low concentration counterions regime [Odi78, 

Sko77], one can state: 

                                                              
kTa

eLe εκ
α

22

22

4
=        (3.2) 

Here α is the dissociation degree, e is the elementary charge, a- the length of a monomer unit, 

ε- the dielectric constant of the solution, k- the Boltzmann constant and T- the temperature. 

Debye length is given as function of ionic strength I of the solution by next equation 

[Foers95, Wang88]: 

        (3.3) INl ABπκ 82 =
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where NA is the Avogadro number. I can be expressed as a function of the ion charge zi and 

the ion concentration ci: 

        =I 0      (3.4) ∑
i

iicz5,

The Bjerrum length lB indicates the distance, with which the coulomb reciprocal effect energy 

of two point charges straight corresponds to the thermal energy kT. 

         
kT

e
B

0

2

4πεε
l =      (3.5) 

where ε0 is the influence constant. In accordance to the equation 3.2, polyelectrolytes are 

stretched when I of the environment is reduced. With rising of I, the electrostatic contribution 

to the persistence length will decrease and the polymer chains become more flexible. The 

behavior is than more similar to uncharged polymers. 

3.2. Acidic and basic polyelectrolytes. 

A distinguishing property among polyelectrolytes is the basicity (acidity) of the monomers, 

building the polyelectrolyte chain. Usually, when polyelectrolytes are under study, it is 

performed in aqueous solution, where they can dissociate (polyacrylic acid -PAA) or 

associate ions from the solution (protonation of poly(2-vynilpyridine- P2VP). The annealed 

charge model describes an experimental system, where the monomers have weak acidic 

(basic) groups, and the pH of the solution controls the degree of association and dissociation 

of ions on the polymer chain.  

CHCH2 n
C O

O
Na

n
CHCH2

SO3

N

CHCH2 n

Cl
 H c b a 

Naa) Polyacrylic acid  b) Poly(2-vinylpyridine) c) Poly(4-styrenesulfonic acid) 

Figure 3.1. Examples for anionic (a, c) and cationic (b) polyelectrolytes  
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A typical acidic polyelectrolyte is the sodium salt of polyacrylic acid, while poly(2-

vinylpyridine) is an example for a basic polyelectrolyte. 

3.3. Weak and strong polyelectrolytes. 
With respect to different dissociation behavior one can distinguish between strong and weak, 

or between quenched and annealed polyelectrolytes [Barr95, Raph90]. So called strong 

polyelectrolytes, poly-salts, e.g., Na-polystyrene-sulfonate, dissociate completely in the total 

pH range accessible by experiment. The total charge as well as its specific distribution along 

the chain is solely imposed by chemistry, i.e., by polymer synthesis. That is why such 

polyelectrolytes are also called quenched.  

On the other hand, weak polyelectrolytes (polyacids and polybases) dissociate only in a rather 

limited pH range. In this thesis are presented results mainly from weak polyelectrolytes 

properties and behavior. The total charge of the chain is not fixed but it can be tuned by 

changing the pH of the solution. Because of dissociation and recombination of ion pairs along 

the chain one can expect spatial and/or temporal fluctuations in the local degree of 

dissociation. Such titrating polyelectrolytes exhibit an annealed inhomogeneous charge 

distribution. A pronounced charge accumulation appears at chain ends because there are fewer 

neighbors for the charges to interact with and the penalty in energy is therefore reduced. 

The charge inhomogeneity can have a strong impact on processes dominated by end-effects, 

such as the self-assembly of weakly charged linear micelles and adsorption on charged 

surfaces [ Scho97, Fle93]. For end-grafted weak polyelectrolytes, a rather unusual regime has 

been obtained where the chain stretching (brush thickness) depends non-monotonously on salt 

concentration and grafting density [Isra94, Zhu95] . This is mainly due to the fact that the net 

charge of a chain as well as its distribution along the chain is not fixed but depends on its 

local environment [Zit02]. 

The dissociation of low molecular weight acid (HA  H++A-) can be described by well 

known relation between its degree of dissociation (α = [A-]/[HA]+[A-]) and pH of the 

solution.  








−

+=
α

α
1

log10apKpH     (3.6) 

 

The dissociation behavior of polyacids can be described in a similar way, but the resulting 

pKa value is now an apparent one (in the physico-chemical literature denoted by pKapp) 

[Katch47]. In contrast to low-molecular-weight acids, the charged groups of polyacids are 
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linked together along the chain. Therefore, the dissociation of one acid group is correlated in a 

complex way to the position and the number of other charged groups of the chain, resulting in 

a masking of the intrinsic pK0 a of a (polyelectrolyte) monomer. The corresponding relation 

[Man88, Raph90] can be written as:  

 

αα
α

∂
∂

+






−

+= el
a

F
NkT

pKpH 1
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with Fel being the electrostatic free energy of the polyelectrolyte chain and N is the chain 

length. Introducing the chemical potential by 
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equation 3.7 can be rewritten 
      

( )αµ
Tk

pKpH a
10 +=      (3.9) 

 

Clearly, the chemical potential has two contributions: 1) an entropic, related to the mixing of 

charged and noncharged groups along the chain and 2) an electrostatic, describing the 

interaction with charged groups forming the local charge environment of an ionizable site. 

For good and θ solvents, the electrostatic contribution µel(α) = N−1 ∂Fel/∂α is an increasing 

monotonic function of α. For poor solvents, Raphael and Joanny [Raph90] found a non-

monotonic variation of µel(α), and thus of µ(α), with α, which results in a first-order phase 

transition from a collapsed weakly charged conformation to an extended strongly charged 

state. 

 

3.4. Flexible and stiff polyelectrolytes. 
Flexibility of the chain influences strongly the polymer conformation in different quality 

solvents, i.e. the polymer chains conformation depends on the environmental properties. In 

presence of poor solvent, the polymer chains tend to collapse toward compact states, in which 

polymer solvent contacts are minimized. The difference in phase behavior between flexible 

and stiff polymers can be easily understood. As a flexible polymer is cooled, the Boltzmann 

weight for polymer-polymer contacts increases and so the number of contacts increases, at a 
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cost in the entropy of the polymer. The entropy cost derives from the fact that the polymer 

must bend back on itself in order for the units to be in contact. The increase in the number of 

contacts is continuous and so the radius of gyration of the polymer varies continuously- coil-

globule transition is of second order. However, bending a stiff polymer back on itself is more 

difficult, it costs both entropy and energy. This larger cost can be repaid if more than one pair 

of units is in contact, which is true if the two parts of the polymer run parallel to each other 

for several units. Of course, if the polymer is stiff the, the entropy cost for two parts of the 

polymer to run parallel for a number of units is small. The low energy configurations of a stiff 

polymer are those with long parts of the polymer parallel. The energy gain is even larger if a 

number of parts of the polymer form a pack, e.g. if four parts of the polymer which are 

running parallel form a square bundle, the energy is not twice but four times that of two parts 

running parallel. When the polymer is cooled below the point, where the energy gain of 

bundles outweighs their entropy cost, then these bundles multiply and the radius of gyration 

drops suddenly by coil-solid transition is first order.  

 
3.5. Polyampholytes 

Charged polymers, sometimes called electrolyte polymers, are roughly divided into two 

categories: 

-polyelectrolytes, with monomers of the same charge sign, 

 and 

-polyampholytes, with randomly arranged monomers of both signs.  

This simple category works well and represents the typical characteristics of charged 

polymers. 

Polyampholytes contain both acidic (anionic) and basic (cationic) functional groups. Often 

these polymers undergo aqueous dissolution only in the presence of salt and coil dimensions 

increase as the ionic strength of the solution increases. This is primarily due to the screening 

of attractive electrostatic interactions within the polymer coils.  

For a polyampholyte composed of weak acidic and basic monomer units the net charge of the 

polymer depends on the pH value and can be described with the Henderson Hasselbalch 

equation. This equation gives the dissociation degree of a polyacid and/or the protonation 
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degree of a polybase, α, and thus, the charge portion of the particular monomer units in the 

polyampholyte [Ley64, Man70]. 
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where pKa and pKb are the acid and base constants of the monomer units, respectively. 
 

3.6. Proteins 
Proteins are biopolymers (called polypeptides) of L-amino acids joined to each other via 

peptide bonds. Only L-amino acids are used to make proteins (rare exceptions of proteins in 

bacterial cell wall, which contain some D-amino acids). 

The order or sequence of amino acids distinguishes different proteins from each other. This 

sequence determines the 3-dimensional shape of the protein. Alterations to the amino acid 

sequence of a protein change its 3D shape. The difference between a polypeptide and a 

protein is that the term polypeptide refers simply to a chain of amino acids [Stry91, Ebe93]. 

The term protein refers to the chain of amino acids after it folds properly and is (in some 

cases) modified. Proteins may consist of more than one polypeptide chain. 

Proteins are sometimes described as the "workhorses" of the cell because they do so many 

things - catalyze reactions, provide structural integrity, transport molecules, supply 

movement, bind molecules, and others. 
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Chapter 4 

Adsorption at Solid-Liquid Interfaces. 

 

The behavior of macromolecules and nano-scaled materials at solid/liquid interfaces is 

recently an object of intensive investigations. In particular, the performance of proteins at 

solid-liquid interfaces is the key for understanding many fundamental and practical processes 

and different assemblies onto appropriate surfaces. For instance, it is thought that the 

adsorption of fibrinogen to many biomaterials is a direct cause of thrombosis [Fen95]. 

4.1. Adsorption modes. 

There exist two different types of adsorption- physical adsorption (physisorption) and 

chemical adsorption (chemisorption). In physisorption the interaction are of physical nature, 

i.e., van der Waals forces between the molecules in the system. The interactions are long-

ranged and weak, as the energy released by it is comparable to the condensation enthalpy. As 

result, there are no cleaved chemical bonds in the adsorbed molecules and only the 

accommodation process at the surface will change their conformation. In case of 

physisorption of polyelectrolytes, long-range electrostatic forces mainly contribute to the 

binding of the molecules. They are relatively stronger than the van der Waals interactions, but 

do not cause a cleavage of the chemical bonds of the adsorbed molecules. 

Chemisorption is an exothermic process and involves formation of chemical bonds (mainly 

covalent) between adsorbate and adsorbent. The interactions in chemisorption are stronger 

than in physisorption, and the adsorption enthalpy is much greater, in order of dH< -40 

kJ/mol. For physisorption this value tend to be >- 25 kJ/mol.  

4.2. Driving forces: adsorbent-adsorbate interactions. 

Adsorption from solution is a competitive process, i.e., for adsorption to occur, the interaction 

between the solute molecules and the sorbent material is preferred over the interaction 

between solvent and sorbent. In an adsorption process various driving forces may operate, 

depending of the nature of system components, presented in: 

(a) Van der Waals interaction includes Debye, Keesom and London inter-forces. 

Dispersion interactions (London-van der Waals interactions) are always presented in a 
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system. Debye and Keesom-Van der Waals interactions (also defined as dipolar 

interactions) operate by polar and polarizable parts. 

(b) Coulomb (charge-charge) interactions take place, when the components (adsorbent 

and adsorbate) bear electrical charges. Coulomb forces play a main role in the double 

electrical layer formation at a charged interface. 

(c) Hydrophobic interactions occur due to dehydration of non-polar parts of the adsorbent 

and solute molecules. The fact, that these interactions appear only in aqueous 

environment, reserves to them a central role in this thesis. The contribution of 

hydrophobic interactions very often dominates over those from other type of physical 

adsorption. It is known before and it is additionally proved in this thesis that the 

adsorption affinity gradually increases with increasing the number of hydrophobic 

(hydrocarbon) moieties. 

(d) Hydrogen bonding is effective at an interface, where hydroxyl, amino or other electron 

donating (or electron accepting) groups are present. In aqueous medium the adsorption 

is only weakly influenced by them, because of the compensation of adsorbent-

adsorbate and water-water contributions on one hand, and adsorbent-water and 

adsorbate-water on the other. 

4.3. Adsorption kinetics. 

The adsorption rate comprises two steps-(a) transport of solute molecules towards the 

interface and (b) interaction with the adsorbent surface. 

(a) The basic mechanisms are diffusion or convection by laminar or turbulent flow. In 

absence of convection, the flux J from the bulk to the surface is given by: 

2/1

.
)( 






−=

t
DccJ sb π

       (4.1) 

where cb and cs are the solute concentration in the bulk and at the surface, D the diffusion 

coefficient and t the contact time between the solute and the surface. 

If the transport processes take place under steady-state convective diffusion, driven by a 

concentration gradient, the result is: 
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)( sbtr cckJ −=      (4.2) 

where ktr is the transport constant, dependent on D and hydrodynamic conditions. 

(b) The molecules of an adsorbing substance can attach (+) to the surface and detach (-) 

from it. The processes can be described by the net flux (adsorption rate), which equals 

to: 

−+ −= ||
dt
dA

dt
dA

dt
dA      (4.3) 

 The forward and backward fluxes can be written separately.  

sa ck
dt
d )1(| θθ

−=+ ; θθ
dk

dt
d

=−|    (4.4) 

where the fraction of unoccupied sorbent surface area is (1-θ), cs is the forward flux, ka is the 

attachment rate constant, kd is the detachment rate constant θ =A/Amax, Amax being the 

adsorbed amount when the surface is saturated by adsorbent molecules. Hence dA/dt|+ varies 

linearly with dθ/dt|+. 

−+ −= ||
dt
d

dt
d

dt
d θθθ      (4.5) 

 The attachment rate constant ka can vary with θ, and therefore with time. The reason is the 

repulsive barrier caused by electrostatics repulsion, solvation effects or a short residence time 

for attachment for a fraction of the molecules.  

Reached equilibrium (dθ/dt =0) implies: 

=− sa ck )1( θ       (4.6) θdk

where ceq is the equilibrium concentration of the adsorbate, corresponding to equilibrium A 

(cb=cs=ceq). The equilibrium adsorption constant can be stated as K= ka/kd. The “off”-

equilibrium dA/dt|- can be given by ka(1-θ)ceq, providing that dA/dt|- is determined by kd and 

θ. Hence, the adsorption net rate becomes: 
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))(1(|| eqsa cck
dt
dA

dt
dA
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dA

−−=−= −+ θ   (4.7) 

By combination of 4.2 and 4.7 with J= dA/dt, one derives: 
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The relation 4.8 concerns molecules, which do not change their conformation during the 

adsorption process (usually small rigid molecules). 

Polymers may suffer conformational changes, caused by interactions at an interface. The 

reason is, that when polymers adsorb onto a surface, they do so with a affinity (high 

conformational entropy), reflecting in a high value of the adsorption equilibrium constant-

K=ka/kd. Then the relation between A and θ becomes more complicated. The complicity 

arises from the expansion of the polymer coil, determined by the χ parameter (discussed in 

Chapter 2).  

A 

In Fig. 4.1 a typical adsorption isotherm is shown. Below an adsorption saturation it can be 

derived that for adsorbed amount ceq is extremely low. Since adsorption saturation is reached 

(expressed by semi- plateau in the isotherm), ceq(θ) sharply increases and approaches cb. The 

dA/dt value drops significantly near the saturation kink on the 

adsorption curve. Considering these findings, one can assume 

that away from saturation ceq≈0, and equation 4.8 can be written 

in the form: 

        
)1(

11
/

/ max

θθ −
+=

atr

b

kkdtd
Ac

t 
Figure 4.1. Adsorbed
polymer amount v/s
adsorption time.  

    (4.9) 

determined by the rate of adsorption, and therefore 

depends on θ. 

If  ktr<<ka(1-θ), than (considering 4.8) the net dA/dt (or for this 

matter dθ/dt), is determined by the transport towards the 

interface, independent on θ. In case of ktr<<ka(1-θ), a barrier for attacment at the interface and 

at high surface coverage dA/dt can be 

 19 



Chapter 4 

Deriving the adsorption isotherm equation, one can express ceq(θ) (from 5.8.) in an 

appropriate manner: 
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The value of K (as it was state above) for polymer systems is extremely high, which presumes 

that ka can not attain very high values, the value of kd must be small, i.e., the rate of 

desorption is comparably insignificant to that of the adsorption.  

4.4. Adsorption thermodynamics. 

Thermodynamically an adsorption is possible, when the free enthalpy of the system decreases 

during the process. In case of adsorption, the free enthalpy of the system comprises the 

entropy and enthalpy of solid-state surface polymer and solution. The changes in free 

enthalpy ∆G can be expressed by changes in enthalpy ∆H and entropy ∆S of the system 

[Atk90, Eir77, Eve86]. 

 ∆G =∆H-T. ∆S      (4.11) 

In case of non-charged polymers with small affinity to the surface, the driving adsorption 

force is the system entropy increase. However, ∆H has a considerable influence on adsorption 

of highly charged polyelectrolytes onto charged substrate, revealing strong electrostatical 

interactions in the system [Coh91, Hoo94]. 
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Chapter 5 

Experimental Techniques. 
 

5.1. Introduction. 
To characterize the surface layers, one needs to apply different common or specific physical 

methods. In this chapter the theoretical basis of the techniques, as well as some additional 

modes, specified to investigate particular properties of the polymer layers will be extensively 

discussed. 

According to the sequentional order of layers investigation, one can sort the methods as 

follows: 

Information for layer growth (ex- and in-situ) and optical properties of the sample was 

derived, using null-ellipsometry in different modes. The method is basic in the field of multi-

step surface modification, swelling layer phenomenon at “in situ” conditions and adsorption 

monitoring. 

 Fourier Transform Infra-Red Spectroscopy in Attenuated Total Reflection mode 

(FTIR-ATR) was used for structural measurements to provide information about the chemical 

composition of different phases, building the polymer layer. 

 Surface charge variations with media quality were investigated in the frame of 

electrokinetic method, measuring zeta potential of the samples under specific conditions in 

electrolyte solution. A very important feature, the isoelectric points (IEP), of the different 

substrates and substances used in this study was detected by this method. 

 Contact angle method provides information concerning the surface energetic state and 

wettability of the modified substrates. 

 The morphology of the grafted (or adsorbed) polymer layers was investigated with 

Atomic Force Microscopy (AFM), recently developed in the field of polymer science. 

An appropriate combination of all these methods provides a better understanding of processes 

and phenomena, occurred at interfaces, as well as complementary surface information about 

the systems, studied here. 
 
5.2. Null Ellipsometry. 
Ellipsometry is a non-destructive optical method for determining thickness and optical 

properties of thin films. It measures changes in the state of polarization of the light, reflected 

off the film’s surface. Ellipsometry methods, single or multi wavelength, also have been 
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adopted for monitoring film growth in situ, allowing the precise control of a number 

adsorption and expansion processes.  

 

5.2.1. Polarized light. 

Relevant properties of various materials can be described by the complex dielectric function ε 

or by the corresponding refractive index n. An electromagnetic wave consists of an electric 

field E  and a magnetic field B . These vectors are mutually perpendicular and at the same 

time perpendicular to the direction of propagation, given by vector k  (specified below). 

States of polarization can be classified as follows: The light adopts linear polarization state, 

when the electrical field vector oscillates within a plane. Elliptically polarized light means 

that the trace of the electric field vector, during one period, is an ellipse. To present the given 

state of polarization in a convenient mathematical manner, one uses the super-position of two 

linearly polarized light waves within an arbitrarily chosen orthogonal coordinate system 

[Born85],  
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where pE  and sE  are the amplitudes, and the phases ( along parallel (p) and 

perpendicular (s) vectors to the withdrawing vector- r ), 

pδ sδ

r
λπ /2=k  is the magnitude of the 

wave vector and  is the frequency. The phases and the amplitudes are required to represent 

the states of polarization, assuming that the time dependence can be neglected. Hence, so 

called Jones vector states [Jon49]: 
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In next figure one represents examples of polarization state, given versus the phases  

and . 

pδ

sδ
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  a          b             c 

 
 
Figure 5.1. Jones representation of polarized light. The states of polarization are presented as 
a linear combination of two orthogonal linearly polarized light waves. a) linearly; , 0=− sp δδ

b) circularly;  and 2/πδδ =− sp sp EE = , c) elliptically polarized light;  and sp δδ ≠

sp EE ≠ . 
 

The interaction between the light and a matter can be described by a complex refraction 

index: 

kinN .−=       (5.3.) 

where n is the refraction number, that can be expressed by the ratio of the speed of light cv in 

vacuum and the speed of the light in a medium cm.  

m

v

c
c

n =        (5.4.) 

The extinction coefficient k is given by: 

π
βλ

4
.

=k       (5.5.) 

where β is the adsorption coefficient [Tomp93] 

 

 

The reflection and transmission of the beam at a thin polymer layer (one or more) on a solid 

are shown in the next Figure. 
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Figure 5.2. Reflection and transmition at a multiplane interface. 

 

The refracted at the interface beam forms with a normal an angle φ1, which can be connected 

to the incident angle φ0 by equation 5.6. [Gert93] 

 2211 .sin.sin. φφ N=N                (5.6) 

 

The reflected beam consists of two parts. One is reflected at the top of the polymer thin film 

and second one appeared by a reflection at thin film-substrate interface. The ratio of the 

amplitudes of the reflected and the incident waves can be expressed through the Frensel 

reflection coefficients for the two interfaces and the thickness of the thin layer [Born85, 

Röm94]: 
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The ratio between the amplitudes of the reflected wave and the incident one can be expressed 

by complex components of the reflection coefficients of electrical field vectors [Azz79]: 
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The Frensel coefficients r12 and r23 at two interfaces are stated above. The phase thickness of a 

thin film, β, correlates with the real thickness, d, via next equation. 

 

          22 cos...2 φ
λ

πβ Nd
=                                                 (5.11) 

 

A multiplayer system is treated similarly, but on the basis of the matrix formalism [Azz79, 

Mots91, Tomp93].  

 
5.2.2. Basic equation of ellipsometry. 

An incident (with a defined polarization state) light is reflected at the sample surface and as a 

result, the state of polarization changes. These variations can be measured and quantified by  

ellipsometry. 
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To describe mathematically the reflectivity

of unit vectors, perpendicular and parallel 

chosen (Figure 5.3). This coordinate system

as superimposition of two linear polarized

propagation direction of the beam togethe

 

Figure 5.3. Reflection coordinates at the
substrate surface. Ellipticity ω is defined by
the ratio between semi-minor axis length to
that of semi-major axis (dashed ellipse). 
ω γ 

 experiment, a coordinate system, which consists 

to the plane of incidence, and an exit vector z is 

 allows a description of every state of polarization 

 waves. The plane of incidence is defined by the 

r with the normal of the reflecting surface. Light 
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with an electric field vector, oscillating within the plan  of inciden e ( p̂  light), remains 

linearly polarized upon reflection and the same holds for ŝ -light with E
r

, perpendicular to the 

plane of incidence. Considering this fact, p̂  and ŝ  light are also called Eigen-polarizations of 

isotropic media or uni-axial perpendicular me

e c

dia. The incident and reflected beam can be 

escribed by their corresponding Jones vector: 
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 to evaluate dissimilarities in the polarization states, one introduces two quantities- ψ 

and ∆. 

 
             (5.13) 
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plitudes ratio are presented as the tangent of the angle ψ that can be 

hase and 

amplitude of the reflected electric field Er with respect to the incident one Ei. 

 

 

Changes in the am

measured directly. 

So called reflection coefficients pr  and sr  give the reflectivity properties of the sample. The 

reflection coefficient is considered as a complex quantity, counting the changes in p
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 way. Regarding these definitions, one can 

erive the basic equation of ellipsometry [Azz79]. 

 

 

As it is known, there is no interference between orthogonal beams, hence, p̂ - and ŝ -light are 

not in an influence and can be treated in a separate

d
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5.2.3. Ellipsometer design. 

The set-up of an typical ellipsometer is given in Figure 5.4. The basic components are a 

polarizer, which turns the light to the polarized state, a compensator, introducing a defined 

phase retardation of one field component with respect to the orthogonal one, a sample, an 

analyzer and a detector [Erb93, Erb97, Mots91] .  
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incident at 70° to the sample (optimal for Si substrates with native SiO2 layer). The reflected 

beam passed through the analyzer and its intensity was measured with the 4-section 

hotodiode. In such cases the refractive index is measured in an independent experiment on a 

cesses, studied here, take 

measurements were performed to examine the swelling behaviour of the binary 

polyelectrolyte brush in variable media quality. Figure 5.5 gives a simplified view of the 

experiment.  

 step between 0 and 180 0 at certain angle, 

called the Brewster angle φBr. Varying the wall-angles allowing one to stay closer to the 

Brewster angle of the system under investigation.  

p

thick film or is taken from literature. 

 

5.2.4. Liquid state measurements. 

Instead studying the film growth after processing in air conditions, the null-ellipsometry is a 

sensitive technique for evaluation of thin films swelling and adsorption kinetics under 

appropriate conditions. Since most of the adsorption and surface pro

a place at solid/liquid interfaces of water solvent, the ellipsometric measurements were 

adapted and optimized for experiments at aqueous/solid interfaces.   

Dealing with such matter, one can face difficulties related to independent estimation of 

thickness, d, and n. When the thickness of a layer is less than 10 nm (in dry state), a 

correlation between the thickness, d, and the refractive index of the layer, n, is in presence. 

That means, that both parameters cannot be independently determined accurately. “In situ” 

ellipsometric 

 

For “in situ” studies of polymers at solid/liquid interface, one can use a cell with thin, stress-

free glass windows at a fixed angle. For a single, sharp, interface between two transparent 

media (water-polymer) ∆ passes through an abrupt

φ0 
φ0 

Figure 5.5. Ellipsometric set-
up for “in situ” experiments. 
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5.3. Fourier Transforming Infrared Attenuated Total Reflection 

5.3.1. Introduction. 

The ATR-IR spectroscopy (attenuated totally reflected infrared light spectroscopy) is a 

method, which permits the infrared-spectroscopic investigation on thin polymer layers of 

some nanometers scale. The infrared spectroscopy is based on the phenomenon that by 

infrared light irradiation, oscillations and rotations of atoms and atomic's groups become 

lively. Suggestion condition is that during the oscillation the dipole moment of the molecule 

changes. Different atomic's groups within the examined polymer layers absorb infrared light 

of different frequency, which is characteristic of the groups. So the groups can be identified 

within the polymer layer [Hess91, Göp94]. 

The difference between ATR and conventional IR spectroscopy in reflection mode is that by 

the ATR the infrared light is irradiated and reflected by an optically closer to the polymer 

layer side [Fahr61, Müll93, Urb93]. 

 

5.3.2. Totally internal reflection of light. 

When light passes from a first into a second, less dense medium, it bends away from the 

normal. At a particular incident angle, the angle of refraction will be 900, and the refracted ray 

would travel along the boundary between the two media.  

The incident angle at which this occurs is called the critical angle. This angle can be 

calculated, using Snell's Law:  

              (5.18) )/())90)(sin(/()sin( nnnn == oφ 1212cr

where n2=index of refraction in denser medium, n1=index of refraction in 2nd medium.  
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If the angle of incidence is increased beyond the critical angle, the light rays will be totally 

reflected back into the incident medium. This effect is called total internal reflection (Scheme 

5.1). It is important to note, that total internal reflection cannot occur if light is propagating 

from a less dense medium to a denser one.  

critical 
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refracted 
ray 

refracted ray 

R
efraction at 

critical angle 
T

otal reflection 

φcr< φ0 

φcr 

O
rdinary 
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Scheme 5.1. Schematic depiction of TIR phenomenon- 
the basic principle in FTIR-ATR spectroscopy. 

 
5.3.3. Basic principles of FTIR-ATR. 

FTIR-ATR differs from commonly used FTIR techniques. In common circumstances, the IR 

beams pass through the sample (liquid or solid), otherwise in ATR, sample is contacted with 

the ATR crystal which is made of IR transparent material with high refractive index, typically 

including zinc selenide, KRS-5 (thallium iodide/thallium bromide), germanium and silicon. 

Scheme 5.2 shows the schematic diagram of ATR principle. Considering a trapezoidal ATR 

crystal (also called an internal reflection element or IRE), one can focus the infrared light onto 

one of 

the 

ATR 

crystal sides, using an appropriate optical 

setup. 
φ 

Scheme 5. 2. ATR crystal and 
principle of light propagation. 

If the angleφ, at which the infrared light 

impinges upon the interface between the 

ATR crystal (the dense medium) and the 
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air (or water, buffer, etc.- the rare medium), is greater than the critical angle, then the light 

will totally internally reflect within the IRE.  

By appropriately choosing the thickness (W) and the length (L) of the crystal, one can control 

the total), that the light will undergo as it propagates down the crystal, before emerging at the 

other end:  

 

)(cot φangent
W
LNr =              (5.19) 

 

At each reflection, an evanescent electric field (E) is generated in the rare medium, whose 

intensity decays exponentially with distance (z) into the same medium, i.e., 

pdzeEE /
0

−=                (5.20) 

where Eo is the intensity of the incident radiation and dp the depth of penetration, representing 

the distance at which the evanescent wave drops to 1/e times the intensity at the surface. The 

magnitude of dp gives us an idea of how deep we can see into the rare medium. This is true 

for both the electric and the magnetic components of the light. Using a device called a 

polarizer, we can selectively absorb one of these components. Perpendicularly polarized light 

(or the transverse electric wave perpendicular to the plane of incidence on the IRE, the xz 

plane) when travelling through the ATR crystal will result in an electric field on the surface of 

the ATR crystal with a component only on the surface of the crystal. When the light is 

polarized parallel to the incident plane, then:  

                        (5.21) yEE =0

and      

222
0 zx EEE +=                (5.22) 

Consideration of the two components of the travelling light beam will be important for 

understanding and interpreting calculations of molecular orientations on the ATR surface. The 

intensity of the reflected light at each reflection point will be reduced by the presence of 

infrared absorbing material in the rare medium. The surface sensitivity of ATR results from 

the addition of a number of small absorbances from each reflection. The depth of penetration 

can be calculated using the following formula:  
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)(sin2 2
21

2
1 nn

d p
−

=
φπ

λ             (5.23) 

where λ is the wavelength of the light (note that the depth of penetration is a function of 

wavelength), n1 is the refractive index of the ATR crystal, n2 is the refractive index of the rare 

medium (this value is a function of wavelength), φ is the angle of incidence and n21 is n2/n1. 

Considering equation (5.23) one can easily calculate, that thin films with up to 100 nm 

thickness can be successfully investigated [Müll96, Müll97]. 
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5.4. Zeta Potential. 
 

5.4.1. Streaming potential. 

The electrostatic potential near a surface is called zeta potential. Electrokinetic techniques, 

determining the zeta potential can be summarized in four groups: 1) Streaming Potential, 2) 

Electro-Osmosis, 3) Electrophoresis and 4) Sedimentation Potential. 

For measuring zeta potential of thin films, the streaming potential method is applicable. The 

measured quantity by this method is given by the correlation between the zeta ( ) and the 

streaming (U

ζ

s) potentials derived by Smoluchowski [Jac84, Jac96]: 

 

           
RL

pQU S ⋅⋅
∆⋅⋅⋅⋅

=
η
εεζ 0                            (5.24) 

    

where η  is the viscosity,  is the relative dielectric constant, the absolute dielectric 

constant, ∆p-the pressure difference, R  the externally applied voltage, L the capillary channel 

length and Q is the cross-section channel area. The set up of the experimental cell is presented 

below. 

ε 0ε

 

 

Scheme 5.3. Simplified scheme of a streaming potential cuvette. 

 

In order to determine  as function of pH, the pH value of the liquid phase was adjusted with 

1 mol/L HCl and 1 mol/L KOH, and measured at a constant ionic strength of 10

ζ
-3 M KCl. 

The charge on a colloidal surface can arise from a number of different mechanisms, including 

dissociation of acidic or basic groups at the substances, or adsorption of charged species from 

solution. The substrate charge is balanced by an equal and opposite charge carried by ions in 

the surrounding liquid. These counter ions tend to cluster around the surface in diffusive 
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clouds. This arrangement of the surface charge, surrounded by a diffusive cloud of counter 

charge, is called electrical double layer (see Figure 5.6).  

Distance 

C
harged 

surface 

0 

Electrical 
Potential  

Decay of potential in the 
diffuse double layer 

Counter ion 

ξ potential 
measured here 

Figure 5.6. The electrical double layer and the zeta 
potential. 

 

The electrical potential drops off exponentially with distance from the surface. 

5.4.2. Isoelectric point. 

The isoelectric points (IEP) of the brush modified silicon wafers were determined by means 

of streaming potential measurements. The experiment runs, using an Electrokinetic Analyser 

(company Anton Paar KG, Austria), whereby the electrical potential is determined here as 

function of the pressure loss in a flow channel between two wafer plates (2 cm x 1 cm). The 

correlation between the Zeta potential, , and the Streaming potential, U, is given by the 

Smoluchowski equation enabling calculation of the zeta potentials from streaming potential 

measurements. 

ζ

The zeta potential depends on the surface charge density and the double layer thickness. The 

surface charge density, in turn, depends on the concentration of “potential-determining ions” 

in the solvent-ions that have a particular affinity for the surface. In many systems, the H+ ion 

is potential-determining, and so the zeta potential depends on pH. The zeta potential is 
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positive for low pH values and negative for high pH values. The pH at which the zeta 

potential is zero is the IEP of the sample.  
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5.5. Contact Angle Method. 
 
5.5.1. Introduction. 

Drop shape analysis is a convenient way to measure contact angles, and thereby to determine 

the surface energy. The principal assumptions are: a) the drop is symmetric about a central 

vertical axis and it is irrelevant from which direction the is viewed. b) the drop is not in 

motion in the sense that viscosity or inertia are playing a role in determining its shape, i.e., the 

interfacial tension and gravity are the only forces shaping the drop. 

 
5.5.2. Wetting phenomenon. 

The phenomenon of wetting or non-wetting of a solid by a liquid is better understood by 

studying what is known as contact angle. The drop of liquid forming an angle may be 

considered as resting in equilibrium by balancing the three forces involved. Namely, the 

interfacial tensions between solid and liquid (γsl), that between solid and vapour (γsv) and that 

between liquid and vapour (γlv). The angle within the liquid phase is known as the contact 

angle or wetting angle. It is the angle included between the 

tangent plane to the surface of the liquid and the tangent plane to 

the surface of the solid, at any point along their line of contact. 

Three types of equilibrium wetting regimes, in respect to drop-

surface interaction mode, can be distinguished. The wetting is 

partial in case of a finite contact angle, occurring at the 

interface, i.e. Θ>0 (Figure 5.7a and b) The energetic state 

corresponding to such a contact angle is a hydrophobic one. The 

liquid does not spread down to a mesoscopic or a microscopic 

thickness. Thus, it can be described in terms of macroscopic 

quantities discussed above. When the contact angle overcomes 90 0 

(a), the state is called „non-wetting“and the liquid tends to ball-up 

and to run off the surface easily.  

c) 

b) 

a) 

vapor 
liquid Θ 

Θ 

vapor 

liquid 

vapor 
liquid 

The wetting is complete when the contact angle between a liquid and 

a solid surface is zero (Θ=0, Figure 5.7c). In this case, the liquid 

forms a thin film on the solid surface, which allows the long range 

molecular interactions to operate within the system. A substrate 

L

 

Figure 5.7.
Variety in wetting
phenomenon of a
water droplet in
contact with a
solid surface. a)
non-wetting, b)
partial wetting, c)
completely wetted
surface. 
having such characteristics is called a hydrophilic one [Grah48, 

eg92, Caz89]. 
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5.5.3. Interfacial tension, Young and Laplace equation  

The surface tension of the solid will favor spreading of the liquid, but this is opposed by the 

solid-liquid interfacial tension and the vector of the surface tension of the liquid in the plane 

of the solid surface (Figure 5.8). 

Figure 5.8. Interfacial tension balance between solid, liquid and 
vapor.  

γsl 

vapor 
liquid 

Θ 

                                     solid 

γlv 

γsv 

Surface tension is used to describe the equilibrium within a boundary region, formed between 

two bulk phases. Mathematically, the surface tension is often presented by its equivalent-the 

surface free energy. 

The terms „interfacial tension“ or „interfacial free energy“ are used in a more general sense to 

describe the free energy of solid-liquid, solid-vapor, liquid-vapor and liquid-liquid interfaces. 

The surface tension can be defined as a force per unit length [Gru01] and then the work done 

for extending a movable side to distance dR: 

 

W = γ dR               (5.25) 

 

where γ (dyne/cm or mN/m, but also in erg/cm2 or mJ/m2 ) represents the work required by 

any reversible process to form a unit area of new surface. According to the thermodynamics 

of interfaces, γij can be written in terms of the surface excess free energy. That is, γij is the 

change in surface excess free energy produced by a unit increase in area, either of a solid-

vapor, solid-liquid, liquid-liquid or liquid-vapor interface, respectively. In general, 

 

npT
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G
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∂
∂

=γ               (5.26) 
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or 

nVT
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F
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=γ               (5.27) 

 

where G is the Gibbs free energy of the system, F-the Helmholtz free energy, and Aij the area 

of the interface between phases i and j. The subscript "n“ denotes the assumption of 

adsorption equilibrium, in the case of multicomponent systems. In the thermodynamics of 

interface systems, both quantities, the Gibbs and the Helmholtz free energy are defined as 

excess quantities, drawing an imaginary and arbitrary dividing mathematical surface (Gibbs 

surface) between the two phases separated by the interface. 

In Figure 5.8 one can observe three interfaces formed if a liquid drop is deposited on a solid 

surface, and hence, three interfacial tensions are involved: γsv, γsl, γlv, respectively the solid-

vapor, solid-liquid, and liquid-vapor interfacial tensions. The balance between the forces at 

these three boundaries is given by Young’s equation: 

 

      (γlvcos Θ + γls) = γsv               (5.28) 

 

In the case of partial wetting, the shape of a liquid drop is determined by a combination of 

surface tension and gravity effects. Surface forces tend to make drops spherical, whereas 

gravity tends to flatten a sessile drop or to elongate a pendant drop. The shape of the drop is 

governed by the Laplace equation of capillarity, as follows: 

 

)11(
21 rr

P +=∆ γ               (5.29) 

 

According to this well known equation, the pressure difference ∆P across a liquid-fluid 

interface is related to its interfacial tension γ and curvature, where r1 and r2 are the principal 

radii of curvature. Derivations of this equation, which describes the mechanical equilibrium 

condition for the liquid-fluid interface, can be found [Gru01, Row82]. The Laplace equation 

is the basis for drop shape analysis techniques including a very powerful contact angle 

method based on axisymmetric drop shape analysis.  
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5.6. Atomic Force Microscopy (AFM). 
 

5.6.1. Introduction. 

Scanning probe microcopy (SPM) designates a range of novel techniques for imaging and 

analysis of surfaces on a microscopic scale. The invention of the scanning tunneling 

microscope (STM) by G. Binnig and H. Rohrer at IBM in 1982 initiated a scientific research 

in the general field of scanning probe microscopy. In 1986 Binnig, C. Quate, and C. Gerber 

[Binn86] invented the atomic force microscopy (AFM), enabling one to image surfaces on the 

nanometer scale [From92, Göp94, Tsuk97]. Since SPM deals with detection of specific 

forces, it can be adapted to be sensitive to always existing van der Waals forces, and hence, 

practically all materials can be examined by this method [From92, Hart92, Stam92]. 

 

5.6.2. AFM device design. 

The key components for a SPM include a tip, a scanner, an approach mechanism, a pre-

positioning mechanism, a motion detector for the SPM, an electronic feedback control, and a 

computer controlled acquisition and imaging system. Rather than using a beam of light or 

electrons, SPM uses a fine probe that scans over a surface. By using such a probe, there are no 

restrictions, concerning the wavelength of light 

or electrons. The resolution obtainable with 

this technique can resolve atoms, and true 3-D 

maps of surfaces. Scanning Probe Microscopy 

is a general term, used to describe a growing 

number of techniques that use a sharp probe to 

scan over a surface and measure some property 

of that surface. Some examples are STM 

(scanning tunneling microscopy), AFM 

(atomic force microscopy), and NSOM (Near-

Field Scanning Optical Microscopy). 

Figure.5.9. Schematic
view on an AFM set up.  

The set up of an Atomic Force Microscope is 

presented in the Figure 5.9. 
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Figure 5.10. Force interactions between the
sample surface and the probing tip. 
 

A common AFM device comprises a multi-

sectional piezo element which allows the 

cantilever to move in x, y and z direction, 

depending on bias applied to it. It 

determines motion of a cantilever (a plate-

like spring) with a probing tip or (in some 

microscopes) the piezo moves the sample. 

5.6.2.1. Contact mode. As the name 

suggests, the tip and sample remain in 

close contact as the scanning proceeds.  

In the contact mode, the probe is sensitive 

to the forces operating perpendicular 

(normal forces) and parallel (lateral forces) 

to the surface. 

By "contact" one means the repulsive 

regime of the inter-molecular force curve 

as it is shown in Figures 5.10. and 5.11. 

The repulsive region of the curve lies 

above the x-axis. One of the drawbacks of 

remaining in contact with the sample is that 

there exist large lateral forces on the 

sample as the drip is "dragged" over the 

specimen. In the contact mode, when the 

tip interacts with the sample, the cantilever 

bends, according to the Hooke‘s law:  

 

                  F = kz,                  (5.30) Figure 5.11. Force-curve representing the
distance separating the tip and the sample
surface and the nature and magnitude of the
interacting forces.  The thinner line shows
the forces as the tip approach the surface and
the thicker line shows how the force varies as
the tip is retracted. 

where F, k, and z are the applied force, the 

cantilever spring constant, and cantilever 

deflection, respectively. To minimize the 

amount of applied force, used for sample 

scanning, one normally uses low spring 

constant probes (k<1 N/m) [Di99]. 
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The laser beam reflects from the upper side of the cantilever at different angles depending on 

the cantilever bending (Figure 5.11.) to a four-section photodiode (Figure 5.9.). The 

difference in photo current between the upper and lower sections of the photodiode relates to 

the cantilever deflection in the vertical plane, while the photo current difference between the 

left and right sections corresponds to cantilever twisting due to friction between the probing 

tip and the sample. The sample is scanned in lateral (x, y) directions at constant deflection set 

point maintained by the feedback loop of the microscope by means of extending and 

retracting the piezo. The constant tip-sample interaction force (cantilever deflection) means 

the constant tip-sample distance (Figure 5.10.), which allows recording the vertical (z) piezo 

extension versus (x, y) location on a sample as the topography signal. 

In a typical force microscope, cantilever deflections ranging from 0.1 Angstrom to a few 

micrometers and the typical forces range from 10-13 to 10-5 Newtons. There are varieties of 

forces in Force Microscopy that one should pay attention to. For example: a) Pauli repulsion 

and ionic repulsion which are very short range and negligible beyond about 1 nm, b) van der 

Waals force that are forces between electric dipoles and quite long ranged being significant up 

to 10 nm, c) capillary forces, and d) magnetic and electrostatic forces.  

Based on the signal detected, and the spring constant of the cantilever, a force-curve can be 

constructed to determine the distance separating the tip from the sample surface and the 

magnitude and nature (attractive or repulsive) of the forces interacting between them. One of 

the main advantages of contact AFM is the high spatial resolution. Variations in height as 

small as 0.01 nm can be easily detected in the constant height mode. 

5.6.2.2. Dynamic Force / Intermittant-contact / “tapping mode” AFM is the most common 

mode used in AFM of obtaining image contrast and was solely used in this work. When 

operating in air or other gases, the cantilever is oscillating at its resonant frequency (ω0- about 

hundreds of kilohertz-normally between 50 and 500) and positioned above the surface so that 

it only taps the surface for a very small fraction of its oscillation period. That means the 

amplitude is required to be sufficiently high to overcome adhesion forces. Typically, 

amplitude changes are of magnitude of 100 nm. 

This is still contact with the sample, but the very short time over which this contact occurs 

means that lateral forces are dramatically reduced as well as the amplitude of oscillation 

linearly decreases and is maintained constant (by the feed-back loop of the microscope) at a 

known value (amplitude set-point). In constant force mode the feedback loop adjusts, so that 

the amplitude of the cantilever oscillation remains (nearly) constant. An image can be formed 

from this amplitude signal, as there will be small variations in this oscillation amplitude  
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The oscillation amplitude is selected (Asetpoint) and kept constant while scanning (via a 

feedback loop), relative to the amplitude of free oscillation 

(A0).  

The lower is the set-point (or the amplitude set-point ratio 

Asetpoint/A0, where Asetpoint is the amplitude in contact), the 

closer the tip can come to the sample. Changes in the vertical 

coordinate (z) of the sample (or the cantilever) upon scanning 

the surface needed to keep constant amplitude of oscillation, 

are monitored, and displayed as a topography signal. The 

typical amplitude while imaging in air allows the tip to 

contact the sample surface through an adsorbed liquid layer 

without being stuck. The time of contact of the tip with the 

surface and the friction energy are from one to two orders 

smaller in the tapping mode than in the contact mode [Tam96]. The contact time increases 

upon decreasing the amplitude set-point ratio. 

Figure 5.12. Tapping
modes in AFM  

It should be noted that imaging at constant amplitude leads to higher indentation depth on 

softer materials than on harder ones. Choice of the amplitude set-point affects the relative 

topography signal on a heterogeneous sample. At certain conditions, an inversion of 

topography contrast can occur as the set point is changed [Bar00, Kopp00, Mag97]. 

Deduction of the true sample surface is discussed in [Kno01]. 

When imaging poorly immobilized or soft samples, tapping mode may be a far better choice 

than contact mode for imaging. 

More recently, there has been much interest in phase imaging, by measuring the phase 

difference between the oscillations of the cantilever driving piezo and the detected 

oscillations. It is thought that image contrast is derived from image properties such as 

stiffness and viscoelasticiy. In the phase mode imaging, the phase shift of the oscillating 

cantilever relative to the driving signal is measured. This phase shift can be correlated with 

specific material properties that effect the tip/sample interaction. The phase shift can be used 

to differentiate areas on a sample with such differing properties. Figure 5.13 illustrates how 

phase data are obtained.  
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Figure 5.13. Phase offset of two
different sample areas. Solid line
represents the driving force, whilst
the dashed one the tip response.
Various samples characteristics
cause a shift in the amount that they
offset. 

1 2 

 

Phase is useful because different materials will cause different offsets in phase, because it 

depends on differences in adhesion, friction, and viscoelasticity. In Figure 6.13, region 1 has 

much smaller phase offset than region 2, so they will be very distinguishable in phase 

imaging. Phase images will also display great sensitivity to fine ridges in materials, often 

helping the user to locate areas of interest. 

Nanoscope 3100/Digital Instruments at air carried out all investigations performed in this 

study in tapping mode. All of the topographies were taken in the tapping mode. The 

measurement frequencies were set to around 80 kHz. The cantilevers were made from 

microfabricated silicon (Nanosensors). Spring constant was 1.3-3.6 N/m. 

5.6.2.3. Non-contact mode operation is another method, which may be employed when 

imaging by AFM. It differs from tapping mode by smaller amplitude of cantilever oscillation, 

which is < 10 nm. The cantilever must be oscillated above the surface of the sample at such a 

distance that we are no longer in the repulsive regime of the inter-molecular force curve. This 

is a very difficult mode to operate in ambient conditions with the AFM. The thin layer of 

water contamination, which exists on the surface of the sample, will invariably form a small 

capillary bridge between the tip and the sample and cause the tip to "jump-to-contact".  

Even under liquids and in vacuum, jump-to-contact is extremely likely, and imaging is most 

probably occurring using tapping mode.  

A different geometry is possible using the shear-force microscope (SHFM), and here true 

non-contact operation is possible.  

 

5.6.3. Roughness analysis.  

The smoothness of the polymer layer on a solid substrate one can measure, using root mean 

square (RMS) roughness parameter, using the tools at the AFM program. 

RMS roughness parameter of a measured topology is calculated like:  
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== 1 , Zi is height at certain point of measured area, Zave is average Z value 

within the area,  N is number of measured points within the area.  The parameter shows how 

the measured surface area is not smooth. This parameter is always positive. Then a measured 

surface is rougher when the RMS is larger. On completely smooth surfaces, the parameter is 

zero. 
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Chapter 6 

Synthesis of Polymer Brushes. 

6.1. Synthetic routes. 
The strategy for synthesis of binary amphiphilic and polyelectrolyte brushes is based on the 

combination of concepts that are typically used for synthesis of homopolymer brushes. Two 

main approaches were developed by a limited number of research groups [Sid99, Min01, 

Min02, Bie99, Bie00], comprising step-like “grafting to” a planar surface of two incompatible 

polymers (see chapters 7 and 8), or “grafting from” the surface of a defined number of 

monomer units, polymerizing under appropriate conditions. 

 

6.1.1. “Grafting to” method. Step by step grafting of two end functionalized polymers.  

The “grafting to“approach implies immobilization of pre-synthesized end-functional polymers 

onto a solid substrate. Multi-component polymer brushes can be synthesized via step-by-step 

binding of end-functional homopolymers to one type of surface functional groups. Maximal 

thickness of the brushes prepared by this technique is limited by disability of polymer 

molecules to diffuse through the already anchored polymer layer and does not exceed 8-9 nm. 

 

6.1.2. “Grafting from” method. This method can be successfully used to prepare high 

grafting density and thickness binary brushes [Sid99, Min01]. The surface of silica wafer is 

functionalized with (3-glycidoxypropyl)-trimethoxysilane (GPS) and treated with 

diaminopropane. Chloranhydride of 4, 4′-azobis (4-cyanopentanoic acid) (Cl-ABCPA) was 

chemically grafted to hydroxyl and amino groups on the Si-wafer surface. Step by step two 

different monomers, styrene and 2-vinylpyridine, were polymerized on the surface. The ratio 

between two grafted polymers is regulated by temperature and time. In the second step 

polymerization is initiated by the residual fraction of the chemisorbed azo-initiator left after 

the first step. Molecular weight of the grafted polymers was regulated by monomer 

concentration, temperature and concentration of initiator in the bulk.  

 

6.2. Mixed polymer brushes synthesized via “grafting to” approach. 
We synthesized two different types of polymer brushes, used as substrates for adsorption of 

particles, polyampholytes and proteins. The synthetic route, covered by the procedures, 
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developed for "grafting to" method, and a consecutive analogous chemical reaction for 

converting the non-polar constituents to polar, was applied. 

 

6.2.1. Materials. Carboxyl terminated poly(tert-butyl acrylate) (PBA-COOH, Mn =42 000, 

Mw= 47 000 g/mol), polystyrene (PS-COOH, Mn = 45 900, Mw = 48 400 g/mol)  and poly(2-

vinylpyridine) (P2VP-COOH, Mn =39 200, Mw =41 500 g/mol) were obtained from Polymer 

Source, Inc, Canada. GPS (Aldrich) was used as received. Silicon (Si) wafers (100) with ca. 

1.5 nm native SiO2 layer thickness were obtained from Wacker-Chemitronics.  

The Si wafers were rinsed several times in dichloromethane in an ultrasonic bath and 

afterwards placed in a cleaning solution of NH4OH and H2O2 for 2 h at 60 °C. The cleaned 

wafers were exposed to 1% GPS solution in toluene for 16 h. The thickness of the rinsed and 

dried layer of the chemisorbed GPS was 1.3 ± 0.2 nm. 

 

6.2.2. Grafting procedure. The first type polymer brush we synthesized, PS-P2VP, consists 

of the non-polar PS and the polyelectrolyte P2VP. The polymers were spin-casted onto Si-

substrate, enriched with epoxy groups after GPS chemisorption (Scheme 6.1). PS-COOH was 

grafted from melt at 150 0C in vacuum for 15 min, then rinsed in soxhlet for 2 h and dried in 

flow of dry nitrogen. Afterwards P2VP-COOH was deposited on the same substrate from 1% 

THF solution. The grafting time consumed 15 h at the same conditions, followed by Soxhlet 

extraction in tetrahydrofuran (THF) for 3 h and dried in N2 flow. 
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Scheme 6.1. “Grafting to” approach; I-attachment of epoxysilane, II- grafting of the first 
(nonpolar) polymer, III-grafting of the second polymer. 
 

The second substrate, Polyacrylic acid-Poly(vinyl pyridine) (PAA-P2VP) binary 

polyelectrolyte brush, has the particularity to be composed of two polymers that are both 
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polyelectrolytes- a weak base (P2VP) and a weak acid (PAA), and was synthesized from PBA 

and P2VP by converting the first one to a polyelectrolyte-PAA (see 6.2.3). 

PBA-COOH was selected to be the first grafted polymer, whilst P2VP-COOH was grafted in 

the second step. The opposite order of grafting gave no reproducible results, because of the 

high affinity of P2VP-COOH chains to the substrate, which suppressed essentially penetration 

of the second polymer through P2VP brush. The first grafted layer of PBA-COOH was 

prepared via deposition of the polymer film on the GPS modified Si wafer by spin-coating 

from 1% methanol solution and following annealing in a vacuum oven at 150 °C for 15 min. 

After the grafting procedure, the ungrafted polymer was removed by a Soxhlet extraction in 

methanol for 3 h. The second polymer P2VP-COOH was then grafted using the same 

procedure, when a thin film of P2VP-COOH was spin-coated on top of the PBA-COOH 

brush. The grafting time was 15 h. Afterwards, the ungrafted polymers were removed by 

Soxhlet extraction in THF. Polymer brushes, synthesized by this method, do not exceed a 

grafted amount of 10 mg/m2, because of the “volume excluded effect”, operating in the 

system. The effect is based on the kinetic inability of chains, reaching the top surface, to 

penetrate already grafted layer and to react with the active groups of GPS. Figures 6.1 and 6.2 

represent the grafting kinetics, measured for PS-P2VP and PBA-P2VP brushes. 
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Figure 6.1. Grafting kinetics on the modified with epoxy groups Si wafer, 150 °C, melt: a) 
PS-COOH, b) P2VP-COOH after grafting of 3.4 nm of PS-COOH. Total grafted layer 
thickness-6.7 nm. 
 
In Chapters 7 (Table 7.1) and 8 (Table 8.1), the characteristics, obtained for various binary 

brushes, synthesized by both approaches are presented. 
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Figure 6.2. Grafting kinetics on the modified with epoxy groups Si wafer, 150 °C, melt: a)
PBA-COOH, b) P2VP-COOH after grafting of 3.5 nm of PBA-COOH. Total grafted layer
thickness-6.8 nm. 
 
6.2.3 Polyelectrolyte brush composed of oppositely charged polymers. 

PBA–P2VP mixed amphiphilic brush was prepared as it was described above. After the 

synthesis, PBA component was hydrolyzed by treatment in benzene saturated with p-

toluenesulfonic acid monohydrate at 55 °C for 1 h, to yield PAA. Scheme 6.2 represents the 

mechanism of the conversion reaction. 
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Scheme 6.2. Conversion of the neutral PBA to the polyelectrolyte PAA. 
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The first step in the hydrolysis is the protonation of the carbonyl oxygen. The protonated ester 

dissociates by an SN1 mechanism into a tertiary carbocation and carboxylic acid. After the 

hydrolysis, a no significant decrease (about 5%) of the brush thickness was observed [Hou03, 

Brue97]. To prove stability of the formed PAA film, the brush was treated in ethanol by 

Soxhlet extraction over 5 h.  

The layers structure was investigated using FTIR-ATR analysis, performed on silicon ATR 

prism surface. The spectrum of the chemisorbed GPS was used as reference. Spectra b-d in 

Figure 6.3 are plotted after subtraction of the GPS spectrum (Figure 6.3.a). The characteristic 

bands detected at 1730 cm-1 (-C=O) and 1370 cm-1 (-C(CH3)3) refer to butyl ester groups of 

the firstly grafted PBA (Figure 6.3b).  

The grafting of the second polymer P2VP was proved by the characteristic bands at 1568 and 

1590 cm-1 (Figure 6.3c).  
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Figure 6.3 FTIR-ATR spectra of
grafted layers on Si prism: 
(a) GPS, (b) PBA brush, (c) PBA-
P2VP mixed brush, (d) PAA-
P2VP polyelectrolyte brush.
Spectra (b)-(d) are plotted after
subtraction of spectrum (a). 

After conversion of PBA to PAA via hydrolysis of the tert-butyl ester groups, new bands at 

1710-1730 cm-1 (acid carbonyl), 1230 and 3200 cm-1 (-OH), together with the peak at 1610 

cm-1 (presence of -COO- grops) identify the existence of PAA within the film (Figure 6.3d). 

Dramatically decreased intensity of the band at 1370 cm-1 proves a complete hydrolysis of 

PBA as well. 
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Chapter 7 
 
Mixed Amphiphilic Polymer Brush for Switching of Energetic 

state and Surface Charge in Aqueous Media 

 
7.1. Abstract. “Grafting to” and “grafting from” surface approaches, for synthesis of binary 

polymer brushes from two incompatible polymers of different polarity were applied. The 

synthetic route is based on a subsequent step-by-step grafting of carboxyl-terminated 

polystyrene and poly(2-vinylpyridine) to the surface of a Si wafer, functionalized with 3-

glycidoxypropyltrimethoxysilane (GPS). This method provides a smooth and homogeneous 

polymer film on the macroscopic scale, as it can be evaluated by root mean square roughness 

analysis (RMS), at the AFM program. Polymer brushes, synthesized by grafting to approach 

do not exceed 1nm roughness (RMS (root-mean-square) roughness parameter- 5.6.3. in 

Chapter 5), while for thicker ones, fabricated via “grafting from” method, one can measure a 

RMS roughness value between 1 and 4 nm. On the nanoscopic scale the system undergoes 

phase segregation affecting the switching/adaptive properties of the film. Such a material was 

an object of intensive research during last few years. Here, a different aspect of its switching 

properties is on focus, namely, the response to an aqueous media upon exposure to various 

pH. The film morphology reversibly switches from “ripple” to “dimple” structures as well as 

the surface energetic state switches from hydrophobic to hydrophilic.  

 

7.2. Introduction. 
Thin films with polymer chains grafted to the solid substrate by only one end are a very 

suitable subject for theoretical analysis and experimental study, because its behavior can be 

easily modeled and interpreted. If the distance between grafted chains is smaller than an 

average end-to-end distance of the polymer chain, the layer of the grafted chains is in the 

regime of a polymer brush. In this case, grafted chains are forced to stretch in the direction 

normal to the plane of grafting and the conformation is determined by the energy balance 

between the elastic free energy of the stretched chain and the energy of the interaction 

between statistical segments [Ale77, Mil91]. Such an arrangement offers many interesting 

applications of the brushlike layers [Hal92] that have stimulated great interest in synthesis and 

investigation of polymer brushes [Tha00]. The questions of the regulation of thin polymer 

film stability [Zer94], wettability [Man97], adhesion [Raph92, Ruth00], reactivity and cell 
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protein interaction [Aks96, McPher98], micro/nano-patterning [Niu98, Huss00], swelling 

[Hab98], friction [Kle94], stabilization of colloids [Ber98], core-shell structures [Guo99], and 

so forth, were addressed with respect to the employment of such an advanced material. 
The theoretical analysis of phase segregation within binary brushes results in a complicated 

phase diagram [Mar91, Lai92, Lai94, Bro94, Sog96] and plenty of the thin film 

morphologies. Depending on solvent quality, layered and rippled phases, or their mixture, 

were observed experimentally. The transition between different morphologies upon external 

stimuli (solvent, temperature, etc.) results in switching of surface properties of the film, for 

example, from hydrophilic to hydrophobic. Such surfaces partially mimic a cell membrane. 

Regarding these properties, the mixed amphiphilic PS-P2VP brush was used successively in 

tuning adsorption of polyampholytes and proteins further in our studies.  

 

7.3. Experimental. 
7.3.1. Synthesis and characteristics. 

Mixed polymer brushes were fabricated via "grafting to" [Mir95, Zaj95, Kop96, Tra99a, 

Tra99b] and "grafting from" [Kno96, Rüh00, Bie99, Boe00, Bie02] approaches, with some 

additional particularities developed by a limited number of researchers [Sid99, Min01, 

Min02a, Min02b]. The particular procedure is extensively described in 6.2.2 of Chapter 6 and 

includes the next methods and steps: 

1. Thin polymer brushes produced by “grafting to” approach. 

a) wafers cleaning (dichloromethane) and surface OH groups yielding (NH4OH+H2O2). 

b) chemisorption of GPS-epoxy groups for esterification reaction with carboxyl groups ends 

of  the polymer chains. 

c) grafting of PS (spin casted from 1 % w/w toluene solution and grafted from melt for15 min, 

at 150 0C in vacuum oven), followed by soxhlet extraction in toluene 

b) grafting of P2VP (spin casted from 1 % w/w THF solution and grafted from melt-15 h, 150 
0C, vacuum), followed by soxhlet extraction in THF. 

2. Thick polymer brushes produced by “grafting from” approach. 

The surface of Si-wafer already functionalized with GPS (see case 1.) is treated with 

diaminopropane. Chloranhydride of 4,4’-azobis(4-cyanopentanoic acid) (Cl-ABCPA) was 

chemically grafted to hydroxyl and amino groups on the Si-wafer surface. Step by step two 

different monomers, styrene and 2-vinylpyridine, were polymerized on the surface. The ratio 

between two grafted polymers is regulated by condition of polymerization in each step of 

grafting (temperature and time). In the second step polymerization is initiated by the residual 
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fraction of the chemisorbed azo-initiator left after the first step. Molecular weight of the 

grafted polymers was regulated by monomer concentration, temperature and concentration of 

initiator in the bulk. 

By these two approaches, one synthesizes mixed amphiphilic PS-P2VP brushes, differing in 

their molecular size and physical-chemical characteristics (Table 7.1) 

Grafted amount of a polymer, A, is calculated by: 

 

dA .ρ=       (7.1) 

where ρ is the polymer density (for PS ρ =1.045 g/cm3 and P2VP ρ =1.18 g/cm3) and d is the 

dry state thickness.  

From the molecular weight Mn and the dry thickness, d, the distance between two grafting 

sites dg is derived as: 

         (7.2) ( ) 2/1
.

2/1 −= ρdNMd Ang

where NA is Avogadro’s number. The polymer layer is thicker than the distance between two 

grafting sites even in the dry state. The system therefore certainly is well in the brush regime 

and significant chain stretching is expected. 

The grafting density of a polymer brush layer one can obtain from dg by: 

2

1

gd
=σ      (7.3) 

Table 7.1. Characteristics of the mixed amphiphilic PS-P2VP brush. 

Grafting to 
PS-P2VP 

Grafting from 
PS-P2VP 

Method and 
composition 

PS-P2VP     PS       P2VP PS-P2VP    PS          P2VP 
Grafted layer 
thickness, d, nm 
 

     6.1          3.4        2.7     24.7        13.5        11.2 

Grafted amount  
A, mg.m-2 

     6.8          3.6        3.2      27.3        14.1         13.2 

Grafting 
distance, dg, nm 

      3.2          4.6        4.5     3.3           4.9          4.5 

Grafting 
density, σ, nm-2 

     0.10       0.05      0.05      0.09        0.04        0.05 

Mn, kg.mol-1                        45.9      39.2                        197.7      162.5 

Mw, kg.mol-1                        48.4      41.5                        361.5      284.8 

 
 

 

 52 



Chapter 7 
 

7.3.2. Responsive properties. 

Mixed amphiphilic PS-P2VP brush can be considered as a limiting case of the homopolymers 

PS and P2VP at symmetrical layers ratio. Responsive properties are determined from a 

combination of the behavior of uncharged PS brush and an additional performance originating 

from the electrostatic inter- and intra-chain repulsion at the charged P2VP in acidic media. 

The chains of PS display collapsed conformation and are located near the substrate surface, at 

the entire pH scale of our experiment, since for non-polar polymers the aqueous medium is a 

poor solvent in general. The contact angles variety (for the binary brush) is originating from 

the stretched P2VP chains, as the ratio between PS (hydrophobic) and P2VP (hydrophilic) 

within the surface mixed layer is regulated via pH signal. The main result of such a 

combination lies on an extension of the range of switching: charges make the surface more 

hydrophilic and introduce specific electrostatic interactions. Below we present several 

examples of responsive switching. 

a c b

Figure 7.1. Illustration of a PS-P2VP brush behavior at different conditions: a) acidic water- a 
selective solvent for P2VP component, b) neutral and basic water-poor solvent for both 
components and c) selective organic solvent for the non-polar PS component. 
 

The switching behavior was measured by electrokinetic test, contact angle method and AFM. 

Isoelectric point (IEP) of the mixed PS-P2VP brush, grafted onto GPS modified Si-wafer, was 

determined to 

be at pH 5.9. 

That is 

between IEPs 
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Figure 7.2. Zeta-potential plotted
as a function of pH for thin mixed
and homopolymer brushes: P2VP
brush (circles), PAA brush
squares), mixed PS-P2VP brush

(triangles). 
( 
homopolyme

r brushes of PS (at pH 4.3) and P2VP (at pH 6.7) 

(Figure 7.2).                                                                                     
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Mixed brush undergoes switching of the surface energetic state (wettability) upon exposure to 

different pH of the aqueous medium (Table 7.2), and similarly morphology transitions from 

dimple to ripple regime (Figure 7.3). Exposed to neutral and basic water the brush becomes 

hydrophobic. Its wettability increases with decrease of pH. At low pH values, protonated 

hydrophilic P2VP chains preferentially occupy the top of the film. As reference, we 

introduced wettability test of homopolymer PS (non-polar) and P2VP (weak polyelectrolyte) 

brushes. It is clearly seen that the electrostatic interactions extend switching of wettability of 

the brushes to broader range from highly hydrophilic (contact angle 220) to hydrophobic 

(900), and it is in agreement with literature [Min99, Min01] 

 

Table 7.2. Water contact angles (Θ±3)0 of binary (1:1) thin and thick PS-P2VP brushes. 

 

Sample                    PS-P2VP                      PS-P2VP                    PS                        P2VP 
A, mg.m-2                      27.3                               6.8                        6.8                          7.2 
Water pH 
      1.5                           22                                 28                          -                             19 
      3.0                           41                                 50                         87                            29 
      5.0                            -                                    -                           -                               - 
      7.0                           74                                 76                         86                            66 
      9.0                           79                                 81                         88                            78 
Methanol                       54                                 52                         88                            50 
  Toluene                       90                                 88                         90                            79 

The switching of morphologies upon exposure to different aqueous media quality was 

measured for thick and thin mixed PS-P2VP polymer brushes. Its origin is affected by the 

phase segregation at nanoscopic scale, which results in a reproducible surface features and 

patterns, successively detected using AFM technique and confirmed literature data [Min01]. 

Morphological transition from clustered large structures (dimples) at low pH to lamellas 

(ripples) with lateral characteristic size in the range of 50-100 nm and 20-50 nm respectively, 

was measured (Figure 7.3). In the case of thin mixed brushes PS-P2VP brush (Figure 7.5), 

one can observe the same transition, but the roughness (RMS) decreases in order of several 

magnitudes, because of the lower brush thickness. Since the chain length asymmetry is very 

small (see Table 7.1), the solvent selectivity is dominating factor for the switching. In the case 

(A) at Figure 7.3, the top layer is seen as grains of segregated P2VP, preferentially occupied 

the surface at pH 2. At pH 10, a smoother layer (RMS 2.4 nm), caused by the poor solvent 

conditions for both polymers was measured. 

 

 

 54 



Chapter 7 
 
Chapter 7 
 

 55 

 

 
A medial, between a good to bad quality solvent, morphology is presented in the Figure 7.4, 

where surface topography was measured in a slightly acidic, through neutral pH region. 
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Figure 7.3. 1x1µm AFM topography
images (Z range 32 nm) with
corresponding cross-sections of PS-P2VP
brush (24.7 nm thick) after exposure to:
A) pH 2 (RMS 4.05 nm), B) pH 10 (RMS
2.4 nm). 
The draws between the images represent
an idealization of dimple/ripple
morphology. The switching mechanism
is sketched between the cross-section
plots. 
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The experiments demonstrated that with these materials one can reversibly and precisely to 

regulate the wettability and surface morphology, just by simple treatment of the samples with 

solvents of different quality. Our findings are in agreement with the literature and expand the 

application possibilities for such materials in fields, where a fine tuning of interfaces is 

required. 
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Chapter 8 

Properties of Binary Polyelectrolyte Brush Composed of 

Oppositely Charged Polymers. 

8.1. Abstract. In this chapter the environmental response of the binary polyelectrolyte 

brush polyacrylic acid-poly(2-vinylpyridine) (PAA-P2VP) is extensively discussed. 

The brush was synthesized according to the “grafting to” procedure of poly(tert-butyl 

acrylate)-poly(2-vinylpyridine) (PBA-P2VP) and consequentially performed acid catalyzed 

ester hydrolysis, converting the precursor PBA to PAA. The switching/adaptive properties 

were examined, concerning the mechanism of surface charge replacement, swelling behavior 

and wettability. 

Further, the influence of a monovalent salt on the brush behavior in aqueous solution was 

studied by null-ellipsometry, building a special set-up for “in situ” tests. Both, low and high, 

salt concentration regimes were distinguished in respect of swelling-deswelling performance 

of the polyelectrolyte brushes in good and poor aqueous solvent media.  

Different morphologies were measured by Atomic Force Microscopy (AFM), adjusting the 

pH of the salt free medium below, at, and above the isoelectric point (IEP) of the material. 

Coil-globule/toroidal transitions were observed from good to poor (for both polyelectrolytes) 

solvent media, as the toroidal geometries have been detected to originate mainly from the 

collapse of P2VP component. 

 

8.2. Introduction. 
Polyelectrolyte systems exhibit a variety of phenomena, which find a wide application in 

many fields of science and industry. Modifying substrates with polyelectrolytes plays a 

significant role in adsorption processes of synthetic and natural molecules in industry and 

biomaterials sciences [Ber00, Schle01, Grau99, Dub99, Sukhor96, Kot98, Fish99]. Recently 

polymer layers, covalently attached by one end to the substrate and called polymer brushes 

attract a sufficient interest, due to their well defined surface properties and environmental 
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response [Min01, Min02a, Min02b, Sid99, Hou03].  This allows one to consider them as a 

good candidate for surface manipulation, adjustment, and nano-objects adsorption.  

On mono-component brushes, a number of studies, experimental and theoretical, are reported 

[Zhu96a, Zhu96b, Bie99a, Bie99b, Bie99c, Bie02]. On binary mixed polymer brushes, 

recently, one can find several studies, concerning the synthetic procedures and environmental 

responsive switching [Min00a, Min00b, Min02, Min03, Us02]. In respect of binary brush, 

composed of oppositely charged polyelectrolytes, only some theoretical approaches are 

available [Shu01a, Shu01b].  

Theory predicts that in contrast to equally charged homopolymer brush, when the intra- and 

inter- chain Coulomb repulsions lead to reversible stretching of the chains, the oppositely 

charged mixed brush has other possibilities to reduce the electrostatic repulsion. It depends on 

charge ratio (degree of compensation of the total charge of the homopolymer A, consisting of 

NA segments, by the total opposite charge of the homopolymer B, consisting of NB segments). 

At NA > NB polymer A chains are coiled due to the electrostatic attraction between A and B, 

while at NA= NB both chains form a compact brush. Addition of salt leads to screening of this 

attraction, and the brush expands. At a low charge ratio, further increase of the salt 

concentration causes a decrease of brush thickness due to screening of the repulsion between 

equally charged segments, thus exhibiting a maximum. Consequently, the larger variety of 

combinations of electrostatic and short-range interactions leads to much more complex 

response, compared to mono-poylelectrolyte brushes. 

In this chapter, the first attempt to synthesize and experimentally investigate such brushes is 

presented.  

 

8.3. Experimental. 
8.3.1. Synthesis. 

The synthesis of the binary polyelectrolyte brush onto Si-wafer planar surface is reported 

elsewhere (Chapter 6-6.2.2 and 6.2.3, [Hou03]), and covers the “grafting to” procedures, 

developed for fabrication of amphiphilic polymer brushes, with some additional 

modifications. Briefly reviewed, the synthesis includes: alkali cleaning procedure via rinsing 

the Si-wafer in NH4OH/H2O2 for 2h at 600C; enriching the surface with epoxy groups by 

attachment of GPS (1% solution of dried toluene for 16 h); consecutive two step grafting 

procedure of carboxyl terminated PBA and P2VP for 15 min and 15 h, respectively, from 

melt at 150 0C. Characteristics of the binary amphiphilic brushes, as well as of the 
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homopolymer constituents, were calculated by 7.1, 7.2, and 7.3 (see Chapter 7) and are 

reported below. The density of PBA is ρ =1.04 g/cm3. 

Table 8.1. Characteristic of binary and mono 
polyelectrolyte brushes. 

Acid catalyzed hydrolysis of the 

tert-butyl ester groups at PBA was 

the second key step performed to 

convert the neutral PBA to weak 

poly(acrylic acid) (PAA). The 

chemical reaction runs on SN1 

mechanism in presence of p-

toluenesulfonic acid monohydrate 

in benzene at 55 0C It is 

noteworthy that hydrolysis of tertiary esters by this mechanism involves breaking the alkyl-

oxygen bond in contrast to primary and secondary esters. FTIR-ATR investigations, of the 

transition from a system including two incompatible homopolymers to a system with a high 

affinity between the components, were performed (Figure 6.3-Chapter 6) 

            Binary    brush        
                PBA-P2VP 

Mono-component 
brushes 
 

Composition 

 PBA-P2VP      PBA  P2VP PBA          P2VP 
Grafted layer 
thickness, d, nm 

        5.74           3.13    2.61 6.79            6.84 

Grafted amount  
A, mg.m-2 

        6.33           3.25    3.08 7.06            8.06 

Grafting 
distance, dg, nm 

        3.33           4.62    4.59 3.14            2.84 

Grafting 
density, σ, nm-2 

        0.1            0.05    0.05 0.10            0.12 

Mn, kg.mol-1                          42.0     39.2 
 

42.0             39.2 

Mw, kg.mol-1                          47.0     41.5 47.0             41.5 

 

8.3.2. Ellipsometry.  

8.3.2.1. Dry state measurements. Null ellipsometry was applied to determine the thickness of 

chemisorbed GPS and grafted amount of the polymers after the grafting procedure. All the 

measurements were carried out using null-ellipsometer in a polarizer-compensator-sample-

analyzer (Multiscope, Optrel Berlin) mode. As light source a He-Ne laser with λ= 632.8 nm 

was applied and the angle of incident was set to 700. A multilayer model for homogeneous 

films covering the silicon substrate has been used for calculation the thickness of chemisorbed 

GPS and grafted polymer layers in air from the ellipsometric angles ψ and ∆. The refractive 

indexes used in the calculations were n= 3.8850 for the silicon substrate, n=1.4598 for GPS, 

n=1.466 for PBA and n=1.595 for P2VP. After the hydrolysis of PBA, refractive index of 

1.527 for PAA was used in the thickness evaluations. 

For the mixed brush a three layer model was used, as SiO2 and GPS layers were considered as 

one layer with effective n = 1.445. We found that this approach results in an error not larger 

than 5%. 

8.3.2.2. “In situ” experiments. Null-ellipsometry is a sensitive technique for evaluation of 

thin films swelling under appropriate conditions. “In situ” ellipsometric measurements were 

performed to examine the swelling behaviour of the binary polyelectrolyte brush in variable 

 61 



Chapter 8 

media quality, varying the ionic strength, the pH and the brush composition. The scheme in 

the Figure 8.1 gives a simplified view on the experiment. An ellipsometric cell with thin glass 

walls, fixed at a known angle (680) from the sample plane, was used. The angle of incidence 

of the light was settled such that its path was normal to the window. 

It is noteworthy to mention the difficulties, concerning an independent estimation of swollen 

layer thickness, dS, and n. Such a matter takes place when the thickness of a layer is below ca. 

20 nm [Styr00]. The correlation between dS and n at the solid/liquid interface means that both 

parameters cannot be independently determined with a high accuracy. Despite of that, we 

were able to measure their magnitude together, obtaining an inverse dependence between 

them, as it is shown in Figure 8.3. 

 
 

 

 

 

 

 

 

 

Figure 8.1. Schematic illustration of the “in situ” ellipsometric set-up for swelling 
phenomenon investigations. Q- λ/4 plates, P- polarizer, C- compensator, A- analyzer, 
Detector 
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8.4. Responsive/Switching Behavior.  
8.4.1. Switching of the surface charge. 

The binary polyelectrolyte brush is capable for a sharp switching of the surface charge upon 

change of the pH. The switching mechanism can be followed in Figure 8.2, where the binary, 

polyelectrolyte and amphiphilic brushes are studied by the electrokinetic method. 
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Figure 8.2. Zeta-potential
plotted as a function of pH
for: homopolymer P2VP
brush (black squares),
homopolymer PAA brush
(black circles), mixed PAA-
P2VP brush (black
triangles). 
As a comparative case, the
electrokinetic behavior of
the precursor system was
studied as well: PBA ( grey
squares) and PBA-P2VP
(grey circles). 
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Figure 8.3. Influence of the pH on the (a) swollen thickness, dS, and (b) the refractive index, 
n, of the swollen PAA-P2VP brush. The thickness in dry state was measured to be 5.7 nm 
(Table 8.1). 
 

The switching route for the binary polyelectrolyte brush is schematically shown in Figure 8.4. 

Each homopolymer in the mixed brush is a weak polyelectrolyte. The charge density of the 

weak polyelectrolytes depends on pH. At pH <6.7, P2VP is protonated, and a further decrease 

of pH results in an increase of density of positive charges at P2VP chains.  

 

The inverse scenario may be assigned to PAA chains, which are negatively charged at pH > 

3.2. In the range of 3.2 < pH < 6.7 the charged P2VP and PAA interact so that at pH 4.9 the 

charges are completely compensated, that results in a neutral surface. “In situ” thickness of 

the brush at the isoelectric point was ca.7 nm-close to the thickness of the dry film (Figure 

8.3). Out of this region, at low pH, PAA chains adopt a compact conformation on the bottom 

of the film, while P2VP is highly protonated and stretched away from the surface. The 

thickness of the swollen brush measured at pH 2 was 18 nm; P2VP preferentially occupies the 

top of the film. At high pH value, the inverse transformation takes place. P2VP is collapsed to 

the surface, while negatively charged PAA chains are on the top, electrostatically expanded 

B A 

Figure 8.4. Schematic
representation of
switching behavior of a
binary polyelectrolyte
brush upon adjusting the
pH below (A) and above
its isoelectric point (B)  
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by repulsion between dissociated carboxylic groups at the monomer units. The thickness of 

the swollen brush was 15 nm at pH 10. The binary polyelectrolyte brush allows approaching a 

much larger range of switching between values of surface charge (from negative to positive 

surface) as compared to the homopolymer brushes (Figure 8.2). The absolute values of zeta 

potential in acidic and basic pH regions for PAA-P2VP are close to the corresponding values 

for the P2VP homopolymer brush for acidic pH values and for the PAA homopolymer brush 

for basic pH values, respectively. That indicates the possibility to switch the surface 

composition of the brush via small change of pH, as the top layer is enriched with the charged 

polymer, while the uncharged one occupies the bottom layer. This possibility demonstrates 

the substantial difference of the binary polylelectrolyte brush from the mixed uncharged 

amphiphilic brush, investigated in the previous Chapter 7. In the latter case, the switching of 

the surface composition can be approached by a general change of the solvent [Min00a, 

Min00b], while the layered segregation of two different polymers in the binary 

polyelectrolyte brush can be easily approached by a small adjustment of the pH.  

Such a behavior of the polyelectrolyte brush is promising for the precise regulation of 

adsorption/desorption processes of charged particles, cells, and protein molecules and 

controlled release or tuneable catalysis in aqueous environment. 

 

8.4.2. Switching of the energetic state. 

Further, we demonstrate how the pH signal may be used to switch the wetting behavior of 

polyelectrolyte brushes. At low and high pH values, protonated hydrophilic P2VP molecules 

or dissociated acrylic acid segments along the PAA chains, occupy the top of the sample, 

respectively. Therefore, the brush remains hydrophilic in the entire range of pH, except within 

the neutral part, where a compensation of the charges takes place. If the brush is rapidly 

removed from the solvent bath and dried, the lateral surface morphology of the film is 

assumed to be “frozen”. Thus, we assume that the ratio between concentrations of different 

polymers in the top layer of the mixed brush is not much changed during fast collapse, when 

water is rapidly evaporated. The brush can be easily probed, using the contact angle method. 

Results of such experiments are presented in Figure 8.5c, as the same test was performed with 

single polyelectrolyte brushes for a reference (Figure 8.5a, b). 
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Figure 8.5. Advancing contact angle,
measured on dry brush (rapidly dried
after exposure to water bath for 10
min), as function of the pH: PAA brush
(a), P2VP brush (b), and PAA-P2VP
binary polyelectrolyte brush (c). 
 

 

The wetting experiments confirmed that in acidic media, P2VP preferentially occupies the top 

of the substrate, while in basic media PAA replaces P2VP in the top layer. Despite different 

compositions and charge signs of the surface, the binary polyelectrolyte brush demonstrates 

very similar wetting behavior after acidic or basic treatment. Measured contact angles were 

36° for pH 2 and of 39° for pH 10. In contrast, mono-PAA brush is hydrophilic at pH 10 and 

more hydrophobic at pH 2 (Figure 8.5a), while mono-P2VP brush demonstrates the inverse 

behavior (Figure 8.5b). The values measured for the binary polyelectrolyte brush in between 

the limiting points of the range 2<pH<10 represent the stepwise transition, showing more 

hydrophobic behavior near the IEP of the brush (Θ = 70°). The reason for this performance 

was already explained in the terms of complexation between the oppositely charged 

polyelectrolyte chains. The step-like change in contact angle values deals with the weak 

polyelectrolyte behavior, originating from the dependence of degree of dissociation on the 

pH. 
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8.4.3. Ionic strength influence on the swelling of polyelectrolyte brushes.   

The influence of the solution ionic strength onto the degree of swelling at different pHs was 

examined for binary and mono-component weak polyelectrolyte brushes. The monomer units 

at the polyelectrolytes bear weak acidic or basic groups, as only a fraction of their charge is 

compensated by condensed counterions. In this case, the degree of dissociation or association 

of ions at the polymer chain is controlled by the environmental pH. Furthermore, an addition 

of salt induces a collapse of the chains by screening intra- and inter- electrostatic interactions 

in the system, as the behavior of weak and strong polyelectrolyte brushes is qualitatively 

different [Zhu95, Lya95]. At high salt concentration, their response to the media is 

comparable, as both type of brushes shrink in a very similar way, while in low salted solutions 

one can observe considerable dissimilarities, originating from the unfixed degree of charge at 

the weak ones. Our experiments confirmed qualitatively the 

non-monotonic dependence between the weak brush 

swollen height and the external salt concentration, Cs, 

shown in Figure 8.6. 

The binary PAA-P2VP brush was examined at acidic, 

neutral and basic conditions as well as at its isoelectric point 

(Figure 8.7a). The reference cases of mono-component 

brushes are shown in plot 8.7b. The amount of added salt was 

increased step-wisely till a range of that it totally collapses 

the chains to the substrate. At both pHs- 2 and 10 (Figure 

8.7a), the high ionization degree in salt free solution, i.e. high 

charge density of the P2VP or PAA, induces swelling of the brush due to inter- and intra- 

repulsive electrostatic forces, arising from the equal charged segments, and the osmotic 

pressure of the counter-ions. At low salt concentration and pHs 2 (protonated P2VP chains) 

and 10 (dissociated PAA monomer units) the swollen brush thickness reaches a maximum, 

which can be explained in terms of equalized concentrations of external salt and the free 

mobile counterions inside the brush. At these conditions, the brush is in so-called "osmotic 

regime", in which all counterions are trapped within the brush volume and stretch the chains 

via an osmotic effect. This process was predicted by Zhulina [Zhu95], Ross [Ross92] and 

Fleer [Fle93] to follow a  power law. Beyond this salt concentration, a crossover 

occurs, and the osmotic pressure of the counterions decreases as the brush height decreases 

accordingly. For planar geometries, after the crossover, mean-field theories, as well as 

experimental studies [Bie02d], predict that, the brush height, d

3/1
ss Cd ∝

s, follows a  law. 3/1−∝ ss Cd

log ds 

log Cs 
Fig. 8.6. Influence of the
external salt concentration,
Cs, on the swollen brush
height, ds: Weak (dashed
line) and strong (solid line)
polyelectrolyte brushes
behavior. 
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The scaling of the brush height with ionic strength in this study is in qualitative agreement 

with the theoretical predictions. 

At Cs=0.001 M (the lowest salt concentration) and pHs 2 and 10, the brush remains in 

swollen state. If the concentration of added salt is increased, the brush height increases 

further. At salt concentrations of between 0.005 and 0.01 mol/L, one can observe maximums 

at both pHs. Over CNaCl=0.01 mol/L the brush collapses (“salted regime”) and reaches 

approximately its dry state height at CNaCl between 0.1 and 0.5 mol/L.   

At pH 4.9 (IEP) and pH 7, we found that PAA-P2VP brush effectively behaves as neutral.  
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Figure 8.7. Influence of added salt
concentration, CNaCl, onto brush swelling
behavior at different aqueous medium
qualities: a) PAA-P2VP brush (dry state
thickness-5.7 nm) at pH 10 (asterisk), pH
2 (triangles), pH 5 (circles) and pH 7
(squares); b) PAA brush (dry state
thickness-6.8 nm) at pH 10(asterisk) and
P2VP brush (dry state thickness-6.8 nm)
at pH 2 (triangles).  
Figure 8.8.  Influence of the pH onto
PAA-P2VP brush swelling behavior at
different salt concentrations. 
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The behavior of a homopolyacid (PAA) and homopolybase (P2VP) brushes in salt solution 

was examined separately. The tendency of continuous swelling at low salt content did not 

reverse, as it is shown in Figure 8.7b. In the initial swollen state, at pH 10, PAA reaches a 

height of ca. 43 nm-approximately six times of its dry state thickness. The swelling continues 

at CNaCl=0.001, 0.005 and 0.01 mol/L, as the curve forms a plateau with a maximum value of 

54 nm. The homo-polyelectrolyte base P2VP at pH 2 expresses a similar behavior. The 

primary swelling in salt-free media turns the brush height to ca. 49 nm. At CNaCl=0.001-0.01 

mol/L the swollen thickness reaches ca. 60 nm. Over this point (CNaCl=0.01 mol/L) the chains 

adopted a collapsed conformation and the average thickness for both P2VP and PAA was 

measured to be 20 nm at CNaCl=0.5 mol/L. These experiments provide a good agreement to 

the theoretical predictions discussed above. 

 

8.4.4. Switching of surface morphology upon pH variance. 

Morphologies of the mixed amphiphilic (precursor system) and polyelectrolyte brushes were 

investigated in variable points of interest and accomplished by AFM in air. The top layer 

structures differ significantly after exposure of the brushes to pH variable aqueous media. 

As a reference, the morphologies of the precursor system (PBA-P2VP brush), treated at the 

same conditions as the polyelectrolyte binary PAA-P2VP brush, were measured (Figure 8.9). 

Before the conversion one can observe dominating toroidal structures with diameter of about 

55 nm (pH 7) and 67 nm (pH 10) (discussed latter) and lamellar features (pH 4.9), originating 

from the incompatibility of both polymers and the quality of the media, which do not favors a 

swelling of neither components. At pH 2, the swollen P2VP chains cover the surface, while 

PBA remain collapsed to the substrate. After drying one can measure a smooth interconnected 

network. 
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Figure 8.9. 1X1 µm AFM images (left, topography-Z range 12 nm; right, phase) and 
corresponding cross-sections, representing morphology of mixed PBA-P2VP brush at: A) pH 
2.0 (RMS 0.99 nm), B) pH 4.9 (RMS 2.17 nm) C) pH 7.0 (RMS 1.37 nm), D) pH 10 (RMS 
1.70 nm). 
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Conversion of PBA to PAA within the binary brush composition reflects in prominent 

changes in respect to the size and shape of the features, detected on the surface, and showed in 

Figures 8.10 - 8.13.  
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Figure 8.10. 1X1 µm AFM images (left, topography-Z range 12 nm; right, phase) and 
corresponding cross-sections, representing morphology of: A) PAA (RMS 0.21 nm), B) PAA-
P2VP (RMS 0.58 nm) C) P2VP (RMS 0.33 nm) at pH 2. 
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Figure 8.11. 1X1 µm AFM images (left, topography-Z range 12 nm; right, phase) and 
corresponding cross-sections, representing morphology of: A) PAA (RMS 0.61 nm), B) PAA-
P2VP (RMS 0.92 nm) C) P2VP (RMS 1.18 nm) at pH 4.9. 
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Figure 8.12. 1X1 µm AFM images (left, topography-Z range 12 nm; right, phase) and 
corresponding cross-sections, representing morphology of: A) PAA (RMS 0.43 nm), B) PAA-
P2VP (RMS 1.30 nm) C) P2VP (RMS 1.54 nm) at pH 7.0. 
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Figure 8.13. 1X1 µm AFM images (left, topography-Z range 12 nm; right, phase) and 
corresponding cross-sections, representing morphology of: A) PAA (RMS 0.21 nm), B) PAA-
P2VP (RMS 0.58 nm) C) P2VP (RMS 0.33 nm) at pH 10.0. 
 

The toroidal geometries, observed on the binary PAA-P2VP polyelectrolyte brush surface at 

pH 4.9 and 7 (diameters (evaluated between the tops of two peaks in the cross-sections) L ~ 

45 and 59 nm respectively), required one to measure the referent morphologies of the 

constituents PAA and P2VP separately, in terms to identify their origin. It was clearly figured 

out, that the toroidal shaped surfaces originate mainly from the condensation of P2VP 

component (pH 4.9 - L ~ 190 nm; pH 7 - L varies between 23.5 and 55 nm), which collapses 
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to such structures even at pH 10 (L between 39 and 75 nm). For PAA only at pH 4.9 smaller, 

compared to P2VP brush, toroidal shapes of L ~ 25 nm were detected.  

The origin of such surface geometry is not recently described enough accurately in the 

literature. A number of studies have attempted to cover the reasons of such features occurring 

in poor solvents for flexible and semi-flexible polymers [deGen85a, b, Daw97, Halp00, 

Schnu02]. However, attempts to explain the collapse from coil through globule to toroid were 

theoretically made [Schnu00, Sak02]. It is known, that when a flexible polymer is exposed to 

a poor solvent it passes by a collapse transition to a globular state, as it minimizes the contact 

with the solvent by decrease of surface area. It occurred, that for the investigated system, at 

specific conditions, the transition ends to submicron toroidal structures. The components in 

the polyelectrolyte brush, P2VP and PAA, are both relative flexible polymers (glass transition 

temperatures (Tg) are at 104 0C and 87 0C respectively), but far from fully flexible ones and 

require a higher energy to form a bend. The globular state is energetically unfavorable for 

them because it includes highly bent states. The collapsed ground state is then a toroid, 

benefiting a reduction of the monomer-solvent contact, excluding an additional bending 

penalty. Hence, the toroidal ”state” acts for balance between a trend of the surface area to be 

minimized and the energetic penalty of bending the chains. An important limiting factor, 

contributing to such surface arrangement, one can find the volume-excluded regime, operating 

within the brush volume. The brush-like architecture of the polyelectrolyte layers provides a 

dense package of the polymer chains (dg∼3 nm, grafting density∼0.1 nm-2) as well as an 

immobilization of one of the chain ends. Therein, one can apply this information, together 

with the assumptions above, to the specific behavior of weak polyelectrolytes in aqueous 

solutions. During drying of the samples, the slightly swollen P2VP chains (homopolymer 

brush), segregated from the fully collapsed ones at neutral and basic media, shrink rapidly (in 

the range of few seconds) back to the surface, excluding water molecules, already penetrated 

brush volume in the aqueous media. The surface capillary forces then imply a collapse of a 

number of assemblies of polymer chains, attached to a number of grafting sites, forming a 

concave structure in its virtual centre, which finally results in the surface toroidal shapes. 

Such structures were not observed for PAA in neutral and basic media, because the polyacid 

chains are substantially swollen in neutral and alkali water (IEP of PAA is at pH 3.2), and 

during the drying, form easily a homogeneous layer, shown in Figures 8.11a, 8.12a and 8.13a. 

In case of the binary PAA-P2VP polyelectrolyte brush, such geometry was detected only at 

pH 4.9 and 7. Referring to the homopolymer brushes morphology, observed at the same 
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conditions (see Figures 8.11 and 8.12), one could assume the same model, already applied for 

the P2VP brush, to explain the origin of the toroids on the samples surfaces.  

Focusing on this approach, we explained the collapsed toroidal features, observed on the 

binary and mono-component polyelectrolyte brushes. We assume that this additional bending 

limitations as well as excluded volume effect at the brush contribute to the toroidal 

arrangement. Reduced electrostatic repulsion between the polyelectrolyte segments in neutral-

basic aqueous media for the P2VP, and neutral for PAA-P2VP brushes, limits the supposition 

for toroidal formation to energetic factors such as bending, entropy loss and capillary 

interactions.  

The AFM images measured after immersing the samples in a good solvent for one of the 

components show segregated clusters with PAA on the top at pH 10  and P2VP top layer 

phase at pH 2. In a good solvent for either component (relatively strong acidic or basic 

medium), the surface is enriched with protonated P2VP or dissociated PAA. The electrostatic 

repulsion between the likely charged segments and the osmotic pressure of the counterions 

expand the brush up to 7 times of its dry state thickness (in respect only to the component 

which undergoes elongation, not to the total brush thickness, as it is shown in Figure 8.7). In 

those cases a mono phase dominates on the surfaces and the contact angles values indicates 

highly hydrophilic properties (35.90 for pH 2 and 38.60 for pH 10). As result, the surface 

follows a typical clustered morphology, shown in Figures 8.10b and 8.13b.  

 

8.5. Conclusions. 
In conclusion, we synthesized binary polyelectrolyte brush from two oppositely charged weak 

polyelectrolytes via the “grafting to” approach. The novel material in such architecture was 

fabricated for first time. The adaptive behavior of the PAA-P2VP binary polyelectrolyte brush 

was investigated by tuning its acid-base properties. The polyelectrolyte brush demonstrates 

sharp switching behavior when the top of brush is occupied by negatively charged and 

stretched away from the substrate PAA or by positively charged stretched P2VP chains at pH 

values below and above of the isoelectric point, respectively. At the isoelectric point the brush 

forms a collapsed polyelectrolyte complex with zero charge. 

 

The influence of a mono-valent salt was examined, covering 10-3-5.10-1 M concentration 

range of NaCl in the solution and at pHs between 2 and 10. At acidic and basic medium the 

effect of added salt was more distinguishable, concerning higher initial swollen state of the 

brush. The decrease in thickness with the amount of added salt was found to be not 
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monotonic. A maximum occurs by the binary polyelectrolyte brush at low salt concentration 

at pH 2 and 10. An increase of the amount of NaCl induces almost fully collapsed 

conformation, caused by the balance of polyelectrolyte charge and increased ionic strength of 

the solution.  

Different morphologies, generated by solvent quality variation were detected on the PAA-

P2VP, PAA and P2VP brush surfaces. In a good solvent medium (acidic for P2VP and PAA-

P2VP and basic for PAA and PAA-P2VP) cluster-like structures and layered mono-phase, 

originating from preferential occupation of the surface by PAA or P2VP (in case of the binary 

brush), were measured. 

Decreasing the solvent quality for PAA-P2VP brush (neutral and IEP-pH 4.9), toroidal 

structures rising from the tendency of the polymer to exclude the solvent molecules and that 

way to minimize the surface area on one hand, and to decrease the energetic costs for bending 

on the other, were observed. Additionally, reference experiments were performed onto the 

mono PAA and P2VP brushes. They confirmed the trend toroids to be formed in poor 

solvents on polyelectrolyte surface.  

The responsive/switching behavior of the polyelectrolyte brush can be explored to tune 

surface properties in aqueous environment by pH signal, which is of potential interest for 

microfluidic technologies, smart nanodevices, and drug delivery systems. 
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Chapter 9 

  

Adsorption of Charged Nanoparticles onto Thin Polyelectrolyte 

Brushes Composed of Oppositely Charged Polymers. 
 

9.1. Abstract. The unique properties of a binary polyelectrolyte brush [Bie99, Shu01a, 

Shu01b] were investigated by adsorption of charged nanoparticles from aqueous solutions. 

Modifying the substrate with ultra-thin polyelectrolyte layers in brush-like configuration 

allows one to suppress or improve the adsorption of colloidal particles by changing the media 

quality and the composition of the brush.  

Mixed amphiphilic polymer brush, consisted of an electrically neutral homopolymer such as 

poly(tert-butyl acrylate) (PBA) and a polyelectrolyte-poly(2-vinyl pyridine) (P2VP), was 

synthesized, using ”grafting to” technique and converted to a binary polyelectrolyte brush 

with oppositely charged weak polyelectrolytes, polyacrylic acid- poly(2-vinyl pyridine) 

(PAA-P2VP). 

Polystyrene latex particles, D =15 nm, with sufonic acid groups -SO3H (negative Zeta 

potential) and quaternary amino groups -NR3
+ (positive Zeta potential) functionalized 

surfaces, were adsorbed onto the PAA-P2VP polyelectrolyte brush at varied pH of the 

aqueous media. The functionalities of the adsorbate (the particles) have properties of strong 

electrolytes, i.e., their charge densities are independent on the pH. Therefore, one can adjust 

the surface charge of the binary brush, without affecting the adsorbate behavior, and in this 

way, easily to tune the adsorption only by switching the surface domination at the brush top 

layer. 

Strong particles adsorption was detected at pH values, where the fraction of the charged units 

along the polymeric chain dominates over the number of their uncharged counterparts, and the 

colloidal particles bear an opposite charge to the polyelectrolyte brush surface. 

 
9.2. Introduction. The behavior of polymers at interfaces and the interactions with the 

surrounding media is of importance for a large number of processes in industry and 

biomedical science [Fle93]. Particularly, the polymers grafted by one end to the substrate at 

high grafting density could play a significant role by modifying the adsorption properties of 

various substrates in contact with a heterogeneous environment [Cag01, Sof98]. Adsorption 

of nano-objects (proteins, synthetic polyelectrolytes, nanoparticles etc.) from aqueous media 
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attracts increasingly interest of many research groups [Hal99, McPher98, Jeo91a, Jeo92b]. 

Regarding well defined features of the polymer brushes [Min01, Min02a, Min02b, Sid99], 

one could vary the surface properties of the brush-like layer, and hence, to direct the 

adsorption processes to an aimed direction, altering the pH signal.  
 

9.3. Experimental. Polystyrene latex particles, D =15 nm, with SO3H (PS- SO3H, 

negative Zeta potential, –50 mV) and NR3
+ (PS-NR3

+, positive Zeta potential, + 30mV) 

functionalized surfaces were purchased from Micromod Partikeltechnologie GmbH, Rostock-

Warnemuende, Germany. The initial concentration of 10 mg/ml was reduced by factor of 50, 

to reach a final concentration of 0.2 mg/ml, used in our experiments. 

We prepared the mixed polyelectrolyte brushes by "grafting to" approach using esterification 

reaction between carboxyl terminated polymers in thin melted film deposited on the substrate 

surface modified with epoxy groups and further performed acid catalyzed ester hydrolysis of 

the tert-butyl ester groups at PBA in benzene saturated p-toluensufonic acid monohydrate 

solution at 55 0C [Brue97, Hou03]. The entire procedure is described in Chapters 6 and 8 as 

well. Resumed, our route comprises four key steps: (1) chemisorption of (3-glycidoxypropyl) 

trimethoxy silane (GPS) on the surface of Si-wafer, (2) grafting of carboxyl terminated PBA-

COOH, (3) grafting of carboxyl terminated P2VP-COOH and (4) hydrolysis of PBA, yielding 

polyacrylic acid (PAA). 

The total grafted amount of the brush, obtained by this procedure and used in our adsorption 

experiments, was Atotal= APBA+AP2VP=3.7 mg/m2+3.5 mg/m2= 7.2 mg/m2 (6.5 nm thickness). 

 
9.4. Results and Discussion. The adsorption of PS latex particles was explored in the pH 

range between 2 an 10, adjusting the values by 0.1 N NaOH or HCl. No salt was used, i.e. the 

overall ionic strength was ∼10-pH. The preferable adsorption conditions were outlined, varying 

pH, particles type and brush surface composition.  

 

9.4.1. Adsorption of negatively charged nano-particles. As first step, particles with 

negative charge were adsorbed onto PAA-P2VP. Referent adsorption cases for PAA and 

P2VP homopolymer brushes will be discussed later.  

Figure 9.1 shows kinetic experiments performed “in situ”, using a special designed 

ellipsometric set-up, described in Chapter 8 (Figure 8.1). The angle of incidence of the light 

was set to 680. The ellipsometric cell was properly cleaned and dried after every measurement 

session. The left plot represents the changes in ellipsometric angles ψ and ∆ with time, while 
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the right one- calculated from the angles “in situ” thickness, ds, of the adsorbed particles 

layer. Region I shows the brush swelling before adding the particles, while the region II 

illustrates the progress in the adsorption of the particles from the 0.20 mg/ml stirred solution. 

 
 

Figure 9.1. In situ measured adsorption kinetics of PS-SO3H nanoparticles, adsorbing onto 
PAA-P2VP brush at pH 3; I-brush swelling: II-nanoparticles adsorption. 
 
In Figure 9.2, we show the changes in the adsorbed layer thickness in dry state, upon varying 

the pH between 2 and 10. The reference case of the homopolymer components, composing 

the binary brush is shown as well. 

 
 

Figure 9.2. Dry state layer thickness, d, vs. pH plot of PS-SO3H nanoparticles, adsorbed onto: 
a) P2VP, b) PAA-P2VP and c) PAA brushes. The arrows under and over the plots indicate the 
charge of the substrate-S and the particles- P, respectively. 
 

As one can expect, the favorable conditions for adsorption occur below the IEP of PAA-P2VP 

brush (at pH 4.9). A nearly linear increase of the layer thickness was observed, which we 

devote to the increase of positive charges fraction along the extended P2VP chains, caused by 

the protonation of the N atoms at the pyridine rings. It results in appearance of positive 

charges on the surface, attracting the negatively charged PS-SO3H particles. The value of Zeta 
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potential at pH 3 for the brush is ca. +20 mV (Chapter 8, Figure 8.2) and the particles 

potential is equal to –50 mV. By this pH the thickness of the adsorbed layer reaches 30 nm. 

This value is two times higher than the particles diameter. We commit this result to the 

grafting density (is σ = 0.09 nm-2) of the brush and the differences in the electrical charges of 

the components. Among the different brush regimes, a value of 0.09 nm-2 correlates with an 

intermediate grafting density. The steric interactions within the brush plane at such conditions 

are minimized and the osmotic pressure decreases as well (comparing to a high grafting 

density, where the mentioned effect is in an opposite direction). The attractive force between 

the brush and the nanoparticles is balanced by the steric interactions, when the particles reach 

the inner part of the brush, i.e. the particles are not excluded from the intrinsic brush plane. 

This regime may allow to an increase of the effective adsorption sites, available for the 

particles, approached the surface. At higher grafting density, the particles may be positioned 

only on the upper part, because the attractive forces do not compensate the steric interactions 

within the inner brush volume. 

By softening the media conditions to pHs 4.9-7, the adsorption tends to adopt zero value. This 

region complies with non-charged state of the polyelectrolyte brush, arising from the 

compensation of the opposite electrical charges at P2VP and PAA. Therefore, the overall 

surface charge becomes zero and the electrostatic interactions do not operate in. Studying the 

system in an alkali media, we did not detect a prominent adsorption process. Under basic 

conditions, the surface obtains negative charge, devoted to the carboxylic groups dissociation 

along the PAA chains. This results in electrostatic repulsion between the equally charged 

substrate and particles. 

These findings, obtained by null ellipsometry in dry and liquid state, find their confirmation in 

the interpretation of AFM experiments in dried state. 

Figure 9.3 shows several adsorption regimes from a favorable (acidic media) through an 

intermediate (neutral media) to a poor adsorption regime (basic media). The left parts of the 

images are denoted as height, while the right ones as phase. The cuts on the right side were 

obtained after cross-section analysis of the height images. 

In image a) the particles can be easily recognized on the surface, by their circular shape and 

size. Measured by the ellipsometry overlapping of particles is well seen in the height image 

(Figure 9.3a).  The increase in the layer thickness -about 30 nm, is believed to be due to 

localized aggregation mostly from overlapped particles, forming no uniform domains. 

On images b) and c) the morphology is typical for a polymer brush at these conditions 

(lamellas and clusters) and shows an absence of nanoparticles on the top polymer layer.  
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The cross section analysis of height images b) and c) differ significantly from that one of 

image a), and prove the lack of adsorption under the conditions, applied to the system (see 

also Figure 9.2b). 
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Figure 9.3. 1X1 µm AFM (left, topography, Z range=50nm; right, phase) images and 
corresponding cross-sections of PAA-P2VP brush after adsorption of PS-SO3H particles at: a) 
pH 2.5 (favorable conditions); RMS 8.56 nm, b) pH 4.9 (unfavorable conditions); RMS 1.57 
nm c) pH 9.8 (unfavorable conditions) RMS 1.72 nm.                
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occurred some deviations from the expected behavior of the system, but in general the trends 

were kept in the limits of our predictions. The ellipsometric results are shown in Figures 9.4 

and 9.5. 

 

 

Figure 9.4. In situ measured adsorption kinetics of PS-NR3
+ nanoparticles, adsorbing onto 

PAA-P2VP brush at pH 9.8; I-brush swelling: II-nanoparticles adsorption 
 

The influence of pH on the adsorption strength is presented in Figure 9.5. In the acidic region, 

a weak adsorption was measured up to layer thickness 3 nm. The most interesting result in 

this system was the adsorption at the IEP point of the brush. About 7 nm thick layer of 

particles was measured at pH 4.9, where no electrostatic forces were expected to take part in 

the process. In this case, a contribution of hydrophobic interactions can be clarified.  

 
 
Figure 9.5. Dry state layer thickness, d, vs. pH plot of PS-NR3

+ nanoparticles adsorbed onto 
a) P2VP, b) PAA-P2VP and c) PAA brushes. The arrows under and over the plot indicate the 
charge of the substrate-S and the particles- P, respectively. 
 

The alkyl groups functionalities and the PS surface of the PS-NR3
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from electrostatic point of view, adsorption. Another contribution may come from the charge 

inhomogenity along the brush chains, typical for weak polyelectrolytes. A pronounced charge 

accumulation appears at chain ends because there are fewer neighbors for the charges to 

interact with and the penalty in energy is therefore reduced. For end-grafted weak 

polyelectrolytes, a rather unusual regime can be obtained mainly due to the fact that the net 

charge of a chain as well as its distribution along the chain is not fixed but depends on its 

local environment. 

Continuing to alkalize the media, the adsorption strength increases linearly up to pH 10 (the 

end point of our interest). In basic conditions, the carboxylic groups at PAA become 

dissociated, the brush adopts extended conformation and the surface turns to negatively 

charged. Hence, in the system a negatively charged component (the substrate surface) and a 

positively charged one (PS-NR3
+ particles) are presented, which explains the linear increase 

of the adsorbed layer thickness. The maximum layer thickness is in the range of the particle 

diameter, i.e. ∼15 nm. The difference with the adsorption of (-SO3H) functionalized particles 

is obvious with respect to an absence of overlapping particles effect. We can assume that the 

equal absolute Zeta potential values of the brush surface (Chapter 8, Figure 8.2) and the 

particles, -30 and +30 mV respectively, may contribute to a compensation of the electrostatic 

charges at the adsorbing interface, which may prevent a double layer formation..  

AFM investigations (Figure 9.6) give an additional illustration of these findings. On image a) 

one can observe circular shaped particles adsorbed on the surface. An overlapping regime 

cannot be detected on the image and on the cross-section graphic as well. At pH 4.9 (image 

b), the surface is uncharged, but some randomly distributed particles were detected on it. 

Image c) corresponds to pH 2.6 and a clear brush morphology  was measured. As it was 

expected and found by ellipsometry, the acidic conditions do not favour adsorption in the 

system. The presence only of very low number of particles on the surface can be seen on the 

cross-section plot.          
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Figure 9.6. 1X1 µm AFM (left, topography, Z range = 50 nm; right, phase) images and 
corresponding cross-sections of PAA-P2VP brush after adsorption of PS-NR3

+ particles at: a) 
pH 9.8 (favorable conditions); RMS 7.90 nm, b) pH 4.9 (unfavorable conditions); RMS 6.30 
nm, c) pH 2.6 (unfavorable conditions); RMS 2.11 nm. 
 

9.5. Conclusions. In the present study we have examined the adsorption of electrically 

charged nanoparticles onto binary polyelectrolyte brushes. The interactions within the system 

were controlled by pH adjusment, resulted in composition and surface charge replacement. 

The favourable conditions were outlined and the contribution of the different forces, driving 

the adsorption, were clarified.  The pH responsible switching of the polyelectrolyte brush 

caused by preferential protonation of P2VP chains (acidic medium) and dissociation of PAA 

(basic medium), extends the brush in the adsorbing interface and facilitates the interaction 
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with the particles, i.e. the number of adsorption sites increases by swelling of the 

polyelectrolyte chains in the solution, and the particles can penetrate into the inner part of the 

swollen layer.  

The adsorption strength increases significantly in that part of the pH scale, where the surface 

and the particles bear an opposite charge, i.e. the electrostatic interactions were classified as 

the main driving force for adsorption in the system. The contribution of hydrophobic contacts 

between the PS particles surface and the polyelectrolyte backbone, concerning an adsorption 

near IEP of the PAA-P2VP brush (PS-NR3
+ particles) were taken into account as well. 
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Chapter 10 

 

Regulation of Polyampholyte Adsorption by Responsive Binary 

Polymer Brushes 

 
10.1. Abstract. In this chapter we are focusing on the effect, occurring by manipulation of 

“smart” responsive layers, tethered by one end to a planar solid surface, on the self assembly 

of polyampholyte molecules. Such system is more complex than that discussed in the 

previous Chapter 9, since the net charge of the polyampholyte molecules can be changed by 

varying the pH. 

The adsorption of the ampholytic diblock copolymer poly(methacrylic acid)-block-

poly((dimethylamino)ethylmethylacrylate) (PMAA-b-PDMAEMA) was investigated from 

salt-containing aqueous solutions onto heterogeneous surfaces with tuneable properties, as 

amphiphilic and binary polyelectrolyte brushes. The first type is composed of a neutral 

polymer- polystyrene (PS) and a polyelectrolyte-poly(2-vinylpyridine (P2VP), while the 

second type consists of two oppositely charged polyelectrolytes- polyacrylic acid (PAA) and 

P2VP. The amphiphilic polymer brush, PS-P2VP, provides hydrophilic-hydrophobic shift of 

the surface properties, while at the binary polyelectrolyte brush one can switch the surface 

charge via preferential swelling of one of the components. 

 To explore effectively the entire adsorbent-adsorbate interaction spectrum, we caused 

dissimilarity between the non-charged states of the adsorbing surface and the polyampholyte. 

The asymmetric block ratio (19:81) at the PMAA-b-PDMAEMA, results in different 

isoelectric points (IEPs) of the adsorbent and the adsorbate, placed far from each other on the 

pH scale. Subsequently, the adsorbed amount and surface morphology of the adsorbed 

polyampholyte were monitored as a function of pH, at constant ionic strength and 

concentration. Increasing pH, the adsorbed amount increases, and close to the non-charged 

polyampholyte state-its IEP, it diverges to very large values, tending to form micelles. 

Measured dependencies were explained by the adsorption of one or the other of the two 

blocks, strongly depending on the behaviour of the underlying tethered polymer layers, 

tuneable by the acid/base properties of the medium.  
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10.2. Introduction.  
Polyampholytes are polymers which contain both, positively and negatively, charged 

monomers. A weak polyampholyte is one, where the overall charge can be adjusted by 

varying external conditions, usually the pH.  The ability of polyampholytes to associate with 

various substances as well as their adsorption behaviour has been studied intensively during 

last years [Coh91, Ohl96, Kud99, Mahl99, Mahl00, Mahl01a, Mahl01b]. The application of 

such charged macromolecules in industry is of great importance in many fields, like paper 

production and waste water treatment [Dau94, Böh97]. An understanding of the route, in 

which polyampholytes behave at polymer brush heterogeneous surfaces and, particularly, how 

the brush switching properties regulate quantitatively and qualitatively the adsorption of 

polyampholytes,  could play very important role for designing many systems performance, 

and therefore, opens large field of issues in science and industry. The behavior of 

polyampholytes is also of interest, because amongst their number are found the proteins. 

Investigating the performance of polyampholytes at solid/liquid interfaces enables one to 

simplify the view of biomolecules adsorption onto different targeted surfaces. It is important 

to notify the work, done by previous researchers in the direction of polympholyte adsorption 

onto non-modified silicon substrates [ Mahl99, Mahl00, Mahl01a, Mahl01b].  

 

10.3. Experimental. 
10.3.1. Adsorbents. 

Mixed amphiphilic PS-P2VP brushes were synthesized via grafting of carboxyl terminated PS 

and P2VP from melt. PAA–P2VP binary polyelectrolyte brushes were prepared using similar 

synthetic procedure by grafting of carboxyl terminated poly(tert-butyl acrylate) (PBA) and 

P2VP. The synthetic routes are described in 6.2.2. and 6.2.3 (see Chapter 6). Afterwards PBA 

was hydrolized in the presence of p-toluenesulfonic acid at 55 0C. For PS-P2VP (1:1) we 

obtained a layer thickness d=6.5 nm, which corresponds to grafted amount A= 7.2 mg/m2 and 

grafting density σ =0.1 nm-2, and similar values for PAA-P2VP: d=6.4 nm, A= 7.2 mg/m2 and 

σ =0.1 nm-2. For the homopolymer brushes, used in the adsorption experiments, the 

characteristics are: for PS d=6.6 nm, A= 6.9 mg/m2 and σ =0.1 nm-2; for PBA d=6.8 nm, A= 

7.1 mg/m2 and σ =0.1 nm-2 and for P2VP d=6.3 nm, A= 7.4 mg/m2 and σ =0.1 nm-2.  A and σ  

were calculated by 7.1, 7.2 and 7.3 in Chapter 7. 
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10.3.2. Adsorbate. 

Diblock ampholytic comolymer PMAA-PDMEAA (19:81, Mn=62 000 g/mol, ρ=1.3 kg/cm3, 

isoelectric point (IEP)  at pH 9.3) was synthesized by anionic polymerisation [Mahl00] and 

received from R. Jerome-Centre for Education and Research on Macromolecules, University 

of Liege. The synthesis and the determination of molecular weight are described elsewhere 

[Creu97a, Creu97b, Ant97]. The chemical structure is presented on the scheme below. 

 

 
10.3.3. Adsorption Experiment. 
The adsorption experiments were performed with ampholytic diblock copolymer onto both, 

amphiphilic and binary polyelectrolyte brushes from aqueous salt containing (CNaCl=0.01 M), 

solutions at various pHs, for 10 h The polyampholyte concentration was set to 0.137 g/L.  

 

10.4. Results and discussion 
10.4.1. Polyampholyte adsorption onto amphiphilic PS-P2VP brush. 

PS-P2VP amphiphilic polymer brush is a material that combines hydrophilic and hydrophobic 

properties, altering throughout the solution conditions. In aqueous medium, an adequate 

polyelectrolyte response can be obtained only by the P2VP component in acidic water. At low 

pH, the P2VP chains ability to swell (by intra/inter electrostatic repulsion and osmotic 

counter-ions pressure) and to cover preferentially the surface, results in a positive charged 

hydrophilic surface. Considering the polyampholyte, adsorbing to the surface, both 

components are responding to the medium, i.e. PMAA bears negative charges in alkali media, 

whilst PDMAEA become positively charged at acidic pH.  

In Figure 10.1 one can follow the deposition efficiency, increasing the pH in steps from 2 to 

11.  Only weak adsorption occurred in the acidic region, up to, and not far after the IEP of the 

PS-P2VP substrate. This result was expected and finds its explanation in equally charged 

components of the brush and the polyampholyte. At low pH, the protonated nitrogen at 

pyridine rings (P2VP) and charged amino groups of  PDMAEMA (both with positive sign),  
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turn the components to repel each other sufficiently, and contribute to a very poor adsorption, 

quantified with value of 1.2 mg/m2 (A is calculated by 7.1., Chapter 7, as ρPMAA-b-PDMAEMA 

=1.3 kg/cm3) . Around the substrate IEP, at pH 5.9, relatively low polyampholyte coverage of 

3 mg/m2 was measured. The adsorbate molecules are immobilized on the surface by self 

hydrophobic parts, interacting with the likely parts at the polymer brush chains. Beyond the 

PS-P2VP IEP, a sharp jump in adsorbed amount was measured. Distinguishing the previous 

low pH conditions, a turn of the brush charge takes place, and therefore, an electrostatic 

attractive force leads to favorable adsorption in the system.  

This behaviour extends to the IEP of the polyampholyte, underlining the importance of the 

electrostatic interactions by weak polyelectrolytes. Over IEP of the PMAA-b-PDMAEMA, 

the adsorbed amount drops down again to values, measured before the PS-P2VP IEP to be 

reached. It does not occur as a sharp transition, as it is by the non-modified silicon substrates, 

described in the literature [Mahl99]. The adsorbed amount forms a plateau, extended from 

about pH 7 till pH 10, in difference with non-treated Si-substrates, where a maximum 

adsorbed amount can be extracted from a single peak. The non-zero adsorption values within 

the entire pH region (contrariwise to the PMAA-PDMAEMA adsorption onto pure silicon 

substrate), show the contribution of polymer brush adsorbent in the adsorption process.  

In summary, concerning PS-P2VP brush, one can distinguish four types of adsorption 

response (positive-positive, neutral-positive, negative-positive and negative-negative charges 

interactions) and two energetic state transitions (hydrophilic/hydrophobic). Below pH 5.9 

(brush IEP), the substrate is positively charged and hydrophilic. It repels the polyampholyte 

molecules, since the charges are equal. Not fully protonated P2VP does not cover the surface 

Figure 10.1. Amount of the poly-
ampholyte PMAA-b-PDMAEMA, A,
adsorbed onto: PS (circles), P2VP
(triangles) and PS-P2VP (squares)
brushes as a function of the pH. The
mono-component brushes are taken
as a reference of the binary brush.
The dashed lines fix the non-charged
states-IEPs of the brushes, while the
solid one represents the neutral state
of the polyampholyte. 
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completely and coexist with PS chains within the top layer near before the IEP. A 

hydrophobic adsorption, as well as hydrogen bonding between the functionalities in the 

system takes place, despite its relative insignificance. The uncharged surface state by PS-

P2VP at pH 5.9 does not change the adsorption behaviour, i.e., there is a similarity between 

slightly charged surface and uncharged state in this system. At pH higher than IEP, the 

surface becomes negatively charged. Since P2VP adopts a non-charged state (PS is a non-

polar polymer in general) there is no polyelectrolyte-like response to the environment. The 

negative charge is a result from a preferential adsorption of negative ions from the solutions, 

which form a diffuse layer near the surface. At this regime, the substrate and the 

polyampholyte molecules attract electrostatically each other, and maximum adsorbed amount 

of about 15mg/m2 was measured. One can assume a synergic action of electrostatic attraction 

and short range hydrophobic contact between the constituents. Over pH 9.3 (IEP of PMAA-

PDMAEMA), the smaller one, negatively charged PMAA block does not repels sufficiently 

the negative substrate, which results in continuous adsorption till about pH 10. 

The adsorption response of the homo-polymer constituents were taken into account, as a 

reference case, as well. Considering their behaviour separately, one can find the advances of 

the switching phenomenon, expressed only by the binary PS-P2VP brush in direction of 

increased adsorbed amount and widened pH range of the adsorption jump. PS and P2VP 

homo-polymers form a synergic combination of properties well pronounced in the adaptive 

performance of the binary brush. AFM images (Figure 10.2) are shown as a confirmation of 

the ellipsometric findings. Regarding the degree of surface coverage and its correlation with 

the ellipsometric thickness, one can distinguish between both regimes-below and over the IEP 

of the polymer brush. At pH 5.67 (A) one can observe regular micellar polyampholyte 

coverage with lateral radius of about 220 nm (extracted from topography image in Figure 10.2 

(5x5µm scan size) by PSD program tool- not shown here). Adjusting pH to 9 (B), the 

thickness values increase to about four times. One can observe a significant reduced 2D 

planar globule to globule distance, and average size of the structures of 120 nm. A previous 

study on this polyampholyte reports size of similar magnitude, which reveals already globules 

formed in the solution [Mahl99, Mahl00]. The role of the brush in the adsorption process is to 

control the adsorbed amount, by switching the surface composition, and hence to introduce 

into the system interactions of different type. 

 

 



Chapter 10  

 92 
 

Figure 10.2. 5X5 µm AFM images (left, topography, Z range 100nm; right, phase) of adsorbed
onto PS-P2VP polymer brush polyampholyte PMAA-b-PDMAEMA at: A) pH=5.7 (RMS 5.17
nm) and B) pH 9 (RMS 9.12 nm). Sectional analysis from the topography images are plotted
below. Right images represent zoomed spots from topography of the adsorbed polyampholyte
dry layer, treated by contrast tools of the AFM program. 
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10.4.2. Polyampholyte adsorption onto PAA-P2VP brush. 

Exploring PAA-P2VP brush adsorption response, one can expect even more interesting 

behaviour, regarding the adsorbent acid/base properties. Generally, we consider a system, in 

which both, the adsorbent and adsorbate, bare charged groups within the entire pH range. The 

polyelectrolyte brush is composed out of a weak base and a weak acid, similarly to the 

PMAA-b-PDMAEMA. By introducing such a substrate, composed of two oppositely charged 

polyelectrolytes, the importance of the electrostatic interactions is clearly shown. Below the 

brush IEP at pH 4.9, only insignificant PMAA-b-PDMAEMA deposition can be measured, 

devoted to repulsion between the equal charges within the system (Figure 10.3). Over pH 4.9, 

nearly linear growth of the adsorbed polyampholyte amount was detected, proving the 

electrostatic attraction, occurred at the interface. An interesting point is the continuing 

adsorption at pH over IEP of the polyampholyte at pH 9.3, where one can monitor even more 

adsorbed amount at pH 9.6 and 10 (proved by AFM as well). At pH ~10, the repulsion 

already becomes sufficient to overcome the hydrophobic forces, depositing the 

polyampholyte over pH 9.3. 

This finding was committed to the second weak polyelectrolyte, i.e. the PAA, which is getting 

dissociated in such alkali medium and occupies preferentially the top. Higher adsorbed 

amount  on PAA and PAA-P2VP (as compared to the previous case of PS and PS-P2VP 

substrate) we allocate to the swollen PAA component on one hand, and to the bigger  size of  

the positively charged PDMAEMA block, compared to the acidic PMAA one, on the other 

hand. Nevertheless, while formally both charges, operating within the system, are of equal 

(negative) sign, their magnitude is significantly different (since both uncharged states lie far 

Figure 10.3. Amount of the poly-
ampholyte PMAA-b-PDMAEMA, A,
adsorbed onto: PAA (circles), P2VP
(triangles) and PAA-P2VP (squares)
brushes as a function of the pH. The
mono-component brushes are taken
as a reference of the binary brush.
The dashed lines fix the non-charged
states-IEP of the substrates, while the
solid one represents the neutral state
of the polyampolyte. 
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apart on the pH scale), due to a charge inhomogeneity, typical for weak polyelectrolytes. As 

another very important contribution one can assume the enlarged polymer surface area, 

available to contact for the depositing polyampholyte. The origin of that contribution is the 

swelling of PAA in basic water, providing “in situ” elongated chains. The hydrophobic 

interaction of inner polymer segments also must be taken into account as well. 

Investigating the behaviour of the mono-component constituents, one can find significant 

dissimilarities with adsorption onto PS-P2VP brush, considered above. Concerning the IEP of 

PAA (pH 3.2) one can expect a constantly increase of the charge densities along the chains. 

About 50 % growth in adsorbed amount by PAA brush, compared to PAA-P2VP one, was 

measured, as the adsorption behavior is similar. In more acidic medium (pH up to 4) the 

behavior of the binary brush and of its constituents separately, differs from each other 

obviously. Within this region PAA begins to dissociate. Over pH 3.2, a linear increase of 

adsorbed amount onto PAA is in progress, whilst PAA-P2VP (IEP at pH 4.9) and P2VP (IEP 

at pH 6.7) bear positive charges and allow repulsive forces to operate in the system. Pointing 

out this, one can find more similarities between PAA-P2VP and P2VP bushes adsorption 

behaviour, i.e. the P2VP component has stronger influence than PAA one on the binary brush 

activity-particularly at mentioned low pH conditions. Around pH 4.9 the components in the 

binary brush composition form a neutral complex, resulting in a non-charged surface. By such 

conditions hydrophobic interactions take place in polyampholyte deposition, as it was stated 

above. Above this point, the binary brush adsorption behaviour mimics obviously the PAA 

one, since the surface charge turns from a positive to a negative and the polyampholyte 

adsorbs mainly electrostatically. At relatively high (basic) pH, the mono-component PAA 

brush tends to become nearly fully dissociated, and hence, strongly stretches away from the 

substrate. Then the interface contact area increases significantly, and the adsorption curve is 

sharpening for PAA and PAA-P2VP. The larger adsorbed amount for PAA than for PAA-

P2VP devotes to the higher grafting density of PAA chains in the mono-component brush, 

compared to the binary one. For PAA-P2VP, about half of the grafting sites per unit area are 

occupied by P2VP chains, which are not electrostatically active at alkali conditions, and 

therefore are located near the substrate. 
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On the AFM images (Figure10.4.), one can follow surface morphology as function of pH. At 

pH 2.2 and 4.9, one can recognize cluster-

like brush morphology, with small amount 

of polyampholyte globules, randomly 

ordered on the surface. Revealing a poor 

adsorption at these points- a result, 

confirmed by ellipsometry as well, we 

were able to change the picture only by 

adjusting of the external conditions. A 

medium alkalisation leads to a maximum 

of adsorbed amount and in round shaped 

globular structures of PMAA-

PDMAEMA (pH 7.7, 9.3 and 10), ordered 

on the brush surface. Compared to the PS-

P2VP brush adsorption case, micelle shell 

structures of the polyampholyte overlap 

each other and form a continuous sub-

film, which surrounds the cores, limited 

by inter micelles distance.  

 

Comparing the poor and good adsorption 

cases, one can distinguish between the 

brush structures (not uniform in shape-pH 2.2 and 4.9) and core-shell features (pH 7.7, 9.3, 

10) getting close together, because of the dense package of the micelles.  

 

Figure 10.4. AFM images of adsorbed
polyampholyte PMAA-b-PDMAEMA
on PAA-P2VP polymer brush at step
wisely pH increase. 
Left images represent topography of
the adsorbed polyampholyte dry layer,
whilst the right ones are zoomed spots,
treated by contrast tools at the AFM
program. Poor adsorption is revealed at
pH 2.2 and 4.9; favoured adsorption
was measured at pH 7.7, 9.3 and 10.
Cross-sections are given in Appendix
1. 
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10.5. Conclusions. 
Adsorbed amount and morphological changes in the polyampholyte dry layers were 

investigated as a function of pH and substrate properties (surface charge, energetic state and 

compositional transformations) affected by external stimuli and components chemistry. 

Modelling the interactions within the system by switching brush phenomenon, a tuneable 

interfacial behaviour of the PMAA-PDMAEMA was found to influence the adsorbed amount 

and its conformational variances. The adsorption takes place mostly forced by electrostatic 

interactions between oppositely charged monomer units along the polymer chains. Adsorption 

in pH ranges, where the surface charge has the same sign as the net charge of the 

polyampholyte was observed as well. Interplay between electrostatic forces, hydrogen bonds 

and hydrophobic interactions in the formation of compact surface structures shows the brush 

switching to influence significantly the system behaviour. An attempt to show the closeness 

of structural organization of synthetic polyampholytes to natural ones is undertaken and 

described in the next three chapters. 
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Chapter 11 

Regulation of Protein Adsorption by Switching of Surface Charge, 

Surface Energetic State and Chemical Composition of Binary 

Polymer Brushes 

 
11.1. Abstract. In this chapter, we discuss the ability of grafted polymers to control the 

protein adsorbed quantity and the surface morphology by the switching layers phenomenon.  

We extensively investigate the adsorption of different proteins onto symmetrical amphiphilic 

and binary polyelectrolyte brushes by varying the pH within a limited range of buffer 

capacities. The ability of the brush to switch the surface component dominance upon external 

stimuli is shown to be a successful tool for designing the system properties, and particularly, 

the protein interfacial behavior. 

 
11.2. Introduction. 
As an amphiphilic substance, proteins exhibit a strong tendency to adsorb at interfaces 

[Gra04]. Investigation of protein adsorption on different solid substrates, and further 

exploring the interaction between the underlying substrate and protein molecules, opens a 

large field of applications in the biomedical science [Che97, Mah00, Bla98, Lee02]. 

Understanding the effect of solution variables, such as pH and ionic strength, and substrate 

composition/architecture on the protein adsorption, allows one to make a proper qualitative 

and quantitative evaluation of the interaction forces within many artificial and bio systems. 

The permission and prevention of protein adsorption onto different surfaces is one of the 

important requirements in the design of biocompatible materials. In recent years, it has been 

shown that grafting of polymer molecules to the surfaces may be a very effective instrument 

in regulation of many processes [Hub03, Har92, Ma01, Sukh99, Wal94, Pro03].  

 

11.3. Experimental. 
11.3.1. Substrates.  

We synthesized two different types of polymer brushes, further used as substrates for protein 

adsorption. The synthetic route, covered by procedures, developed for "grafting to" method 

[Sid99, Min02] and consecutive analogous chemical reaction for converting the non-polar 

constituents to polar was applied [Hou03]. The procedure is described in Chapters 6 (6.2.2., 

6.2.3.), 7 (7.3.1.) and 8 (8.3.1.) as well. 
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The first type polymer brush, polystyrene-poly(2-vinyl pyridine) (PS-P2VP), consists of the 

non-polar PS and polyelectrolyte P2VP. The second substrate, polyacrylic acid- poly(2-vinyl 

pyridine) (PAA-P2VP) binary polyelectrolyte brush, has the particularity to be composed of 

two polymers that are both polyelectrolytes- a weak base (P2VP) and a weak acid (PAA), and 

was synthesized from PBA and P2VP by converting the first one to polyelectrolyte (PAA). 

The characteristics of both brushes were calculated by 7.1, 7.2 and 7.3 and are summarized 

below.  

 

Table 11.1. Characteristic of binary and mono-componentpolyelectrolyte brushes. 

Composition PS-P2VP     PS       P2VP PBA-P2VP    PBA       P2VP 
Thickness, d, nm       6.5           3.4       3.1        6.1          3.1         3.0 
Grafted amount  
A, mg.m-2 

      7.3           3.6       3.7         6.8          3.3         3.5 

Grafting 
distance, dg, nm 

       3.2           4.6       4.3        3.3          4.6         4.6 

Grafting 
density, σ, nm-2 

     0.10          0.05      0.05        0.1          0.05       0.05 

 

11.3.2. Proteins. 

Horse skeleton myoglobin, hen egg white lysozyme, human plasma fibrinogen and bovine 

serum albumin were purchased from Sigma. Fibrinogen was additionally purified by dialysis 

to obtain a certain value of substance purity. The properties of studied proteins are 

summarized in Table 11.2. 
Bovine serum albumin (BSA) is a naturally occurring minor protein shaped as an ellipsoid.  

Lysozyme is relatively hydrophobic and very basic protein (pKa 11). 

Fibrinogen has a rod-like structure with approximately 10 nm width and the molecules may 

lie planar on the biomaterials interface.  

 

Table 11.2. Properties of proteins under study [Arai90, Murp00]. 

Protein Molecular 

mass, kg/mol 

Dimensions, 

nm 

Radius 

based on 

sphere, nm 

Isoelectric 

point 

Myoglobin 17.8 4.5 x 3.5 x 2.5 2.06 7.2 

Lysozyme 14.4 4.5 x 3.0 x 3.0 1.6 11 

BSA   66.7 4.0 x 4.0 x14.0 2.69 4.8 

Fibrinogen 340 9.0 x 47.5 x 6.0 10.7 5.5 
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11.3.3. Adsorption procedure. 

Under constant conditions (room temperature), the proteins were adsorbed after exposure of 

the brushes to protein solutions of concentration 0.25 mg/ml in phosphate buffered saline 

(PBS) - pH 7.4, containing 0.01 M sodium phosphate and 0.137 M sodium chloride, for 6 h. 

Not tightly adsorbed proteins were then removed by rinsing the samples in pure buffer, 

adjusted to the adsorption pH. The samples were then dried with N2 and measured by null 

ellipsometry and Atomic Force Microscopy (AFM). 

 

11.3.4. Ellipsometric measurements. 

Null ellipsometry was applied to determine the thickness of chemisorbed GPS, grafted 

amount of the polymers after the grafting procedure and adsorbed amount of the proteins. 

All the measurements were carried out using null-ellipsometer in a polarizer-compensator-

sample-analyzer (Multiscope, Optrel Berlin) mode. As light source a He-Ne laser with λ= 

632.8 nm was applied and the angle of incident was set to 700. A multilayer model for 

homogeneous films covering the silicon substrate has been used for calculation the thickness 

of chemisorbed GPS and grafted polymer layers in air from the ellipsometric angles ψ and ∆. 

The refractive indexes used in the calculations were n= 3.8850 for the silicon substrate, 

n=1.4598 for GPS, n=1.59 for PS, n=1.466 for PBA and n=1.595 for P2VP. After the 

hydrolysis of PBA, a refractive index of 1.527 was used for the thickness evaluations of the 

PAA layer. 

For the mixed brush we used three layer model, when SiO2 and GPS layers were considered 

as one layer with effective n = 1.445. We found that this approach results in the error not 

larger than 5%. Refractive index for the proteins was averaged to n=1.5. All the 

measurements were carried out in dry state mode. 

 

11.4. Results and Discussion. 
The adsorption of proteins on hydrophobic surface can significantly differ from that, obtained 

on hydrophilic one. Within the following discussion, we will try to outline the main 

differences and their origin.  

 

11.4.1. Effect of switching charge and wettability on protein deposition.  

The adsorption was performed from PBS with relative high NaCl concentration (0.137 M), 

often inducing self-association, crystal nucleation and/or amorphous aggregation of proteins, 

showing the important role of electrostatic interactions. The proteins were deposited onto a 
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polymer brush, comprising chemically functionalized chains, exposed to interaction with the 

protein functionalities. 

Evaluating the driving forces on a hydrophilic surface (when PAA or P2VP dominate at 

various top layer ratios, controlled by pH), one can define the electrostatic attraction between 

the charged surface and an oppositely charged protein molecule as an important force, 

coupling the protein to the surface. The amount adsorbed may then be partially determined by 

a balance between this electrostatic attraction and the electrostatic repulsion within the 

system. The contribution of the hydrophobic interactions as a further (or main) driving force 

for protein adsorption was found to operate in the system as well. The hydrophobic effect 

originates from entropic changes, associated with dehydration or a structural rearrangement of 

the protein- an effect that is not typical for synthetic polyampholytes, explored in Chapter 10.  

Considering BSA, the similarity of the electric charge, especially with PAA-P2VP brush 

(IEPsubstrate~ IEPprotein), leads to a system that excludes any electrostatic attraction. The 

adsorbed layer values oscillate around 7 nm thickness with a small rising at pH 4 and 8.6 

(Figure 11.1.). 
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Figure 11.1. Adsorbed dry layer thickness, d, as function of the solution pH; a) PAA-P2VP
substrate (IEP 4.9), b) PS-P2VP substrate (IEP 5.9); Proteins: lysosyme (squares), fibrinogen
(triangles), BSA (circles), myoglobin (asterisk). 

Since the IEPs of the brushes and the protein are equal, nearly no changes in the adsorbed 

amount occur. This information together with the molecular geometry of the native BSA (see 

Table 11.1) suggests that the protein adsorbs in double layer at its short axis, adopting a 

sideways-on conformation in the concentration studied (0.25 mg/ml).  

However, the constant value adsorbed over the investigated pH region suggests a constant 

range of the electrostatic repulsion forces, which keeps the adsorbed amount similar among 

the different points. On the other hand, the protein adsorbs even despite the unfavourable 
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electrostatic conditions. That can mainly dedicate to the hydrophobic forces, not influential 

electrostatically and always operating by the proteins.  

At pH 4 and 8.6, the brush layer adopts more extended conformations which increase the 

active surface (chain) area, available for the protein molecules to interact with. Regarding the 

high salt concentration (in respect to 0.137 M NaCl), PAA and P2VP are not sufficiently 

swollen to ensure a brush height 5-6 fold more than its original dry state thickness (Chapter 8, 

Figure 8.7). However, swelling effect is partially acting and results in an increase of adsorbed 

protein thickness at these particular points. The inhomogeneous charge distribution at a weak 

polyelectrolyte brush can be important as well. The effect is studied by serial numerical 

simulation [Berg97, Boruk00], and more recently, a generalization of the theory to the case of 

flexible chains has been given by Castelnovo et al. [Cast00]. Qualitatively it was found that a 

charge accumulation take place at the chain ends. The counterion distribution is significantly 

different from that around the inner part of the chain, hence, the mixed brush can locally adapt 

to protein. 

Exchanging the brush composition by introducing PS instead of PAA, we prevent the ability 

of the substrate to complex at neutral and slightly acidic medium, as well as to swell in basic 

water. The adsorbed amount is approximately constant between pH 4 and 8.6 with a weak 

increase at pH 5. Near this value is the isoelectric point of the protein, which adsorbs easily 

on the weakly charged surface with partially present PS and P2VP. In spite of that 

hydrophobic adsorption does not have any influence from pH, the buffer medium and pH can 

affect the conformation of the conjugated protein, and therefore to contribute to the efficiency 

of the protein deposition. 

 

11.4.2. Morphology variations of adsorbed protein layer, regulated by polymer brush 

chemistry and responsive properties. 

AFM analysis is useful for probing the lateral distribution of the protein molecules within the 

monolayer and confirms indirectly the presence of the adsorbed protein on the surfaces. 

AFM measurements of adsorbed BSA, indicates a layer, dominated by protein clusters and 

fragments of various size, controlled by the media quality and brush chemical composition, 

are shown inn Figure 11.2. 

By the transition A-B, the chemical composition is constant (PAA-P2VP) and only the pH 

was adjusted from 8.6 to 4. A remarkable lamella-cluster conversion occurs. At pH 4, the 

P2VP component is only slightly protonated, and the protein is slightly charged as well, i.e. 

not significant electrostatic interactions take place. The protein aggregates on the surface in 
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small globular features. At pH 8.6, the surface is dominated by PAA (IEP 3.2), which is 

substantially dissociated, and repels electrostatically the equal charged protein. The lamellar 

protein structures can be assumed to originate from properties of the adsorbing charged 

surface, which does not allow the protein to coagulate due to increased surface tension on the 

hydrophilic brush surface. 

             

 

BSA on PAA-P2VP 
pH 8.6 

200 nm A pH 

PA
A

            PS 

200 nm 

BSA on PAA-P2VP 
pH 4 

B 200 nm 

BSA on PS-P2VP 
pH 4 

D 

pH 

200 nm 
C 

BSA on PS-P2VP 
pH 8.6 
Figure 11.2. 1X1 µm AFM images (left, topography; right, phase) of BSA, adsorbed on: A)
PAA-P2VP at pH 8.6, RMS 3.59 nm; B) PAA-P2VP at 4, RMS 5.74 nm; C) PS-P2VP at pH 8.6,
RMS 9.8 nm; D) PS-P2VP at pH 4, RMS 1.97 nm.; Z range-A) 60 nm, B) 60 nm, C) 140 nm, D)
60 nm. The cross-sections, corresponding to the topography images, are presented in Appendix
2. 
The hydrophobic residues at PS chains are exposed mainly in case C and partially in 

case D, and are available for contact with the hydrophobic parts of the adsorbing proteins, 
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resulting (as it is shown on AFM images by transitions A-C and D-C) in obvious surface 

aggregation. It is known that the hydrophobic surfaces promote aggregation of proteins due to 

rearrangement in protein structure by hydrophobic contact with water excluding non-polar 

macromolecules. By replacing PAA with PS, one generally amplifies the hydrophobicity of 

the brush, which is well seen at A-C differences. At pH 4 (case D), the presence of PS does 

not block P2VP in a complex, as it is in PAA-P2VP brush. Hence, the P2VP chains much 

more freely arise at the top surface. This effect is well pronounced, compared to image B. 

Changing pH to 8.6 (C-D), the chemical composition is the same, but the fraction of PS on the 

top is higher than at pH 4, because basic water is a poor solvent for both components (PS and 

P2VP). Considering these conditions, the surface gets hydrophobic, adapting the protein 

molecules in big globular aggregates (case C). 

Fibrinogen has a molecular weight of 340 kg/mol, which is the highest one in our study. It has 

a rod-like structure with approximately 10 nm width and the molecules may lie planar on the 

reactive interface. It adsorbs stronger than the other proteins (Table 11.2.) on both PAA-P2VP 

and PS-P2VP brushes. This fact is mainly dedicated to its size and weight, having in mind 

that its IEP is of similar range of that as previously studied BSA. On both brushes, adsorption 

runs through a weak maximum at pH 4.9- a point near to the IEP of fibrinogen as well (Figure 

11.1.). Here the similarity ends. PAA-P2VP brushes exhibit more pronounced response to the 

fibrinogen adsorption than PS-P2VP. Probably, the presence of two polyelectrolytes gives a 

better response to the aqueous media, i.e. throughout the entire pH range, a triple hydrophilic-

hydrophobic-hydrophilic (acidic-neutral-basic media) transition is established, whilst by PS-

P2VP only one direction (hydrophilic-hydrophobic) is present.  

An interesting case is how the switching of surface charge of the binary polyelectrolyte brush 

PAA-P2VP influences the conformational changes of adsorbed protein layer with higher 

molecular weight, such as fibrinogen. In Figure 11.3, we show how the pH (electric charge, 

surface energetic state) affects the interaction among the system components, initiated by the 

switching phenomenon. 

The first case, at pH 4.9 (brush IEP), represents charge exception interactions within the 

system (IEP of the protein is 5.5, i.e. nearly non-charged state). The morphology of adsorbed 

fibrinogen layer is much smoother than at pH 7.4 and 8.6. Practically, no pronounced features 

can be detected. The protein spreads out on the surface in a smooth layer, characterized by 

large lateral net-like continuous domains. The reason of such behavior could be found in a 

synergic action of slightly charged protein state, its higher molecular weight and uncharged 

brush polyelectrolyte complex state. The repulsion among the protein molecules is 
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insignificant, since its IEP is at pH 5.5. Fibrinogen is a big protein, with larger hydrophobic 

inner fragments, than the small proteins in this study. Discharged from intra- and inter-

molecular repulsion, the protein hydrophobically coagulates in big aggregates, furthermore 

reacting with the underlying neutral brush complex, hydrophobic as well. The smooth wave-

like (horizontal cross section and height analysis) layer then easily is formed, driven by the 

non-polar protein-protein, protein-brush interactions. Adjusting pH to 7.4, small clustered-

lamellae features, forming intermittent necklace surface coverage, were detected.   

At this point, the protein and the surface are already charged with the same sign, and protein-

protein, protein-brush electrostatic repulsions do not favorize that smooth uniform coverage, 

found at the previous case.  
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Figure 11.3. 1X1 µm AFM images (left, topography- Z range 40 nm; right, phase) and
corresponding cross-sections of fibrinogen, adsorbed on PAA-P2VP brush at: A) pH 4.9, RMS
2.63 nm; B) pH 7.4, RMS 6.79 nm; C) pH 8.6, RMS 6.64 nm. 
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The cluster nucleation effect is significantly amplified at pH 8.6, where clusters convert more 

apparently to big lamellar fragments. PAA component dissociates to higher degree than at pH 

7.4, and occupies the top layer easier. Then the protein tends to form the elongated structures 

at the hydrophilic surface, observed at these conditions for BSA as well. 

The adsorption of lysozyme onto polymer brushes was monitored, as in the previous two 

cases, by ellipsometry and tapping mode AFM in air. Under the same constant conditions, 

lysozyme, adsorbed in different conformations, was imaged after exposure the brush to the 

solution. The results from ellipsometry obtained over pH 4.9 (Figure 11.1), reveal preferable 

electrostatic interaction between carboxyl groups of dissociated PAA and amino groups of the 

protein. The sharp increase in the lysozyme adsorbed amount, also in conjunction with the 

AFM images on Figure 11.4, shows stronger lysozyme adsorption, controlled by the charge of 

the both components. 

On PS-P2VP brush, the adsorbed protein amount does not undergo significant changes with 

pH. It is devoted to the constant hydrophobic interaction (pH independent), amplified by the 

presence of PS in the top surface composition. 

The most pronounced electrostatic effect is shown by choosing a protein with IEP that gives a 

possibility to investigate those pH boundaries, providing interaction between opposite charges 

on the one hand, and equal charges on the other. The IEP of myoglobin is at pH 7.2. 

Regarding the binary brushes IEPs (4.9 for PAA-P2VP and 5.9 for PS-P2VP) we have a 

narrow region to interplay with opposite charged components of the system. In case of PAA-

P2VP, the sensitivity of the system to the electrostatic interactions is shown. The adsorbed 

amount increases between pH 4.9 and 7.2 (Figure 11.1). At such conditions, the protein and 

the polyelectrolyte brush bear opposite charges and the attractive electrostatic forces dominate 

over the others. By small shift away from the favorable electrostatic region, one can find a 

sharp decrease in amount of the deposited protein. Since the charges are equal, the 

electrostatic repulsion becomes the main reason for reduction of thickness in the protein layer. 

Nevertheless, the hydrophobic contribution is also a fact, keeping the adsorbed amount over 

pH 7.2 and below pH 4.9 far from zero. By PS-P2VP a similar effect was also observed, but 

the observed dissimilarities, exploring the different pH regions, were not that strong. At pH 

6.5 one can see only a weak peak- an illustration of factors discussed above. By this type of 

binary polymer brush, the presence of PS makes the attractive electrostatic effect not that 

distinguished, and the adsorbed layer has a comparable thickness range in the most measured 

pH points. 
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pH 8.6 

A
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pH 4 
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200 nm 
C

pH 
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A

            PS 
Figure 11.4. 1X1 µm AFM images (left, topography; right, phase) of lysozyme, adsorbed on:
A) PAA-P2VP at pH 8.6 (Z range 60 nm, RMS 5.10 nm); B) PAA-P2VP at 4 (Z range 60 nm,
RMS 2.04 nm); C) PS-P2VP at pH 8.6 (Z range 120 nm, RMS 8.63 nm); D) PS-P2VP at pH 4
(Z range 60 nm, RMS 3.44 nm). The cross-sections, corresponding to the topography images,
are presented in Appendix 3. 

 

Considering the ellipsometric results for all the proteins (Figure 11.1), in all cases we were 

able to detect adsorption "on the wrong side" of the protein and binary brush IEPs. 

Each of these substances contains both positive and negative charges, activated at proper 

solvent conditions. Having in mind the well-known situation of adsorption of polyelectrolytes 

to a surface with net charge opposite to that of the polymer, we show that a polyelectrolyte (as 

the proteins generally are) can adsorb onto a surface with similar charge density and sign.  

Counting the hydrophobic interactions that always operate at the protein adsorption, 

simultaneously we assume a possibility for an additional driving force to act in the system. In 

that sense, the spatial inhomogeneity of the surface charges, creating attractive regions with 

charge density different from the overall charge density of the surface, can contribute to the 
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adsorption as well. The spatial inhomogeneity of the surface charges also can lead to 

differences in the morphology of the adsorbed protein layers, well monitored with AFM 

imaging.  

 

11.5. Conclusions. 
Different molecular dimensions and effective charge of the four proteins throughout the 

experimental pH region, as well as the medium responsive behavior of the “smart” binary 

brushes, present a system with diverse possibilities to regulate the adsorption behavior. We 

found that the sharp environmental response of the adsorbent (the polymer brush) strongly 

influences the morphology of adsorbed protein layer, its thickness and properties. By keeping 

one of the variables in the system constant (brush composition, pH or protein type), we were 

able to determine to influence of the each factor separately.  

A remarkable aggregation of protein molecules on the amphiphilic PS-P2VP brush occurred 

in basic media. The brush undergoes a hydrophilic/hydrophobic transition, caused by P2VP 

deprotonation and PS appearance within the top layer. Aggregates monitored on the surface 

overcome by size any molecular dimension of the proteins. We can assume that proteins 

diffuse on a time scale of minutes on the surface, to form clusters consisting of several 

molecules; effects, found to be well controlled by the brush switching phenomenon in 

hydrophilic-hydrophobic direction. 

Comparing to PAA-P2VP brush, the stronger role of electrostatic forces by adsorbed layer 

formation was shown. The presence of two weak polyelectrolytes at the interrface gives an 

improved response to acid/base variations within the system. A hydrophilic state, shifting the 

conditions away from the neutral medium, continuously replaces the hydrophobic one. 
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Protein Adsorption onto Binary Polymer Brushes: Effect of 

Electrolyte Concentration, Surface Chemistry, and Switching 

Layers Phenomenon. 

 
12.1. Abstract. The preferential interactions of biomolecules with polyelectrolyte brushes 

and solvent components were examined in phosphate buffered saline (PBS) as a solvent 

media. The adsorption behavior of four model proteins was studied in 0.01 and 0.001 M 

solutions, and at pHs between 4 and 8.6. Varied surface compositions were imposed by 

chemistry and/or external stimulated switching of the adsorbing layers. The dependence of the 

equilibrium adsorbed amount on the ionic strength was investigated with the purpose to 

determine the screening effect of a monovalent salt on the variously charged proteins. The 

system becomes more complicated with the presence of binary polymer brushes as an 

adsorbing substrate. Environmental changes influence strongly not only the studied proteins. 

They also promote an equilibrium brush state transition to another one, in response to 

particularity of the media. The polymer brushes, chosen for the experiments consist of at least 

one weak polyelectrolyte, in the case of polystyrene-poly(2-vinyl pyridine) (PS-P2VP), or of 

two oppositely charged polyelectrolytes, in the case of polyacrylic acid-poly(2-vinyl pyridine) 

(PAA-P2VP). In the first case, the salt effect concerns mainly the behavior of P2VP. 

Monovalent salt ions screen inter and intra repulsions along the chain, as well as it is expected 

for the protein molecules. Introduction a second polyelectrolyte, PAA, instead of the non-

polar PS, turns the substrate to be more influential on the electrolyte concentration in the 

solution. At higher buffer concentration (0.01 M PBS), the electrostatic interactions within 

and between the proteins molecules are screened, which leads to a globular protein 

conformation already in the solution. On the other hand the brush reduces partially its swollen 

thickness upon addition of salt as a salt screening effect is acting in the whole system. 

Diluting the buffer by factor of 10 (0.001M), causes more extended chain conformation by the 

protein and the polymer brushes, which results in different adsorption behavior at the 

interface.  
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12.2. Introduction. 
Protein adsorption onto solid surfaces attracted much attention during last years, due to its 

scientific importance [Nor95, Hor95, Bra85] and its applications in bio-fouling [San91], 

biosensor development [Rech88] and construction of biocompatible materials [Hubb95]. 

An added salt at various concentrations is known to affect the conformation and charge 

densities of polyelectrolytes and biomolecules [Mar03, Nash91, Herr87, Yan97, McDon00, 

Lah03, Hub03]. The contribution of salts to the adsorption behavior of proteins on polymer 

brushes has not been extensively studied nor well. For protein molecules, salts with its molal 

surface tension increments stabilize native protein in solution and increase the adsorption 

when a surface is present. In addition, salt concentration gradients are correlated with the 

effects on swelling/deswelling order of the chargeable segment units. 

A novel system, containing charged polymers, grafted onto a planar surface, simple salt, and 

solvent has been considered in the framework of its ability to guide protein binding and 

surface conformation. Optimizing the design of the protein adsorbing polymer brush for 

various applications, must be assisted by experimental arguments relating the many 

parameters involved [Hub03, Hu92, Jam91, Li95, Stahl92, Roth93, Roth96]. This chapter 

aims to extend the analysis on the topic as well as to obtain simple scaling relationships for 

the various design parameters, which control the adsorption of proteins on polymer brushes. 

This opens the possibly of exploring the advantages of selective adsorption by appropriate 

immobilization of specific molecules. 

 

12.3. Experimental. 
12.3.1. Substrates. 

The amphiphilic PS-P2VP brush was synthesized according to S. Minko et al. [Min02a], 

described in details in Chapters 6 (6.2.2., 6.2.3.) and 7 (7.3.1).  

The second substrate, PAA-P2VP binary polyelectrolyte brush, has the distinctiveness to be 

composed of two polymers that are both polyelectrolytes- a weak base (P2VP) and a weak 

acid (PAA), and was synthesized from poly(tert-butyl acrylate) (PBA) and P2VP by 

converting the first one to PAA. The convertion of PBA (a neutral polymer) to PAA (a 

polyelectrolyte) was performed in p-toluenesulfonic acid saturated benzene solution at 55 0C 

for 1 h, via acid catalyzed ester hydrolysis via SN1mechanism ([Hou03], Chapters 6 and 8). 

Some important, for this study, properties of both kind of brushes are summarized in Table 

11.1 (Chapter 11).  
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12.3.2. Protein adsorption measurements. 

Lysozyme (IEP at pH 11), BSA (IEP at pH 4.7), myoglobin (IEP at pH 7.2) and fibrionogen 

(IEP at pH 5.5) were purchased from Sigma and obtained as lyophilised powders (Chapter 11, 

Table 11.2). Fibrinogen was additionally purified by dialysis against the experimental buffer. 

The buffer used in all protein adsorption experiments was PBS (pH 7.4), composed of 0.01 M 

sodium phosphate, 0.137 M sodium chloride. For low-salt concentration experiments the 

initial buffer solution was diluted to 0.001 M. The buffer pH was adjusted by 0.1 M NaOH 

and 0.1 M HCl. All adsorption experiments were performed from freshly prepared protein 

solutions with C=0.25 mg/mL, for 6 h. Afterwards, non-adsorded protein was removed by 

PBS. The ellipsometric and morphology tests were performed in dry state. 

 

12.4. Influence of salt concentration and polymer brush properties on the 

amount and morphology of adsorbed proteins. 
The behavior of the proteins and polyelectrolyte brushes is influenced by salt concentration in 

the solution. The binary polyelectrolyte brush responds very strongly to the environmental 

changes. Being around IEP of the PAA-P2VP (pH 4.9) brush, both components are in 

equilibrium, non-charged state via charge compensation. The complex formed is not 

influenced by salt concentration at all, and the chains are only slightly swollen (pH 4-7). At 

pH 7.4, PAA-P2VP does not adopt a significantly different chain conformation at low and 

high salt concentration regimes. The reason is, that even in salt free media, this pH region 

does not provide conditions for proton association by pyridine rings of P2VP, or carboxylic 

groups dissociation at PAA (partially trapped in the polyelectrolyte complex). However, a 

weak increase of the layer thickness from 6 to 8 nm was measured in neutral water. In alkali 

medium the swelling from salt free solution to 0.001 M salted medium (CNaCl= 0.0137 M) is 

between 18 nm and 23 nm, and for 0.01 M (CNaCl= 0.137 M) decreases to 12 nm (see Figure 

8.7, Chapter 8). The reason of such interesting behavior, at low salt concentration, concerning 

the maximum in the swollen thickness is discussed. In solution, the polyelectrolyte chains 

have stretched conformation and only a fraction of their charge is compensated by condensed 

counterions. Addition of salt to the solution induces collapse of the chains. A collapse occurs 

when the charge of the added salt is (almost) equal to the bare charge of the polymers. At low 

pH   (protonated P2VP) and high pH  (dissociated PAA) the swollen brush thickness reaches a 

maximum, which can be explained in terms of equalized concentrations of the salt and 

released ions within the brush.  
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Advanced contact angle in neutral water varies around 65 0, i.e., one observes relatively 

hydrophilic surface. When immersed in alkali medium over pH 8, the brush adopts extended 

conformation, with swelling degree by factor of 6 of its original dry state thickness. The 

contact angle approaches values below 50 0. The influence of monovalent electrolyte ions at 

all discussed circumstances is generalized below: 

a) weak acidic medium- no influence registered.  
b) neutral medium- the initial thickness increases from 6 to ca. 8 nm for both regimes. 
c) alkali medium-salt free conditions provide ca. 18 nm swollen state, which reaches 20- 22 

nm increase in 0.001 M buffer solution (0.0137 M in respect of NaCl) and decreases back to 

ca. 12 nm  in 0.01 M PBS (0.137 M NaCl). 

The other, amphiphilic, polymer brush gives a response to the pH and ionic strength only by 

P2VP, since PS is a hydrophobic, non-polar polymer, which contributes only to surface 

hydrophobicity. 

Protein molecules exist as either native form or as a single unfolded protein species. The 

unfolded protein may be completely denatured or only partly unfolded. The globule density is 

governed by the added salt, and scales as the Debye screening length, k-1, of electrostatic 

interactions, specified in Chapter 3, equation 3.3. 

The screening is controlled by k-1, and decays exponentially with the distance. It has an effect 

of lowering the potential surrounding any ion, which will lower the total free energy of the 

ionic solution, and cut back interactions between the ions. 

 In case of salt-free solution, polyelectrolytes like repulsions distort the shape of the collapsed 

protein globule at large length scales. Depending on the net charge of the chain (long range 

repulsions), on solvent quality and on charge asymmetry (short range attractions), cascade of 

transitions is expected between necklace conformations of various numbers of beads. 

Both of the species (partially unfolded and globular) can be adsorbed on a heterogeneous 

surface. Hydrophobic interactions take a place in aqueous solvent conditions and changes in 

ionic strength reduce or amplify them. The protein typically binds in the native state via 

hydrophobic groups located on the surface of the protein. The native state is retained during 

lower salt conditions as well. This information together with the structure of the proteins 

enable one to assess the extent of structural deformation and, in some cases, unfolding, 

leading to a partial or complete loss of globular frame network (adsorption scheme in Figure 

12.1 and 12.4). The proteins activities in salted solution and at a heterogeneous (brush-like 

architecture) interface are schematically shown below. 
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Scheme 12.1. Illustration of some
adsorption regimes, performed
with large and small proteins.  
(a) A small protein (lysozyme)
adsorption on swollen (highly
charged) polyelectrolyte brush
(PAA-P2VP) in a basic medium,
and 
(b) on slightly charged brush (PS-
P2VP and PAA-P2VP) at mild
acidic conditions. 
(c) Partially unfolded protein at
low ionic strength adsorbing onto
non-stretched brush 
(d) A middle-weight protein
adsorbing on polymer brush with
a similar IEP (BSA onto PAA-
P2VP at the IEP).  
(e) A large protein, which cannot
enter the brush inner part and
adsorbs at the outer top area. 
 (f) Adsorbed and structurally
rearranged protein layer.    
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interactions, one observes several adsorption 

regimes, revealing a sharp environmental 

response of all system constituents. 

Lysozyme is a small protein with isoelectric 

point fixed at pH 11, i.e., with prominent 

basic properties.  

 

 

 

 

Figure 12.1. Adsorbed proteins dry layer
thickness ((a) lysozyme, (b) BSA, (c)
myoglobin, (d) fibrinogen) as a function of
pH, polymer brush composition (PS-P2VP
(squares), (PAA-P2VP (triangles)) and
electrolyte concentration in PBS protein
solutions (0.01 M PBS -solid lines, 0.001
M PBS-dotted lines). 
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The isoelectric points of the adsorbents are at pHs 5.9 and 4.9 for PS-P2VP and PAA-P2VP 

respectively. Regarding the IEP of lysozyme (pH 11), the difference allows the electrostatical 

attractive forces to operate between the adsorbent and adsorbate, clarifying the main driving 

force as a coulombic attraction.  
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At lower salt content (0.001 M PBS), the electrostatic interactions are favorized, because of 

the salt screening effect minimization, valid for all systems studied here. In case of 

amphiphilic polymer brush (PS-P2VP) as an adsorbent, the curve shape is similar at both salt 

concentrations. The presence of PS and only weakly charged P2VP (pH 4) makes the 

adsorption being contributed mainly by hydrophobic forces. In the case of higher salt 

concentration (0.01 M PBS), the globular conformation of protein molecules ensures a denser 

surface packing and an increase of conformational entropy (unlike to flexible polymers 

adsorption, Chapter 10), resulting in an adsorbed amount of lysozyme approximately two 

times higher than as it is by adsorption from 0.001 M PBS. The presence of relative high salt 

concentration, promotes denser protein sphere and, hence, results in more adsorbed mass per 

unit surface area, measured by ellipsometry (Figure 12.1), also seen in Figure 12.2, showing 

the adsorbed layer morphology at both salt regimes. 
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Figure 12.2. 1X1 µm AFM images (left, topography, Z range 30 nm; right, phase) and
corresponding cross-sections, representing morphology transition in adsorbed onto PS-P2VP
lysozyme layer at pH 4 and varied ionic strength: A) 0.001 M PBS, RMS 1.15 nm, B) 0.01 M
PBS, RMS 2.44 nm. 
An interesting salt effect was observed by adsorption of lysozyme onto the binary 

polyelectrolyte brush. Exchanging PS-P2VP with PAA-P2VP, a precondition for a sharper 

response to the ionic strength changes in the solution occurs. At lower salt content (0.001M), 

the electrostatic interactions are facilitated. As it is seen in the Figure 12.1a, between both 
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isoelectric points (pH 4.9-11), a continuously increase of the adsorbed protein amount is in 

progress. This fact correlates mainly with the switched brushes surface, enriched with 

dissociated carboxyl groups, and hence, PAA chains swell. The free energy of the system is 

minimized by charge compensation during the adsorption of opposite charges. In this case, 

adsorbed protein mass at higher salt concentration is less than that, obtained for lower one. 

This result can be considered as unexpected, and finds its explanation in the specific nature of 

the binary polyelectrolyte brush. At lower electrolyte content, the screening of electrostatic 

attraction between charged species (-COO -) along the brush chains and amino groups of the 

protein molecules decreases as well.  This effect is minimized, when the buffer concentration 

is increased by factor of ten.  

The morphological changes in the adsorbed lysozyme layer are shown on Figure 12.3. It is 

well seen, that allowing the electrostatic interactions to operate at lower ionic strength, the 

protein adsorbs in a more extended state than it would at an increased salt concentration, and 

hence, this corresponds to decreasing the Debye screening length. This effect is visualized by 

lysozyme adsorption onto PAA-P2VP brush. The pH was kept constant (7.4), for reason to 

clarify influence of the salt and the brush constituents as well. Adsorbing from 0.001 M PBS, 

the protein spreads the surface, forming much smoother layer (see RMS values) than from 

0.01 M PBS.  At the higher ionic strength buffer adsorption, well defined globular-shaped 

features dominantly occupy the surface, confirming the aggregation and screening effects at 

the interface.  
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Figure.12.3. 1X1 µm AFM images (left, topography; right, phase) and corresponding cross-sections,
representing morphology of adsorbed onto different substrates, at pH 7.4 and varied ionic strength,
lysozyme layer: A) PAA-P2VP, 0.001 M PBS (Z range 30 nm, RMS 1.85 nm) , B) PAA-P2VP, 0.01
M PBS (Z range 120 nm, RMS 5.35 nm), C) PS-P2VP, 0.001 M PBS (Z range 30 nm, RMS 1.24
nm), D) PS-P2VP, 0.01 M PBS ( Z range 120 nm, RMS 10.86 nm).  
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Monitoring the adsorption of BSA onto both brushes and at both ionic strengths, one can 

observe different adsorption regimes, compared to lysozyme adsorption. The isoelectric 

points of the substrates are similar to the non-charged state of BSA- at pH 4.7. It imposes 

likely charged components within the entire range of pH, i.e., overall electrostatic repulsion 

operates in the system, originating from equal charged adsorbent and adsorbate molecules. 

This system is appropriate to demonstrate an adsorption against electrostatic repulsive, 

unfavorable regime. 

At buffer concentration of 0.001 M, BSA adsorbs onto PS-P2VP (IEP at pH 5.9) with a weak 

maximum at pH 4.9- near the protein IEP. The maximum reproduces itself at C PBS=0.01 M as 

well, confirming the relative inertness of this substrate to the external stimuli. Concerning the 

adsorbed layer thickness, BSA (likely to lysozyme) adsorbs onto PS-P2VP stronger from 0.01 

M PBS medium, than from the dilute one.  

The IEP of PAA-P2VP is at 4.9 on the acid/base pH scale. This value repeats the IEP of the 

protein; hence, the electrostatic repulsive forces remain of the same magnitude over all 

experimental points. Nevertheless, the adsorption from 0.01 M PBS takes place, even against 

an unfavorable electric potential and the layer thickness approaches values of around 8 nm. It 

can be explained in terms of the Gibbs energy of adsorption. From thermodynamic point of 

view, protein adsorption at constant temperature and pressure is determined by the change in 

Gibbs energy, which depends on the enthalpy and the entropy of adsorption [Nor00]. In the 

case of studied proteins, changes in the enthalpy involve repulsive Coulombic interactions 

and attractive van der Waals forces between protein and interface. Entropic contributions to 

the Gibbs energy of adsorption originate from hydrophobic dehydration (i.e., displacement of 

the highly ordered water molecules from hydrophobic surfaces upon adsorption), which make 

the adsorption possible, even when the protein molecules are repelled by the similarly charged 

surface.  Hence, polyelectrolytes (the surface) and the protein (the adsorbate- a polyelectrolyte 

as well) can interact even at unfavorable charge signs via non-polar parts of the molecules. 

Many proteins are able to expose such groups on their surface and this exclusion from solvent 

provides the basis of the binding energy, i.e. the hydrophobic effect. 

Considering the dilute buffer regime, one observes a very poor adsorption over the entire 

experimental pH scale. The values do not exceed 2 nm and remain constant in this range. At 

such low ionic strength, both protein-protein and brush-protein repulsions result in a strong 

expansion of chains in solution, leading to such low surface coverage. A weak adsorption 

increase can be measured within the neutral pH region, corresponding to non- or slightly 

charged system components.  
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Below an example for different interface interactions by surface deposition of BSA is 

presented. 
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 The next protein under investigation is myoglobin, with IEP at pH 7.2

brush does not give a remarkable response to myoglobin molecules fro

as it is seen in Figure 12.1c. Adsorbed layer thickness is ca. 2 nm at 

zero, by approaching pH 8.6. At this condition, the reactive protein gro
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Figure 12.4. 1X1 µm AFM images (left,
topography; right, phase) and corresponding
cross-sections, representing morphology of
BSA layer, adsorbed onto PAA-P2VP brush
at pH 4.9 and varied ionic strength: A)
0.001 M PBS (Z range 30 nm, RMS 1.05
nm, B) 0.01 M PBS (Z range 120 nm, RMS
7.04 nm).  The schematic illustrations of
both adsorption regimes are shown. 
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the protein molecules to the brush surface. As it was evaluated by the previous experiments 

(with lysozyme and BSA), by increasing the salt concentration, the adsorbed layer jumped 

sharply to value of ca. 10 nm at pH 6.5. This point lies in the region, where the surface and 

the protein are oppositely charged, which results in such maximum.  

By replacing again the PS with PAA, the situation changes obviously in respect to the 

adsorption behavior in the system. Between pH 4.9 and 7.2 the brush carries a negative charge 

(dominance of dissociated (–COO-) groups), whilst the protein is still positively charged, 

hence, preconditions for electrostatic adsorption are present. As it was shown with both 

proteins investigated above, the ionic strength and the medium pH strongly affect the 

adsorption process on such a particular material, as a binary polyelectrolyte brush. At pH 4 (at 

both ionic strenghts) the layer thickness does not exceed 2 nm, attesting for poorly adsorbed 

myoglobin, being rejected from the brush surface. A further basification of the medium 

results in sharp increase in adsorbed layer thickness, reaching a maximum value of 6.6 nm for 

0.001 M PBS and 12 nm for 0.01 M PBS, measured at pH 6.5. Between pH 6.5 and 8.6, the 

adsorbed amount decreases to 1.5 nm for diluted buffer and to 5 nm for the concentrated, 0.01 

M PBS, one. The shapes of both curves almost repeat each other, differing only in thickness 

of deposited protein layer. This obviously defines the influence of salt screening effect in 

adsorption of proteins, and outlines its quantitative dimensions. 

Fibrinogen is a large protein with an IEP at pH 5.5. Intriguing system behavior was observed 

in Fig. 12.1d, with respect to polymer brush/salt effect on fibrinogen adsorption regime. It 

occurred that the main qualitative difference is caused by the salt concentration, instead of the 

substrate type. Diluting the buffer to 0.001 M, the protein follows a similar adsorption 

performance on PS-P2VP and PAA-P2VP brush substrates. The reason can be the large size 

of protein molecules (Table 11.2, Chapter 11). At CPBS=0.001 M, the adsorption pattern and 

the pH effects (i.e. charge of the protein) are in agreement with that of polyampholyte: the 

adsorbed mass generally is at a maximum around the IEP of the protein/surface complex. At 

these conditions the charges on the protein and the surface compensate each other. Maxima 

were measured around pH 6 (17.5 nm for PAA-P2VP and 11 nm for PS-P2VP), where the 

repulsive Coulombic force regime does not take a part or is sufficiently minimized. A pH 

adjustment to the acidic or the basic scale drops the adsorption down, and values measured 

were 2 nm (pH 4) and 4.5 nm (pH 8.6) for PAA-P2VP and 6 nm (pH 4) and 4.5nm (pH 8.6) 

for PS-P2VP. 

Screening the electrostatic interactions by 0.01 M PBS, one turns the driving force to be 

dominantly hydrophobic for this particular system. The adsorbed amount appeared to be not 
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that influential by pH variations- evidence for a hydrophobic effect, operating in the system. 

For PS-P2VP substrate the highest adsorbed layer value was 14 nm at pH 4.9 and drops to 11 

nm at pH 8.6. Fibrinogen adsorbs onto PAA-P2VP in a similar way, but the interactions have 

more pronounced electrostatic contribution. The presence of dissociated PAA in alkali part of 

the pH scale, results in an unfavorable electrostatic potential, originating from stronger 

Coulombic repulsion between negatively charged PAA chains and protein molecules. Due to 

this potential, the hydrophobic surface coupling is not that effective as it was on PS-P2VP 

brush surface, where no any active to an alkali medium weak polyelectrolyte is presented. 

Additionally, it is necessary to take into the account the size of the protein molecules, which 

cannot penetrate trough the inner brush matrix. Since the grafting density of both brushes 

does not exceed 0.1 nm-2, the grafting distance between two sites on the surface is ca. 3 nm. 

The sphere based radius of fibrinogen is 10.7 nm, which results in an adsorption only at the 

upper part of the brush top line. The effect can be illustrated as a “smashing” of the brush 

chains by the protein sphere (Scheme 12.1d).  

 

12.5. Conclusions. 
Tuning the surface performance of a substrate by binary polymer brushes, responsive to 

media stimuli, was shown to be a powerful and applicable tool for controlling the protein 

adsorption. The synergic and antagonistic effects by the polymer brush-protein system with 

variable electrolyte content were investigated. With changing the polarity of the substrate by 

varying its composition, surface top dominance (by pH), and solution ionic strength one can 

regulate the adsorption process, qualitatively and quantitatively. At lower salt content, the 

adsorption dropped approximately by factor of 2 for BSA and myoglobin. Qualitatively, the 

curves shapes (couple PS-P2VP and couple PAA-P2VP curves) follow similar pH/thickness 

dependences- a remark for the brush alternative activity, regulating the quantity of deposited 

proteins by ionic strength variations. Shifting the IEP (myoglobin as an adsorbate) to a neutral 

water range, a favorable electrostatic potential between substrate IEP and protein IEP 

occurred and reflected in a well pronounced maximum of protein surface coverage.  

Increasing ionic strength enhanced the hydrophobic interactions, such that proteins may bind 

under high salt and elute under low salt conditions, which allows a strong adsorption behavior 

even against an electrostatic potential at the “wrong side” of the IEP. 

The hydrophobic surfaces and high salt concentration resulted in protein conformational 

changes and a collapse protein extended structure, as the AFM investigation confirmed. 

Interaction with hydrophilic water-swollen surfaces at low ionic strengths has small effect on 
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the secondary structure of investigated proteins, and adsorption proceeds without obvious 

surface aggregation. The role of polymer brush switching between hydrophilic and 

hydrophobic state is essential, concerning the interplay of electrostatic, electrodynamic (van 

der Waals), hydrogen bonds or hydrophobic interactions. In addition, it is a basis for highly 

specific interactions, depending on geometric factors, conformational state, and environment.  
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Chapter 13 

 

Control of Protein Adsorption via Compositional Gradients on 

Polymer Brush Surfaces.        

     
13.1. Introduction. 
Polymer brushes composed of two polymers grafted to the same substrate can be manipulated 

in order to switch the surface dominance by one of the constituents, and on this manner to 

tune the system properties in an aimed direction. The lateral phase segregation within the 

grafted layer, as well as perpendicular reorganization of the polymer chains, incompatible in 

their nature, is the precondition for the switching of the surface properties from hydrophilic to 

hydrophobic [Sid99, Min03a, Ion03, Min02] and even for a closed hydrophilic-hydrophobic– 

hydrophilic cycle transition, implied by components specificity (for instance two weak 

polyelectrolytes) [Hou03]. The segregation is forced by exposure of the mixed polymer 

brushes to a solvent, selective for one of the polymers [Min03b]. The mixed polyelectrolyte 

brushes offer possibilities for surface manipulation, since the conformation of tethered 

polyelectrolyte chains depends strongly on external environment- ionic strength, valence of 

counterions, pH, and composition.  

The behavior becomes more multifaceted, if one is able to create two-dimensional gradients 

onto a single surface. First dimension (direction) is compositional gradient, whilst the second 

one may be the thickness, variable between both ends of the substrate. Such a substrate offers 

wide range possibilities to investigate adsorption of different substances (proteins, particles, 

synthetic polymers, etc.), using a limited number of samples. The reason is that all possible 

variations of properties are available on the same substrate, only changing the external 

conditions. The capability of mixed polystyrene-polyacrylic acid (PS-PAA) gradient polymer 

brush for switching of wetting behavior and surface charge density, upon change of the pH, 

was used to control the protein adsorption by the local composition at particular points on the 

material.  

In this chapter, a combinatorial approach for investigating protein adsorption is discussed. 
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13.2. Experimental. 
Synthesis of the substrate is described in details elsewhere [Ion04, Min02]. Gradient brushes 

consisting of two incompatible polymers, PS and PAA, were prepared via two-step grafting 

procedure onto thin layer of polyglycidyl methacrylate (PGMA), used as an anchoring agent. 

Silicon (Si) wafers (100) with ca. 1.5 nm native SiO2 layer thickness were obtained from 

Wacker-Chemitronics. The Si wafers were rinsed several times in dichloromethane in an 

ultrasonic bath and afterwards placed in cleaning solution of NH4OH and H2O2 for 2 h at 60 

°C.  

PGMA (Mn=84 000 g/mol) was synthesized by free radical polymerization of glycidyl 

methacrylate (Aldrich) [Iy03]. The polymerisation was carried out in methyl ethyl ketone 

(MEK) at 60 °C. Azobisisobutyronitrile (AIBN-Aldrich) was used as an initiator. The 

obtained polymer was purified by multiple precipitations from MEK solution in diethyl ether. 

A thin layer of PGMA (1.5±0.1 nm) was deposited by spin-coating from 0.01% solution in 

MEK. Afterward, a film of poly(tert-butyl acrylate) (PBA-COOH, Mn =42 000, Mw= 47 000 

g/mol) was spin-coated from 2% solution in toluene and annealed for 1 h on a specially 

designed stage with a 1D gradient of temperature, so that the temperature of the stage changed 

gradually from 90 °C on the left-hand side of the stage to 130 °C on the right-hand side. The 

temperature gradient was measured using thermocouples built into the stage. Upon heating, 

the esterification reaction results in the formation of a grafted PBA layer with a gradient of 

grafting density caused by a temperature dependence of the grafting kinetics. Epoxy groups of 

the PGMA anchoring layer react with the end carboxyl groups of the polymer, yielding a 

layer of tethered chains. The ungrafted polymer was removed using Soxhlet extraction in 

toluene for 3 h. In the second step, a film of PS-COOH (Mn = 45 900, Mw = 48 400 g/mol) 

was spin-coated on the top of the gradient PBA brush from 1% solution in toluene. The film 

was annealed at 150 °C for 8 h to graft PS-COOH. Afterward the ungrafted polymer was 

removed by Soxhlet extraction in toluene for 4 h. After grafting, PBA was hydrolyzed upon 

treatment in benzene solution of p-toluenesulfonic acid monohydrate at 55 °C for 1 h [Hou03, 

Chapters 7, 9] to yield polyacrylic acid. The thickness of the mixed brush along the X-axis has 

changed from 2 to about 6 nm (dry film), whilst along the Y-axis the layer thickness varied 

between 2 an 8 nm (Figure 13.1). The region on the sample surface with equal amount of PS 

and PAA corresponds to a grafting density of ca. 0.1 chains/nm2. 

Bovine serum albumin (BSA-isoelectric point at pH 4.8, Molecular mass 66 700 kg/mol 

(Table 11.2, Chapter 11)) was chosen for adsorbing protein, because of its medial molecular 
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size and isoelectric point, near to the IEP of the substrates (∼pH 4 at a symmetrical ratio 

between the components in the brush). 
 

13.3. Results and Discussion. 
On the surface section, where the brush is symmetrical, swollen PAA chains preferentially 

cover the top of the layer at pH 7.4 (experimental condition provided by the phosphate 

buffered saline (PBS) solution properties). The brush adopts hydrophilic state, committed to 

the nature of the weak polyelectrolyte PAA, dissociable over pH 3.2 [Hou03]. If the brush is 

nonsymmetric, i.e., exploring areas far from the sample centre, one observes different 

switching behavior. Approaching a composition, where the number of grafted PAA chains 

overcome that of PS, the hydrophilicity is amplifying till the point of fully absence of PS, 

providing a surface with a contact angle of ca. 45 0 (Figure 8.5a, Chapter 8). The inverse 

scenario takes place, increasing the amount of the hydrophobic PS. Water is a bad solvent for 

PS, because of the absence of ionisable groups among its chains. The pure PS brush substrate 

exhibits approximately constant contact angle value of 87-90 0 (Table 7.2, Chapter 7), not 

affected by pH. The compositional diagrams and gradient directions, as well as the adsorbed 

protein map are shown in Figure 13.1.  

Regarding the brush composition gradient role in the adsorption process, one can clearly 

outline three regions of different adsorption regimes. The first one (I), is area with ca. 11 nm 

adsorbed protein layer, i.e., favourite adsorption conditions, comparing to other two regions 

(discussed latter). On the compositional maps, one can distinguish, that in this region, PS is 

the main component composing the brush, as at very end points it is in fact the only one 

presented. The driving forces then are evaluated to be hydrophobic, because of the absence of 

ionisable groups at the brush chains. Contrary to an unfavourable electrostatic potential (IEPs 

at pH 4.3 and 4.7 for PS and BSA respectively), the adsorption takes place, as the adsorbed 

amount of the protein reveals multi-layered surface packing. This finding confirms 

investigation of number of researchers, that a protein binds more successively to a 

hydrophobic surface, than to hydrophilic one, even against an electrostatic repulsive regime, 

operating in the system [Yoo96].   The second region (II) is nearly symmetric, regarding the 

ratio between the PS and PAA. The adsorbed protein layer thickness decreases to 7-9 nm, 

following the decrease of PS fraction within the top surface composition. The PAA chains 

partially take a control on the surface properties of the brush layer, which results in a 

hydrophilic surface, repulsing the equally charged protein molecules effectively, vice versa 
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comparing to the PS component. Despite the antagonistic effect of two oppositely directed 

forces (diminishing and enabling the protein deposition), adsorption takes place in the system. 
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Third region (III) consist of solely PAA component, hence, regarding all results obtained, the 

surface is repulsive for the approaching protein molecules. IEP of PAA was measured to be at 

pH 3.2, i.e., at pH 7.4 the brush is sufficiently charged from the dissociated carboxyl groups at 

the outer part. The repulsive regime brings the system to poor adsorption conditions, leading 

to an adsorbed layer of 2-3 nm in thickness. 

Ellipsometry explorations were supported by AFM visualization of the morphological 

features, forming the protein layer, deposited onto different brush profiles. Figure 13.2 shows 

the architecture of adsorbed layers, governed by the brush composition.  

The area of strong adsorption (I) represents large cluster-like features, interconnected in 

continuous lamellar network, almost fully covered the surface. The structures are of larger 

size than adsorbed on the images II and III. The underlying adsorbent in this case is PS brush 

(or PS brush with a small amount of PAA). The surface is hydrophobic, which means low 

surface tension values. The protein molecules, arriving to such a surface, do not change 

sufficiently their conformation, as they aggregate in large clusters and lamellas. The 

interaction forces, operating in the system, do not allow the protein to spread out the surface, 

and to loose its secondary structure. The presence of big aggregates (overcoming the size of 

the natural BSA molecule) fits to the results, obtained for the same protein, as it adsorbs onto 

hydrophobic surface at neutral and basic aqueous media (Figure 11.2, Chapter 11; Figure 

12.4B, Chapter 12).  

In the AFM image II the clusters increase their number at expense of the size. Both phases are 

presented, namely, round-shaped features and lamellas. This morphology we depict as a 

transitional between the two limiting cases of solely presented PS or PAA substrates. Since 

the external conditions (pH 7.4) are not favorable for a complete dissociation of the 

carboxylic groups at the PAA chains (see Chapter 8), one can assume a hydrophobic 

contribution to the adsorption, resulting in 7-9 nm adsorbed protein layer. 

On the third image, mostly clusters are seen, with a radius differing in some magnitudes of 

that measured on I and II images. The poor adsorption conditions (strong repulsive 

electrostatic regime) does not allow the protein molecules to bind to the surface successfully, 

so they form a thin protein layer, ca. 2 nm, of small globular structures, randomly adsorbed 

onto the PAA surface. The transition is from large clusters and lamellas (hydrophobic 

interaction between PS chains and the protein)  through medium size protein aggregates, 

mainly clusters (hydrophobic interaction, electrostatic repulsion) to poorly adsorbed protein 

molecules, weakly aggregated in small clusters (electrostatic repulsion, weak hydrophobic 

binding). 
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Figure 13.2. AFM images of BSA, adsorbed onto PS-PAA mixed gradient brush. Numbers I, 
II and III mark the different colored regions (thickness) in the mapping plot 13.1. Left image 
presents the protein layer topography, whilst the right one is the phase contrast. Graphics on 
the right side are the cross sections through the height images:  RMS; I) 1.3 nm, II) 1.2 nm, 
III) 1.1 nm. 
 

13.4. Conclusions. 
The combinatorial approach for studying protein adsorption was applied to show the 

advantages, regarding the simplification of the experiment in respect of consumed time and 

 materials. Binary polymer brush was shown to be an appropriate model surface, concerning 

its ability to switch the surface charge and energetic state. At particular pH point 7.4, we 

explored the interaction types, responsible for the protein adsorption at different brush 

components ratio.  
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Summary 
 
The aim of this thesis is fabrication of materials, which responsive to external stimuli 

behavior can find application in fields where a fine tuning of interfaces is required. Thin films 

composed of two polymers grafted by one end to a solid substrate, forming binary polymer 

brushes, are a very proper candidate for this objective. Their behavior can be easily modeled 

and interpreted as a function of environmental changes, which is important for a better control 

of surface and interfacial characteristics of the materials.  

Mixed amphiphilic polystyrene-poly(2-vynil pyridine) (PS-P2VP)  brushes are an example for 

responsive class of smart materials, which can switch between hydrophilic and hydrophobic 

energetic state upon changes in the quality of surrounding media. This material exhibited 

homogeneity at the macroscopic level, phase segregation ability at the nanoscopic level, and 

sharp switching capacity as a function of surrounding conditions.  Grafting of two 

incompatible polymers via “grafting to” and “grafting from” the surface approaches, 

prevented segregation on the macroscopic level.  

The switching of wettability was found to operate in a broad range and was selectively 

controlled in organic solvents, and most importantly, in aqueous solutions, which is as a new 

aspect of investigation of this material. Film morphology reversibly switches from dimples 

(perpendicular segregation) in acidic media, when the hydrophilic P2VP occupies the surface, 

to ripples in neutral and basic media, when the polymers segregate laterally due to the poor 

solvent conditions for both of them. 

Another example for an adaptive/switching behavior is addressed to a polymer brush with a 

remarkable response to the pH and the ionic strength variations of the aqueous solutions. We 

succeeded to synthesize for first time a binary polyelectrolyte brush using “grating to” 

approach, starting from composition of two incompatible polymers, poly(tert-butyl acrylate)- 

poly(2-vynil pyridine) (PBA-P2VP), and consecutive conversion of the non-polar PBA to 

polar polyacrylic acid (PAA). Combination of weak polyacid, PAA, and weak polybase, 

P2VP, in the anchored layer allowed one with a small shift of the pH, to obtain a significant 

effect on the surface and the interfacial properties of the material. The reversible switching 

between PAA and P2VP resulted in change of the surface charge, as at particular pH-

isoelectric point, the brush formed a collapsed polyelectrolyte complex with zero charge. The 

switching operates by a preferential swelling of one of the components and results in 

hydrophilic surface either in acidic and basic media. 

The binary polyelectrolyte brush was examined in salted aqueous media, since these are the 

typical conditions for adsorption of charged polymers and biomolecules. In acidic and basic 
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aqueous media, the effect of added salt was more obvious, concerning the higher initial 

swollen state of the brush. The influence of the added salt on the swollen layer thickness was 

found to be non-monotonic, as a maximum was detected at low salt concentrations. 

Different morphologies, generated by solvent quality variation were measured. In poor 

solvent conditions (neutral and slightly acidic) toroidal structures rising from the tendency of 

the polymer to exclude the solvent molecules and that way to minimize the surface area, as 

well as from the collapse of the slightly swollen P2VP chains during the drying. In good 

solvent conditions for one of the components, acidic or basic water, we measured clustered 

surface features, typical for perpendicular segregated layers. 

 

Both type of polymer brushes were examined as adsorbing materials for nanoparticles and 

charged synthetic- and bio-macromolecules. Their adaptive properties were successively 

linked to the results of the adsorption experiments. 

The simplest case was adsorption of nano-particles, functionalised with strong ionic groups, 

onto binary, PAA-P2VP, polyelectrolyte brushes. Maintaining a constant charge density of 

the adsorbing component (strong polyelectrolyte effect), allows one to cause and manipulate a 

privileged swelling of one of the weak polyelectrolyte brush layers (PAA or P2VP), without 

affecting the adsorbate properties. The adsorption strength increased significantly in that part 

of the pH scale, where the surface and the particles bear an opposite charge, i.e. the 

electrostatic interactions were classified as the main driving force in the system. Via 

switching charge effect, we were able to regulate the thickness of adsorbed layer from zero to 

an approximately double layer value (in respect to particles diameter), only by the pH signal.  

In the case of adsorption of macromolecules with tuneable electrical charge, the system 

became more complicated, regarding their environmentally responsive properties, similar to 

that exhibited by the polymer brushes. The driving forces were regulated by the switching 

performance of the brush, simply by adjusting the pH and/or ionic strength conditions. 

The adsorbed amount and morphological changes of polyampholyte dry layers were 

investigated as function of pH and was performed on mixed amphiphilic and binary 

polyelectrolyte brushes. The surface charge, energetic state and compositional 

transformations, affected by the external stimuli and components chemistry, were the major 

variables of the polymer brushes, used for modelling the interactions within the system. It was 

found, that between the isoelectric points of the brush substrates and the polyampholyte, the 

adsorption takes place mostly forced by electrostatic interactions between oppositely charged 

monomer units along the polymer chains. In most cases maximum was reached near to the 
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IEP of the polyampholyte. Weak adsorption at pH values where the surface charge has the 

same sign as the net charge of the polyampholyte was observed as well. Interplay between 

coulombic and hydrophobic forces in the formation of compact surface structures showed the 

brush switching to influence significantly the system behavior. A nearly linear increase of the 

adsorbed amount on PAA-P2VP after its IEP we devote to the swelling of PAA, caused by an 

increase of charge densities along the chains. This effect was not observed on PS-P2VP 

amphiphilic brush, since PS is a hydrophobic polymer and P2VP do not swell in alkali 

medium.  

The closeness and the divergence between the structural reorganization of synthetic 

polyampholytes and proteins at an adsorbing polymer brush interface were investigated in the 

final part of this thesis. An emphasis was set on the binary brush capability to take the control 

over the interfacial performance of attaching proteins. It was found, that the sharp 

environmental response of the adsorbent (the polymer brush) strongly influences the 

morphology of adsorbed protein layers, their thickness and properties. Keeping one of the 

variables in the system (brush composition, pH or protein type) constant, we determined the 

influence of each factor separately. Changing the polarity of the substrate allowed one to 

regulate the adsorption processes qualitatively and quantitatively. The significant aggregation 

of protein molecules on PS-P2VP brush in alkali media and their disassembly on PAA-P2VP 

brush at the same solvent conditions, we devote to the hydrophobic-hydrophilic transition, 

occurred at the surface by replacing PS with PAA. The protein aggregates, monitored on the 

surface of PS-P2VP, sufficiently decrease their size, when switching the brush energetic state 

from hydrophobic to hydrophilic by adjusting the pH of the media. This effect was found to 

be well controlled by the brush switching phenomenon in hydrophilic-hydrophobic direction 

and vice versa. 

The electrolyte concentration in the buffer solutions was found to play very important role at 

the   brushes-protein interactions as well. The effect was measured to be more pronounced for 

PAA-P2VP polyelectrolyte brush, since both constituents are weak polyelectrolytes, and 

hence, influential by the solution ionic strength.  

Increasing the ionic strength enhanced the hydrophobic interaction, so that proteins may bind 

under high salt and elute under low salt concentration conditions. A strong adsorption 

behavior against an unfavorable electrostatic potential was measured and explained by 

hydrophobic interaction and surface rearrangement at the interface, as well as inhomogeneous 

charge distribution at the weak polyelectrolyte chains. The hydrophobic surfaces and high salt 

concentration resulted generaly in protein conformational changes and aggregation. 
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Interaction with hydrophilic, water-swollen surfaces at low ionic strengths was measured to 

have a small effect on the secondary structure of investigated proteins, and adsorption 

proceeds without obvious surface aggregation. 

Further a combinatorial approach for studying protein adsorption was applied to show the 

advantages, regarding the simplification of the experiment in respect to consumed time and 

materials. The tendencies observed for symmetrical polymer brushes were confirmed for the 

gradient brush as well.  

 

In conclusion, we showed how the structural reorganization in thin polymer brush layers of 

different type might dramatically affect their surface properties. The adaptive behavior in 

response of external stimuli was found to be a basis for highly specific interactions, depending 

on geometric factors, conformational state, and environment.  
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Cross-section analysis  of BSA, adsorbed onto: A) PAA-P2VP at pH 8.6, RMS 3.59 nm; B) 
PAA-P2VP at 4, RMS 5.74 nm; C) PS-P2VP at pH 8.6; D) PS-P2VP at pH 4. 
 Z range-A) 60 nm, B) 60 nm, C) 140 nm, D) 60 nm. The cuts are extracted from the 
topography images in Figure 11.2. 
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Appendix 3 
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Cross-section analysis  of lysozyme, adsorbed on: A) PAA-P2VP at pH 8.6, Z range 60 nm, 
RMS 5.10 nm; B) PAA-P2VP at 4, Z range 60 nm, RMS 2.04 nm; C) PS-P2VP at pH 8.6, Z 
range 120 nm, RMS 8.63 nm; D) PS-P2VP at pH 4, Z range 60 nm, RMS 3.44 nm. The cuts 
are extracted from the topography images in Figure 11.4. 
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