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D I E B A U M E 

Denn wir sind wie Baumstamme im Schnee. Scheinbar 
liegen sie glatt auf, und mit kleinem anstofi sollte man sie 
wegschieben konnen. Nein, das kann man nicht, denn sie 
sind fest mit dem Boden verbunden. Aber sieh, sogar das ist 
nur scheinbar. 
Franz Kafka 
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Voorwoord 

Een voor- of nawoord bij een proefschrift is meestal niet veel meer dan een opsomming 
van kliches. De strekking is dat je een promotieonderzoek niet alleen doet en daarna 
volgt een opsomming van mensen die in meer of mindere mate hebben bijgedragen aan 
de totstandkoming van het proefschrift (vaak oneerbiedig aangeduid met "boekje"). 
Hoe gerechtvaardigd een dergelijke refiektie op de voorafgaande vier jaar ook mag zijn, 
het lezen ervan is als het kijken naar een hollywoodfilm: je weet van begin tot eind 
waar het naar toe gaat. Dat moet anders kunnen. Deze boude uitspraken geven de 
lezer het volste recht om in dit voorwoord niet overspoeld te worden met kliches. 

Dat dit proefschrift er nu ligt is terug te voeren op het feit dat ik me de afgelopen 
jaren onder andere heb bezig gehouden met het bedrijven van wetenschap. Terwijl ik 
daarmee bezig was, vroeg ik mezelf ook af, en doe dat nog steeds, in welke positie de 
wetenschap zich in de Nederlandse samenleving bevindt en hoe deze zich ontwikkelt. 
Ik zal proberen de lezer aan het denken te zetten over de recente veranderingen op het 
gebied van wetenschapsbeleid. Uiteraard zal ik hierbij voorbeelden uit de Wageningse 
hoek gebruiken om een en ander tastbaarder te maken. 

Waar begint wetenschap? Het antwoord op deze vraag zou moeten zijn: bij het weten-
schappelijk onderwijs, aan de universiteiten dus. Beleidsmakers in Zoetermeer denken 

Representatie van de wetenschap in de Nederlandse samenleving: brug in de 
Schotse Hooglanden. 
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daar echter iets anders over. Zij kwamen eind 1997 met het advies de universitaire 
studies meer te laten aansluiten op het bedrijfsleven en de opleiding tot wetenschap-
per naar de achtergrond te schuiven. Met andere woorden: de universiteiten moeten 
een deel van de taken van het hoger beroepsonderwijs overnemen. Dat Wageningen 
daarmee voorop loopt blijkt bijvoorbeeld uit de doelstelling van de opleiding Bodem, 
Water en Atmosfeer in de studiegids 1997-1998: 

"De opleiding leidt op voor beroepen op het vlak van bodemkunde, hy-
drologie en meteorologie." 

Zelfs bij een van de meest fundamentele studierichting Molekulaire Wetenschappen is 
dit beleid al zichtbaar: 

"Het doel van het onderwijs in de eerste fase van de opleiding Moleculaire 
Wetenschappen is het geven van kennis van en inzicht in de fundamentele 
fysische, chemische en biologische disciplines en de betekenis daarvan voor 
het meer op de praktijk gerichte landbouwkundig en milieukundig onder-
zoek." 

Een van de pogingen om het universitair onderzoek te struktureren was de instelling 
van zogenaamde onderzoekscholen. De achterliggende gedachte is dat door samenwer-
king tussen verschillende onderzoekgroepen de kwaliteit van het onderzoek verhoogd 
wordt. Om deze onderzoekscholen leven in te blazen worden promovendi erbij ingedeeld. 
Tot zover lijkt een en ander inderdaad tot kwaliteitsverbetering te kunnen leiden. In de 
praktijk zie je iets heel anders gebeuren: de bestaande onderzoekgroepen blijven hun 
eigen onderzoekslijn uitzetten en uitvoeren en deze wordt slechts op papier gekoppeld 
aan de onderzoekschool. Gevolg is dat er op bestuurlijk vlak meer taken te verrichten 
zijn, terwijl op onderzoeksvlak niet meer samenwerking plaatsvindt dan voor de oprich-
ting van de onderzoekscholen. De bestuurstaken worden door wetenschappelijk person-
eel uitgevoerd wat leidt tot vermindering van onderzoekskapaciteit, zodat er sprake is 
van burokratisering zonder kwaliteitsverbetering. 

Op Europees nivo vindt een vergelijkbare burokratisering van het wetenschappelijk 
onderzoek plaats. Daar worden universiteiten gemotiveerd gezamenlijk onderzoek uit 
te voeren door het voorhouden van een geldbuidel; publikaties met auteurs van verschil­
lende groepen leveren geld op. Deze politiek heeft zeker geleid tot meer gezamenlijke 
publikaties, maar of dit ook meer samenwerking betekent is de vraag. Een voorbeeld 
hiervan is hoofdstuk 5 in dit proefschrift. 

Een blijvend probleem voor universiteiten is de financiering van hun onderzoek. Mo-
menteel hebben de universiteiten de mogelijkheid de financien uit de eerste geldstroom 
te besteden aan vrij te kiezen onderzoeksonderwerpen. Daar moet volgens de overheid 
verandering in komen: een vijfde van deze financiering zal besteed moeten worden aan 
onderzoek binnen nader op te stellen industrieel relevante thema's. Hierin schuilt het 
gevaar dat wetenschappelijk onderzoek zal moeten passen binnen een, door de industrie 
al gehanteerd, korte-termijnbeleid, zodat in ieder geval langlopende onderzoekprojekten 
steeds minder voor zullen komen. In hetzelfde straatje past de oprichting van raden 
van toezicht voor de universiteiten. Je zou verwachten dat een raad van toezicht wordt 
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samengesteld uit vertegenwoordigers van verschillende maatschappelijke groeperingen. 
Niets is echter minder waar, ze bestaat uitsluitend uit industrielen, waardoor ekono-
mische motieven zonder twijfel de bovenhand zullen voeren. 

Een universiteit heeft bij eerste-geldstroomonderzoek nog een onafhankelijke positie, 
maar dat wordt anders wanneer er sprake is van derde-geldstroomonderzoek. Bedrijven 
kiezen er voor om een deel van hun, vaak fundamentele, onderzoek uit te laten voeren 
aan een universiteit. Hiermee besparen ze niet alleen geld, maar hebben ook toegang tot 
experts op het betreffende vakgebied. Doordat veel bedrijven bezuinigen op onderzoek, 
zullen ze vaker met universiteiten samenwerken. Tot zover hoeft er geen probleem te 
zijn, maar daar komt verandering in zodra het profijtbeginsel en de openbaarheid van 
akademische kennis botsen. Het is al meer dan eens voorgekomen dat een universitaire 
onderzoeker (lees aio) zijn werk niet, of pas jaren later, kon publiceren, omdat er een 
mogelijk oktrooi in het geding was. Hier ligt een taak voor de universiteiten om daar 
paal en perk aan te stellen. 

Bovengenoemde punten vertegenwoordigen een grote skepsis ten aanzien van het 
wetenschappelijk onderzoek in Nederland. Voorlopig lijkt het erop dat het onderzoek 
de kant opgaat waar het meeste geld is te krijgen. Waarom? Geen rugge(n)graat. 



Contents 

Voorwoord vii 

Chapter 0. Introduction 1 
0.1. Polymers and their semi-flexibility 1 
0.2. Polymers near interfaces 3 
0.2.1. Semi-flexible polymers and adsorption experiments 4 
0.2.2. Theoretical approach 4 
0.3. Outline of this thesis 6 
References 7 

Chapter 1. Semi-flexible polymers at a liquid-liquid interface: self-consistent-field 
calculations 9 

1.1. Introduction 9 
1.2. Theory 10 
1.2.1. General formulation of the model 10 
1.2.2. Analytical mean-field approach 10 
1.2.3. Numerical self-consistent-field theory 11 
1.2.4. Chain dimensions 14 
1.3. Results and discussion 15 
1.3.1. Adsorbed amount 16 
1.3.2. Density profiles 19 
1.4. Conclusions 21 
Appendix l.A. Mean-field Ising model 22 
Appendix l.B. Chain dimensions within the rotational isomeric state model 25 
References 28 

Chapter 2. Wetting by polymers of a liquid-liquid interface: effects of short-range 
interactions and of chain stiffness 29 

2.1. Introduction 29 
2.1.1. Contact angles and surface tension 29 
2.1.2. The wetting transition 30 
2.1.3. Wetting in the presence of polymer chains 31 
2.2. Theory and methods 31 
2.3. Results and discussion 36 
2.3.1. Flexible polymer 36 
2.3.2. Semi-flexible polymer 44 
2.4. Conclusions 47 
References 47 



xii CONTENTS 

Chapter 3. Adsorption kinetics of the polysaccharide xanthan on Zr02 49 
3.1. Introduction 49 
3.2. Experimental 51 
3.3. Results and discussion 52 
3.3.1. Transport-limited regime 54 
3.3.2. Long-term adsorption kinetics 56 
3.4. Conclusions 59 
References 59 

Chapter 4. Competition between transport and spreading in protein adsorption 
kinetics 61 

4.1. Introduction 61 

4.2. Experimental 62 
4.2.1. Materials 62 
4.2.2. Reflectometry 62 
4.3. Results and discussion 63 
4.4. Analytical model 66 
Acknowledgements 69 
References 69 

Chapter 5. Adsorption and spreading of polymers at plane interfaces; theory and 
molecular dynamics simulations 71 

5.1. Introduction 71 
5.2. Transport and spreading 72 
5.2.1. Transport to the interface 73 
5.2.2. Spreading models 77 
5.2.3. Molecular dynamics 77 
5.3. Analytical expressions for adsorption kinetics 81 
5.3.1. Adsorption at immobile interfaces 82 
5.3.2. Adsorption at expanding interfaces 85 
5.4. Discussion and conclusion 86 
5.4.1. Immobile interface 87 
5.4.2. Expanding interface 88 
5.4.3. Final remarks 89 
Acknowledgements 90 
Appendix 5.A. Differential equations in adsorption kinetics 91 
5.A.I. Growing disk 91 
5.A.2. n-Step model 91 
References 92 

Samenvatting 95 

Levensloop 99 



C H A P T E R 0 

Introduction 

ABSTRACT 

In this chapter I supply the reader with background information on the contents 
of this thesis. In the first part, the different length scales in polymers are 
introduced and a criterion for semi-flexibility is given. I discuss some basic 
aspects of polymers near an interface where both experimental and theoretical 
techniques are discussed. Finally, an outline of this thesis is given. 

0.1. POLYMERS AND THEIR SEMI-FLEXIBILITY 

In both chemistry and physics polymers are viewed upon in numerous ways. The 
reason for this is at least twofold. Depending on the academic background of the 
individual researcher, he or she has a bias towards the use of a certain model. An 
organic chemist is likely to look at a polymer on an atomic level, denning it as a 
collection of atoms, linked by different types of bonds to form a chain. On the other 
hand, a condensed-matter physicist will view it as a line in D-dimensional space, where 
its properties are defined in a more global way. These are, of course, only two examples 
of the wide variety of different researchers, and their models, who look at polymers in a 
certain way. A second reason for the existence of the different views is the way one uses a 
certain polymeric system. It is of little use to describe a polymer quantum-mechanically 
if one is interested in the adsorption of a polymer to a liquid-liquid interface, although, 
in principle, it would be possible. The title of this section already implies the use of a 
certain model, and I will try to describe this model in somewhat more detail. 

Basically, a polymer molecule is a chain consisting of a large number of repeating 
units (monomers). I will restrict myself to homopolymers, containing only one type of 
repeating unit. Furthermore, as long as no atomic detail is required, it is sufficient to 
consider a polymer chain as a number of bonded segments, where one should note that 
such a segment is not necessarily an atom. It should be clear that a segment contains no 
atomic detail, whereas a monomer does. When studying polymer adsorption, one has to 
consider at least the conformation and size of the polymer molecules. These important 
features are determined by the interactions of the polymer with its environment, and by 
intramolecular interactions. A widely used approach to describe the interactions with 
the environment, not only in polymeric systems, is the so-called Bragg-Williams ap­
proximation, where the actual surrounding of a segment is replaced by a time-averaged 
(or space-averaged) one. In polymer science this mean-field approach is generally known 
as the Flory-Huggins theory [1, 2]. A homopolymer chain can be characterised by the 
number of bonds L, the bond length b, its radius of gyration i?g, and the persistence 
length q (see fig. 0.1). The first two quantities require no further explanation, whereas 
I will briefly introduce the latter two. 
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FIGURE 0.1. Schematic representation of a homopolymer with its character­
istic lengths. 

In the presented picture of a polymer chain, one can describe its conformation by 
L bond vectors {r^} = (ri, T2, • • •, r^,). I am not interested in the conformation of a 
single chain at a given moment, but mainly in its average properties. A measure for 
the average size of a polymer coil is its mean-square radius of gyration, R^, which is 
denned as 

(0.1.1) ^ = <S2> = 7£< S ?> ' 

where Sj denotes the distance of the centre of mass to segment j at a given moment, 
and the angular brackets denote a time-average. For a random-flight chain the radius 
of gyration is related to the frequently used end-to-end distance (B?)ll2 by 

(0.1.2) (S2) = \{R2)-

The stiffness of a polymer chain, originating from the orientational correlations between 
bonds, is usually characterised by the persistence length. It can be viewed upon as the 
distance along the chain to the point where the directional correlation with the starting 
bond is only just noticeable. A more quantitative definition is the averaged sum of the 
projections of all bond vectors r ; on the direction of the first bond vector: 

(0.1.3) « = l l > i - r < > -

With these definitions in mind, a polymer is denoted as semi-flexible if b <C q -C Lb. 
There exists a large number of polymers that can be considered to be semi-flexible. 
This is related to the fact that, from a molecular point of view, there are numerous 
ways to introduce semi-flexibility into a polymer. Not only the primary structure of a 
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macromolecule, but also a more global one, or even secondary structures (e.g. helices), 
can give rise to the formation of semi-flexible objects. 

0.2. POLYMERS NEAR INTERFACES 

The process of either accumulation or depletion of a substance near an interface 
is called adsorption (depletion is usually referred to as negative adsorption). This 
accumulation can eventually lead to the formation of a new macroscopic phase; this 
process is then referred to as wetting. That the adsorption of polymers has many 
applications in every day life, should be no surprise. I shall not a t tempt to give an 
exhaustive overview of these applications, but restrict myself to list some examples 
based on products and processes of the top-3 companies in the Dutch stock market 
in table 0.1. This table just gives an idea about the wide variety of systems where 
polymer adsorption plays a role. At Shell one adds poly(ethylene oxide) to Otto-fuel to 
prevent carbon deposition on valves and pistons. The same polymer is used by Unilever 
in shampoo to prevent "jumpy" hair due to electrostatic repulsion by adsorbing it on 
keratin in hair. In magnetic media, a polymer film is used to stabilise the magnetisable 
particles. 

TABLE 0.1. Examples of products and processes in which polymer adsorption 
plays a key role of the top-3 (based on turnover in 1995) Dutch companies with 
an Amsterdam Stock-Exchange quotation. 

company 

Koninklijke/Shell 

Unilever 

Philips 

turnover 1995 
in mln DFL 

175379 

79703 

64462 

product or process 

drilling, gas and oil recovery, compos­
ites, blends, fuel additives, lubricants 
detergents, shampoo, food stabilisers, 
fat replacers 
integrated circuits, television tubes, 
magnetic media 

This widespread "use" of polymer adsorption in industrial processes and products 
makes it a popular object of both fundamental and applied study. An extensive overview 
of both experimental and theoretical approaches is given by Fleer et al. [3]. In this mono­
graph the emphasis is on equilibrium properties. The kinetics of polymer adsorption 
are only slowly gaining the attention they deserve. One could say that the study of 
the adsorption kinetics of polymers is still in its hobbledehoyhood. This means that 
there is, as yet, no established way of tackling problems concerned with these kinetics. 
Even worse, kinetic aspects are sometimes overlooked. Especially polymers which are 
not flexible are of interest when studying adsorption kinetics. The stiffness of these 
molecules gives rise to, e.g. slow reorientation processes which could play a role in their 
behaviour near an interface. 
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0.2.1. Semi-flexible polymers and adsorption experiments 
A large group of semi-flexible polymers is formed by helix-forming macromolecules. It 

is obvious that here not the molecular chain itself, but the helix structure has a certain 
rigidity. A large number of biological molecules belongs to this class of semi-flexible 
polymers. DNA, xanthan, schizophyllan, poly(7-benzyl-L-glutamate), and scleroglucan 
are just some examples. 

Other macromolecules with "local" stiffness are proteins. Their strong internal struc­
ture with high energy barriers makes reorientation and reconformation processes slow. 
Proteins are rather complex polymers because they consist of segments of a large num­
ber of different types. However, numerous properties are comparable to that of simpler 
polymers. Especially denaturation of such proteins can strongly influence the kinetics 
of their adsorption, leading to nonequilibrium adsorbed layers. 

There exist numerous experimental techniques to study polymer adsorption, but 
when it comes to its kinetics the range to choose from becomes limited. The reason 
for this lies in the fact that one has to control the processes that could influence the 
adsorption behaviour. It is therefore necessary to use well-defined transport conditions, 
which leaves only a few methods. One of the remaining techniques to study adsorption 
kinetics at a solid-liquid interface is reflectometry in a stagnation-point flow setup, 
which was extensively described by Dijt et al. [4, 5]. The basic idea behind this technique 
is that an adsorbing polymer changes the optical properties of the interfacial region. 
This effect causes the reflectivity of the system to change, from which the adsorbed 
amount can be determined. Because the transport of polymer from solution to the 
stagnation point (at the interface) is exactly known, at least for an empty interface, 
kinetic data can be gathered from the experiment. 

0.2.2. Theoretical approach 
Equilibrium. As mentioned before, for polymeric systems often the Bragg-Williams 
approximation is used. This implies the use of the so-called mean-field assumption. 
In the case of adsorption, the polymeric system of interest is inhomogeneous in at 
least one direction, i.e. perpendicular to the interface. The densities of the different 
components are now a function of position, which is not the case in the Flory-Huggins 
theory. Calculating thermodynamic properties of such interfacial systems can be done 
in several ways. The two theoretical approaches that I will discuss are both lattice-
based models, in which every segment is of the same size and a polymer molecule is 
represented by a chain of connected segments. In the following I define a monomer to 
consist of one segment. 

The first type of model is the so-called density-functional theory, where a local free 
energy density is introduced which, integrated over the total system, gives the total 
free energy. For a simple binary monomeric system this free energy density has the 
following continuous form 

(0.2.1) / ( P : V
r
P ) 6 3 = pin p + (1 - p) ln(l -p)+ Xp(l - p) + AX62(Vp)2, 
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where p denotes the local reduced density (or volume fraction) of one of the compo­
nents, b is the step length of the underlying lattice, and A is a lattice parameter; e.g. in 
a simple cubic lattice A = 1/6. The Flory-Huggins interaction parameter x is a measure 
for the energy difference between a monomexof-artrertain type surrounded by monomers 
of its own type, and that^of ihe-sarne monomer surrounded by those of a different type. 
Equation 0.2.1 can be derived starting from an Ising model (see, e.g. ref. 6 or chap­
ter 1). Although the latter is a lattice theory, one can rewrite the equations to obtain 
a continuous form of the free energy density function as given in eq. (0.2.1). The total 
free energy can then be written in a functional form F[p(r),Vp(r)] = JvdVf(p,Vp). 
Minimisation of this functional with respect to p(r) yields an equilibrium reduced den­
sity profile and the corresponding total free energy. However, this minimisation can 
only be carried out analytically if an approximation for the free energy density is used. 
To this end an order parameter, W = p — pc, is introduced. Here pc denotes the criti­
cal reduced density for phase separation, which is 1/2 for a binary monomeric system. 
The free energy density, f(p, Vp), is expanded with respect to this <&, which is known 
as the Ginzburg-Landau expansion. The use of this expansion also implies that only 
systems in the neighbourhood of the critical point can be studied this way. This ap­
proach can also be used for polymeric systems, and can in principle be extended to 
multi-component systems. One of the complicating factors when describing polymer 
systems with such a density-functional theory is the way chain connectivity has to be 
introduced. A fraction of (1 — l/N) segments per chain can not be placed independently 
on the lattice, which implies a non-local contribution to the conformational entropy of 
the polymer. For a multi-component mixture of molecules with different chain lengths 
Na eq. (0.2.1) should be rewritten, and becomes 

where a and (5 denote molecules constituted of a- or /^-segments, and J^Qo denotes a 
sum over all pairs of different segments. The Laplacians in this equation, except the one 
in the logarithmic term, can in principle be rewritten as square gradients by applying 
the divergence theorem, and by choosing a proper boundary of integration. It is clear 
that both the expansion and the minimisation of eq. (0.2.2) are complex problems. An 
analytical solution is in this case impossible, and even a numerical approach is difficult. 

Another way to tackle polymer adsorption is the use of Markoff statistics [7] to 
create all possible conformations of a test chain in an external field, generated by the 
rest of the system of interest. In this method the external mean field is a functional 
of the densities of all constituting components, which are in their turn functionals of 
the external field. This interdependency between mean field and densities gives this 
approach its name: self-consistent field (SCF) theory. The fixed point of a system can 
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be found numerically and is denoted as the SCF solution. An SCF theory for polymer 
adsorption was introduced by Scheutjens and Fleer [8, 9]. 
Kinetics. Both theoretical approaches discussed above are equilibrium theories, which 
do not reveal any information about the adsorption kinetics. For the kinetics, no 
theoretical treatments of the same level are available. Most theoretical approaches 
for polymer adsorption kinetics, focus on the processes near the interface, and do not 
consider the limitations due to material transport to (or from) the interface (see e.g. 
ref. 10). To include these transport properties a phenomenological approach is more 
feasible. At least three different timescales are important in the kinetics: transport to 
the interface, attachment, and spreading. The processes that occur near the interface 
can be modelled by empirically "derived" equations. One of the ways to describe the 
spreading of a polymer near an interface is by the "growing disk" model. Here, one 
assumes that a polymer occupies a certain area ao at the interface on arrival (t = t'), 
and subsequently grows according to a(t; t') = ao + a (1 — exp(—(t — t')/rs)), where rs is 
a characteristic time, and a the final area increase. This model can then be combined 
with the transport equations to lead to expressions for the adsorption kinetics (see 
chapters 4 and 5). 

0.3. OUTLINE OF THIS THESIS 

In this thesis I employ both theoretical models and experiments to gain more insight 
in the adsorption of semi-flexible and rodlike molecules. I start in chapter 1 to explore 
some consequences of chain flexibility for interfacial behaviour, with the emphasis on 
the equilibrium adsorption of semi-flexible polymers at a liquid-liquid interface. An 
SCF approach is applied to a system consisting of two phase-separating monomeric liq­
uids and a small amount of semi-flexible polymer chains, and systematically investigate 
the influence of chain stiffness, chain length, and interfacial width on the adsorption 
behaviour. In chapter 11 continue to study the equilibrium interfacial behaviour of semi-
flexible chains. The basis of this study is laid in the preceding chapter, but now I extend 
the system to a 3-phase system, for which wetting phenomena are discussed. Again, 
stiffness and intermolecular interactions play an important role. After these "equilib­
rium" chapters I continue with kinetic experiments in chapter 3, which deals with a 
systems where semi-flexibility of homopolymers influences the adsorption kinetics. I 
consider the helix-forming polysaccharide xanthan adsorbing onto zirconium(IV)oxide, 
where both pH and ionic strength are varied to control the flexibility of the polymer. 
In this case a decrease of the ionic strength induces a helix-coil transition, which gives 
rise to a coil conformation of the polymer. When xanthan adsorbs in its helical confor­
mation, equilibration of the adsorbed layer is shown to be slow, and no plateau in the 
kinetic adsorption curve is found, in contrast to the adsorption experiments with the 
coiled molecule. Chapters 4 and 5 are mainly devoted to kinetic effects resulting from 
the process of polymer spreading near an interface. As examples the adsorption kinet­
ics of two proteins, immunoglobulin and savinase, onto silicon(IV)oxide are presented. 
These proteins are believed to denaturate, at least partly, near the surface which gives 
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rise to a spreading of the molecule. The time constant of this denaturation process 
is relevant for the adsorption kinetics. I also introduce a phenomenological model to 
describe these adsorption kinetics. This model is generalised in chapter 5 and sup­
plemented with some molecular dynamics calculations to justify the use of a "growing 
disk" model. 
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C H A P T E R 1 

Semi-flexible polymers at a liquid-liquid 
interface: self-consistent-field calculations 

ABSTRACT 
The adsorption of semi-flexible polymers at a liquid-liquid interface largely 
differs from that at a solid surface. The width of the interface is an additional 
length scale in the problem, making the system behaviour particularly rich. We 
consider two phase-separating monomeric liquids, C and D, and a polymer A^ 
which dissolves equally well in both liquids. We study this system in a self-
consistent-field model in the dilute regime. The stiffness of the polymer is 
controlled by the use of a rotational isomeric state approach. We show that 
the interfacial width £ (determined by the interaction parameter between the 
two solvents), the persistence length q, and the chain length N are relevant 
parameters in the adsorption behaviour. A key observation is that, while 
keeping iV1/2/£ constant, the adsorbed amount goes through a minimum with 
increasing q/£. An initial increase of q/£ (q/£ < 1) effectively leads to a larger 
coil size, leading to a decrease of the adsorbed amount. However, when q/t, 3> 
1, alignment of parts of the polymer within the interfacial region occurs due 
to the lack of entropic penalties. This alignment process induces an increase 
of the adsorbed amount. These observations also have implications for the 
ongoing discussion about the preferential adsorption in a mixture of flexible 
and stiff polymers. In this discussion one should consider the effects of the 
finite size of the interfacial region. 

1.1. INTRODUCTION 

The adsorption of macromolecules at liquid-liquid interfaces is of major importance 
in a wide variety of relevant systems, ranging from food products to oil recovery. The 
flexibility of a polymer should have an effect on its adsorption behaviour, but an a 
priori statement about the precise nature of these effects can not be given from simple 
considerations. Most theoretical adsorption studies on semi-flexible polymers consider 
a solid surface, where the problems associated with the boundary condition usually do 
not receive much attention. Monte Carlo simulations on a mixture of flexible and stiff 
short chains show that the stiff chains near a Fresnel (i.e. infinitely sharp) interface are 
most surface active [1, 2]. On the other hand, using an analytical self-consistent-field 
(SCF) theory, Wu et al. [3] report the opposite. The apparent conflict in these results 
probably has its origin in the choice of the definition of the solid surface. In the former 
an infinitely sharp interface is used, whereas in the latter case a fairly sharp but smooth 
density profile is assumed. 

In the present paper we like to take an alternative route to by-pass the problems 
associated with a solid-liquid interface. By using a liquid-liquid interface, we not only 
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circumvent the problem of an ad-hoc choice of the boundary condition, but are also able 
to control the width of the interfacial region. We will use a numerical SCF theory to 
study the behaviour of a polymer AN near an interface formed by the phase boundary 
of two monomeric liquids. By varying the Flory-Huggins interaction parameter between 
the two solvents, we are able to control the interfacial width. We apply a rotational 
isomeric state (RIS) model to vary the stiffness of the polymer chain, and study its 
influence on the adsorption behaviour. Other parameters in our calculations are chosen 
such that the analysis of the adsorption process is relatively easy. We will show that the 
interfacial width (to be defined below) is a relevant parameter, even when this width is 
small. In particular we will concentrate on the interplay between this parameter and 
the persistence length of the polymer. Obviously, the length of the polymer and the 
solvent quality (effective adsorption energy) are additional parameters in the system. 

1.2. THEORY 

1.2.1. General formulation of the model 
We consider a lattice model of a three-component system, containing two monomeric 

components, denoted by C and D, and one polymer J4.IV, where N denotes the number of 
constituting units. We choose the interaction parameters such that the two monomeric 
components phase separate, creating a liquid-liquid interface at which polymer adsorp­
tion can occur. We examine the system not too far from its critical point, using the 
interfacial width as a tuning parameter. However, we have to keep in mind that this 
width must be substantially smaller than the system size to avoid finite-size effects. In 
line with this, we will keep the overall polymer concentration low in order to minimise 
the effect of added polymer on the interfacial width and on the location of the Gibbs 
dividing plane. Adsorption from dilute solution will be limited to the Henry regime, i.e. 
polymer overlap does not play a decisive role. Starting from the lattice model, there 
are several ways to evaluate the properties of the system. We will discuss two possible 
approaches: an analytical and a numerical mean-field theory. We will use the analytical 
approach to describe the system without polymer, and the numerical one to account 
for the presence of the polymer. 

1.2.2. Analytical mean-field approach 
As long as the polymer concentration is low, some characteristics of the system 

can already be deduced from the properties of the binary mixture of the monomeric 
components. These characteristics can be used to determine which parameters should 
be varied to access interesting regions of the ternary system. We are interested in the 
behaviour of this system beyond its critical point, i.e. it consists of a C-rich and a 
.D-rich phase. We consider the system to be described by the exact Hamiltonian H, 
leading to the probability distribution function 

(1.2.1) P « « p ( - i ^ 

http://j4.iv
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The total Helmholtz energy (or free energy) of our system, expressed in terms of P is 
given by 

(1.2.2) F = kBT f dAP\nP+ f dAPU, 

where A represents the phase space of the system. Minimisation of this exact free energy 
is not possible, but requires a variational approximation to the Boltzmann weight. We 
consider a model system, described by a Hamiltonian HQ, and minimise eq. (1.2.2) with 
respect to the constituting parameters of the model system. The free energy is now 
approximated by 

(1.2.3) F = kBT f dAP0 In P0 + f dAP0H, 

where Po oc exp(—Ho/h-sT). The exact free energy T is bound by the inequality [4] 

(1.2.4) T<F = FQ + {H- Ho)o-

Here, F0 denotes the free energy of the model system and averaging is carried out with 
respect to exp(—Tio/ksT). 

An easy way to access the properties of a binary mixture is the use of an Ising model 
(see, e.g. ref. 5). In appendix l.A a mean-field approximation of this model is discussed 
and the relevant equations within this approach are given. For a system, not too far 
from its critical point, the reduced density p of component D as a function of the 
distance z from the interface is given by substitution of eq. into eq. (l.A.19), which 
leads to 

(1.2.5) p ( z ) = l + ^ / ^ _ J ) t a n h | ) 

where the interfacial width, or bulk correlation length, is given by 

( i , , , £ . ^ . 

In these equations b denotes the nearest-neighbour distance, \ ys the Flory-Huggins 
interaction parameter, and Ai accounts for the relative number of nearest neighbours 
of a segment in the direction of the reduced density gradient. 

We will use the interfacial width from eq. (1.2.6) as a tuning parameter for the self-
consistent-field calculations, where polymer is incorporated into the system. In doing 
this, we take special care that the addition of a small amount of polymer to the system 
does not change the interfacial width significantly. One should also bear in mind that 
eq. (1.2.6) is only valid rather close to the critical point, i.e. x - 2 < l . 

1.2.3. Numerical self-consistent-field theory 
We used the self-consistent-field (SCF) formalism developed by Scheutjens and Fleer 

(SF) [6, 7], which was originally set up to study polymer adsorption from dilute or 
semi-dilute solution onto solid surfaces. We will only discuss some basic aspects of the 
theory, and touch upon the assumptions made in it. Finally, we will mention some 
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extensions to this theory, which make it suitable for the liquid-liquid interface system 
in the presence of semi-flexible polymer. 

The SF SCF approach is a mean-field lattice theory, where only one of the three 
spatial coordinates remains as a variable, whereas in the other directions density gradi­
ents are averaged out. One should bear in mind that this theory starts from the same 
assumptions as the aforementioned mean-field approximation to the Ising model. How­
ever, no Taylor expansion of the free energy density is needed. Therefore, the theory is 
especially valuable away from the critical point, but it can also be used in the neighbour­
hood of the critical point as long as the correlation length does not exceed the system 
size. In this SCF model a test molecule is situated in a one-dimensional potential field, 
set up by the other components in the system. All the possible conformations of the 
test molecule are generated using Markoff statistics, and these are weighted with the 
local potential field. Appropriate normalisation leads to the composition profile of the 
system. The potential field is a functional of the reduced density profile and this profile 
is, in turn, itself a functional of the potential field. The goal of the SF SCF approach is 
to find a unique solution to this problem, which involves the choice of proper boundary 
conditions and constraints. 

In the SF SCF theory all molecules are built up from equally sized segments and 
are placed on a lattice. The lattice is composed of m parallel layers of thickness b, 
where the layers are numbered i — 1,2,..., m. The lattice is furthermore characterised 
by so-called a priori step probabilities Ay, which give the relative number of contacts 
of a segment in layer i with those in layer j . Obviously, Ay = 0 if \j — i\ > 1, and 
S fe i ^ij = 1- We will use the notation A0 for i = j , and \± for \j — i\ — 1. For the 
calculation of the composition profile we define the local reduced density (in layer i) 
for segment type x as px(i) = nx(i)/l, where nx(i) denotes the number of segments 
of type x in layer i, and I is the number of sites in every layer. We denote molecule 
related quantities by an index a. The segments constituting molecule a are numbered 
s = 1,2,..., Na. The local reduced density of a segment type can also be expressed in 
terms of the local reduced density pa(i, s) of segment s of molecule a: 

(1.2.7) px(i) = Y^ X ! P a ^' S)S°(S>x)' 
Q S = l 

where 5a (s, x) is defined as being unity if segment s of molecule a is of type x and zero 
otherwise. 

We only take into account nearest-neighbour interactions, which are accounted for by 
the Flory-Huggins interaction parameter \xy between segments x and y. The imposed 
mean-field approximation causes the interactions within one layer to be smeared out. 
The potential energy ux{i) of a segment in layer i with respect to the bulk (in our case 
the C-rich phase) is then by 

(1-2.8) ux(t) = U'(i) + kBT J2 X*y «ft,(0> - Py) , 
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where the angular brackets indicate the weighted average over layers i — 1, i, and i + 1, 
which is needed to account for the nearest-neighbour interactions. The first term in 
eq. (1.2.8), u', is a Lagrange field to ensure that the total reduced density is constant, 
i.e. 

(1.2.9) £>*(*) = 1 Vi. 
X 

Next, we define the segment weighting factor Gx(i) = exp(—ux(i)/k-gT), which is just 
a Boltzmann factor of the field for segment x. In order to account for chain connectivity 
the end-segment distributions Ga(i,s\\) and Ga(i, s\Na) are introduced, defined as the 
average statistical weight of all conformations with segment s in layer i and the first or 
last segment, respectively, located anywhere in the system. They can be calculated by 
a propagator scheme 

(1.2.10a) Ga{i, s | l) = Ga{i, s)(Ga{i, s - 1|1)>, 

(1.2.10b) Ga(i, s\Na) = Ga(i, s)(Ga(i, s + l\Na)), 

where the angular brackets again indicate the weighted average over layers i — l,i, and 
i + 1. This averaging ensures the chain connectivity. 

In the original SF SCF approach a first-order Markoff approximation is used, which 
is characterised by the so-called connectivity law 

n o - m „ a Q\ n Ga{i,s\l)Ga{i,s\Na) 
(1.2.11) pa{i,s) = Ca , 

Ga(i,s) 
where Ca is a normalisation constant which, in an open system, is most conveniently 
written as Ca — p^/Na. The free segment weighting factor for segment s in molecule a 

is given by Ga(i,s) = YLxGx(i)8z(i, s). ^ ' s needed in the numerator of eq. (1.2.11) to 
correct for double counting of the statistical weight of segment s. 

The fundamental equations of the SF SCF approach, given above, set the stage for 
our system. The presence of a liquid-liquid interface implies the following boundary 
conditions 

(1.2.12) Px(0) = p,(l), Px(m+l) = px(m), 

i.e. the system has reflecting boundaries on either side. One of the features which 
is not described by the above equations is the chain stiffness. Introduction of this 
property involves a change in the connectivity law from eq. (1.2.11) and requires another 
propagator scheme (eq. (1.2.10)). In modelling association colloids, Leermakers et al. 
implemented a rotational isomeric state (RIS) approach in the SCF theory to include 
chain stiffness [8]. In this way local self-avoidance of the chains is accounted for, and 
chain rigidity can be controlled by changing the energy difference Au t g between the 
trans and the gauche states. Because no fundamental change in the theory occurs, we 
will not give a full description of the implementation here but refer to the literature [8]. 
Basically, the RIS approach implies the use of third-order Markoff statistics in the SCF 
theory. The exact implications of this approach to the chain stiffness will be discussed 
in the next section. 
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Our system consists of m = 300 lattice layers and the number of sites per layer 
is conveniently chosen as / = 1. In planar systems, however, this latter choice is 
irrelevant, because all quantities are calculated using densities and energies per site. 
Because of the RIS model, it is convenient to use a tetrahedral lattice, which ensures 
that the connectivity constraints are based on the same lattice as the nearest-neighbour 
interactions [8]. The tetrahedral lattice is characterised by Ai = 1/4. The monomeric 
component C is used as solvent and the total amount of D in the system is <9D = 150. 
The bulk concentration of polymer AN is chosen to be pA — 10~5, which, in our case, is 
in the dilute regime. The interaction parameters of the i4-segments with both liquids 
a r e XAC = XAD = 0 throughout the paper. This choice makes the system symmetric 
for the polymer. The parameter XCD> simply denoted as x, should be chosen such as 
to ensure a phase separation, and thus the presence of an interface. The critical point 
of phase separation (PA,C,XC) is found by solving 

where / is the Helmholtz free energy per site for a homogeneous system, which in the 
random mixing approximation is for the ternary system given by (see eq. (l.A.ll)) 

(1.2.14) -L- = pc In pc + (1 - Pc - PA) ln(l - pc - PA) 

+ ^ - lnp A +XPc( l - P c - P A ) -

At the critical point pc,c = PD,C, SO the solution of eq. (1.2.13) is 

(1-2.15) Xc = T^—, Pc,c = ^ . 
1 - pA 2 

Because the polymer concentration is low, the total amount of solvent C is given by 
6>c = 150 — 0(mpc), The exact value of &c is such that the Gibbs dividing plane is 
located on the boundary of layers 150 and 151, which prevents lattice artifacts to play 
a role. We define the distance from the interface as z = (i — 150.5)&. 

1.2.4. Chain dimensions 
The adsorption of a polymer at a liquid-liquid interface will depend on the dimensions 

of the polymer. Within a homopolymer at least two different length scales can be 
distinguished. We will consider the end-to-end distance (i?2)1/2 and the persistence 
length q as the relevant length scales. These quantities are defined in terms of the bond 
vectors r̂  and the number of bonds L as follows 

(1.2.16) </?> = £ ; x > •!•;>, 

(1.2.17) rag*"-* 
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In appendix l.B we follow the same lines of argument as Yamakawa [9] to arrive at the 
required expressions for the calculation of those length scales. 

We view a homopolymer as a chain of L bonds with identical bond lengths b and bond 
angles 6 between bond vectors r; and r^+i. The rotational angles are described within a 
rotational isomeric state model, where the energy difference between the trans and the 
gauche state is denoted by Awtg- For sufficiently long polymer chains the end-to-end 
distance and the persistence length are then given by 

(1.2.18) (&U = L 6 2 ^ l , 

(1.2.19) fa = b^±A, 

where LJ = exp(—Autg/kBT). When calculating the two discussed length parameters, 
we will use the number of segments N instead of L, which implies that N ta N — 1. 

1.3. RESULTS AND DISCUSSION 

The main goal of our analysis of semi-flexible polymers near a liquid-liquid interface 
is to relate adsorption behaviour to the three relevant length scales in the system, 
f, q, and (R2)1!2. To make the discussion more transparent all variables are made 
dimensionless in the following way 

(1.3.1) i/b^i, z/b^z, qoo/b^qoo, 7-i£->Aut9. 
Autg 

knT 

The stiffness of the polymer Aff is reflected in the persistence length q, which in the 
RIS scheme is determined by the the energy difference Autg. For large N this length 
scale is given by eq. (1.2.19) and is plotted in fig. 1.1. It should be noted that the 
persistence length determined in this way may only be used as long as q^ < N. 

The interfacial width £ is mainly determined by the interaction between components 
C and D, which, in the SCF approach, is reflected in the Flory-Huggins parameter \. 
From the SCF calculations for a 2-component system, £ is calculated from the slope of 
the reduced density profile at z = 0 (between layers m/2 and m/2 + 1) as follows 

(1.3.2) 2{p(m/2 + 1) - pc)£ = p(m) - pc, 

where pc is the reduced density at the critical point. To show that £GL> as given by 
eq. (1.2.6), does not deviate much from that determined from numerical SCF calcula­
tions, we plot both quantities in fig. 1.2. The fact that £SCF < CGL, even near the critical 
point, is caused by two effects. The first is that the slope dp/dz at z = 0 is slightly 
underestimated due to the finite width of a lattice layer. The second is that for large 
£, i.e. close to the critical point, the number of lattice layers m should be increased to 
ensure that p{m) = pb. Bearing these limitations in mind, the agreement between the 
two quantities is quite satisfactory. Hence, we can vary the value of \ to obtain the 
desired £. 
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FIGURE 1.1. Persistence length for large N calculated with the rotational 
isomeric state model using eq. (1.2.19). 

FIGURE 1.2. Interfacial width as a function of x ~ Xo calculated with the 
Ginzburg-Landau approximation (eq. (1.2.6)) and with the SF SCF model 
(m = 300). 

1.3.1. Adsorbed amount 

From the composition profiles as calculated with the SF SCF theory, we can determine 
the excess amount of polymer AN, which we shall call the adsorbed amount 

(1.3.3) ©r = - / >>+£ PA « 
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FIGURE 1.3. Adsorbed amount as a function of the ratio between the persis­
tence length and the interfacial width for different values of £ at N = 100. 

Note that the term p\m can only be used in a symmetrical system, and should be 
replaced by two terms if the bulk densities are unequal in both phases. We will use 
this adsorbed amount to compare the behaviour of our system for different values of 
the length parameters. 

Figure 1.3 depicts the adsorption of Ai00 for given values of £ as a function of the 
ratio 5oo/£- The most remarkable feature extracted from these curves is the minimum 
in 6>AXC, w m c n is located at q^ of order (but higher than) f. The occurrence of this 
minimum can be understood in the following way. If <7oo/£ ls small, the polymer behaves 
(more or less) as a flexible coil, and adsorbs at the interface to reduce the unfavourable 
C-D contacts. An increase of the persistence length causes the polymer dimension to 
increase. This causes the exclusion of other polymer chains from the interface, which 
leads to a decrease of the adsorbed amount. A further increase of q^ effectively changes 
the polymer chains into stiff objects in comparison to the interfacial width, for which 
the entropy loss upon adsorption becomes less, and they will align both to each other 
and to the interface. This alignment causes the adsorbed amount to increase. The 
levelling off of the curves at even higher q^ is due to the fact that there q^, 3> N, which 
means that the chains are effectively rods. 

The fact that the shape of the curves in fig. 1.3 changes with increasing interfacial 
width is caused by our choice of parameters for the calculation. Here, we neglected 
the effect of the third length scale, (i?2)1/2, on the adsorption behaviour. Instead of 
changing £, whilst keeping N constant, one could vary N in such a way that iV1/2/^ 
remains constant. The factor Nll2 stems from eq. (1.B.16), which states that (R2) oc N. 
So, in this way we effectively keep the ratio of the end-to-end distance to the interfacial 
width constant. One should bear in mind that this scheme is only valid for long (semi-
)flexible chains or, in other words, 1 -C q^ <C N. 
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FIGURE 1.4. Chain length dependence of the adsorbed amount for <?oc/£ = 1 
and JVx/2/£ = 5/2. 

Figure 1.4 shows the adsorbed amount as a function of chain length N, where we 
kept <?oo/£ a n d N1!2/^ constant. Two important observations can be made. First, the 
adsorbed amount remains positive for all N. This can be easily understood by the fact 
that any third component in our system for which both C and D are good solvents, will 
decrease the number of unfavourable contacts between the monomeric solvents when 
adsorbed. In other words, there is an effective adsorption energy. Secondly (and more 
importantly), the additional adsorbed amount scales with Nll2 (for large iV), which 
indicates that N is indeed the only remaining relevant parameter for the shape of the 
adsorption curve if <?(»/£ and TV1/2/£ are fixed. 

Having made these observations, we expect that, when plotting 0^c as a function of 
9oo/C for different values of N whilst keeping N1!2/^ constant, these curves should have 
the same shape. That this is indeed the case is seen in fig. 1.5, where TV1/2/£ = 5/2. 
This is even more clear when G^c is related to its value at the minimum of the curve 
(or to any other point where q^, > 1 and q^ < N). The latter procedure is equivalent 
to comparing the (^-dependent adsorbed amount from fig. 1.5 to the TV-dependent 
one plotted in fig. 1.4. For large N it is possible to rescale the adsorption curves as 
6 > A 7 (6>OXC + vN112), where v = d&fc/dN for large N, and Oe

Q
xc is the extrapolation 

of the adsorbed amount N —>• 0 from large N (see fig. 1.4). Figure 1.6 shows that there 
is an almost perfect collapse of the curves on a "mastercurve" for the different chain 
lengths as long as <7oo/£ < 20. The deviation of the curves beyond this point is obvious, 
if one realises that the chain length is the limiting factor. The deviation occurs when 
9oo > N, so the "real" shape of the adsorption curve can only be found for very large 
iV. This observation can also be understood in terms of the fact that the adsorbed 
amount for rods will be proportional to N, which is not the case for the semi-flexible 
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FIGURE 1.5. Adsorbed amount for different chain lengths N with Nll2/£ 
5/2, again as function of <7oo/£-
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FlGURE 1.6. Relative adsorbed amount related to rmm at the minimum of the 
curve. All data is taken from fig. 1.5. 

objects as was concluded from fig. 1.4. In other words, we kept N1^2/^ fixed instead of 

1.3.2. Dens i ty profiles 

The observations for the adsorbed amounts of AN can be further illustrated by taking 
a closer look at the composition profiles. Figure 1.7 gives the reduced density profiles 
of systems corresponding to points on the curve in fig. 1.5 for N = 100. Due to 
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100 

FIGURE 1.7. Reduced density profiles of AWo for £ = 4 at different values of 
Autg, corresponding to q^ = 1.5,2.6,5.8,23,160,1200. 

the symmetry of the system, it is sufficient to show only the positive part of the z-
axis. Clearly, the transition from a semi-flexible to rodlike conformation of the polymer 
chain is reflected in these profiles. One observes that by increasing the chain stiffness, 
the polymer initially penetrates more into the solution, whereas PA decreases near the 
interface. However, when the chains become rodlike, the density at z = 0 increases 
again, indicating alignment with the interface. The small fraction of rodlike chains that 
extend into the solution must do so over their full length. The decreases of the density 
at intermediate distance from the interface for rodlike chains also implies alignment. 

To visualise the penetration of the polymer into the solution, PA — PA 'S plotted in 
fig. 1.8 as a function of z2. Both flexible and semi-flexible objects show a more or 
less exponential decrease of the excess reduced density with the square of the distance 
from the interface. This indicates a Gaussian distribution of the polymer around the 
C-D phase boundary. Clearly, the reduced density profiles for the stiffer polymers 
(Aittg = 5.5 and Au t g = 7.5) differ only slightly from each other, which indicates that 
the conformation of the molecules must be similar. This is what we expected, because 
in both cases g^ > N, which means we are dealing with stiff polymers, where the one 
characterised by Awtg = 7.5 (i.e. qx = 1200) can be regarded as a rod. The kink in the 
reduced density profile for these two stiff polymers at z « 50 originates from the fact 
that modelling rodlike molecules on a lattice introduces artifacts. In this case, the use 
of a RIS scheme on a tetrahedral lattice allows six orientations for a rod: one parallel 
to the interface, one perpendicular to it, and four making an angle <3? = (7r — 0)/2, 
where 6 is the tetrahedral bond angle. The kink presumably originates from the latter 
four possible orientations. This conjecture is confirmed by similar calculations (not 
shown) carried out on a cubic lattice and using second-order Markoff statistics. In 
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PA-PA 

1 10" 

FIGURE 1.8. Reduced density profiles of Aioo compared to the bulk reduced 
density. Data as in fig. 1.7. 

that case such a kink does not show up due to the absence of orientations other than 
perpendicular and parallel to the interface. 

The impact of the observed phenomena on the ongoing discussion about the question 
which molecule is more surface active in a mixture of flexible and stiff polymers [1-3] 
should be clear. In the Henry regime, as studied here, the adsorption in a mixture of 
two types of polymer, differing in stiffness only, is an additive property. From fig. 1.3 
we conclude that decreasing the interfacial width will eventually favour the adsorption 
of the stiff polymer over a flexible one. However, figs. 1.3-1.6 make clear that the chain-
length dependence on this preferential adsorption behaviour plays an important role. It 
is evident that only rodlike polymers of sufficient length at a given interfacial width will 
show higher adsorbed amounts than their flexible counterpart. So, one can imagine that 
in a system where several types of polymer (only differing in chain stiffness) are present, 
the precise associated length scales will be of major importance. This is the primary 
reason that the observations made in literature about preferential adsorption in such 
systems are sometimes contradicting [1-3]. We expect that preferential adsorption of 
sufficiently long rodlike polymer chains will occur at both sharp and smooth interfaces. 
Short rodlike polymers will only adsorb preferentially at sharp interfaces. 

1.4. CONCLUSIONS 

We have shown that the adsorption of semi-flexible polymers onto a liquid-liquid 
interface is strongly influenced by the competition between the different length scales 
in the system. Increasing the stiffness of a polymer chain gives rise to a minimum in 
the adsorbed amount at a certain persistence length. This phenomenon originates from 
the transition of the polymer from flexible to rodlike, but also depends on the width of 
the interfacial region and the chain length. This observation is also of importance for 
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preferential adsorption problems, where one is interested in whether a stiff or a flexible 
polymer is more likely to adsorb. We showed that if only one type of polymer is present, 
the adsorbed amount is very sensitive to different length parameters. This leads to the 
key conclusion that especially the interfacial width should be taken into account when 
studying adsorption of polymers with variable flexibility (or stiffness). 

APPENDIX l.A. MEAN-FIELD ISING MODEL 

To access the properties of a binary mixture we start from an Ising model. We 
choose the local composition variable Sj = 0,1 for a site occupied by either C or D, 
respectively. A composition profile is determined by averaging over this variable, thus 
the local reduced density of D is given by 

(l.A.l) Pl = (Sl). 

If we only consider two-body interactions between the components, the exact Hamil-
tonian can be written as a function of the local composition variable sf. 

(1.A.2) H = \Y,JiMl~-

where Jy is the net interaction between the C and D component. Due to the coupling 
between the sites, the partition function of this Hamiltonian is difficult to evaluate. As 
a model system we choose one which only depends on single-site variables. The model 
Hamiltonian can then be written in terms of the model parameters ft 

(1.A.3) n0 = kBT^plSl. 
i 

The least upper bound to the exact free energy T is found by minimising F from 
eq. (1.2.4) with respect to the parameters ft. This upper bound is also the best estimate 
in the variational approach. The integration over phase space, / dA , is now given by 
r i i S i s } ' w n e r e {st} denotes the set of possible values for s,. Because of boundary 
conditions, the locally average compositions and, hence, ft may vary in space. We are 
interested in a binary system beyond its critical point, where an interface exists, so that 
such a spatial variation does indeed occur. 

For the free energy and for the partition function of the model system we may write 

(1.A.4) F0 = -kBT\nZ0, Z0 = H E 6 " " ' 5 ' = I I T ^ - ' 
l {s,} i 

with pi — (1 + e f t)_1 . Averaging s* with respect to Po results in 

(1.A.5) ( ^ ) o = v '„'-!>•< =P-
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The variable p will be used to describe the reduced density profile of our system. It is 
easily shown that 

(1.A.6) (H - Ho) = \ Y, JiiPiiX ~ Pi) ~ E &Pi-
ij i 

Substituting eqs. (l.A.4) and (l.A.6) in eq. (1.2.4) gives us the upper bound of the free 
energy of the system 

(1.A.7) F = kBT J2 (U - Pi) l n ( ! - Pi) + A I" ft) + g ] C - W 1 - pi^ 
i ij 

This equation is the generalisation of the free energy of a homogeneous system in the 
random mixing approximation, i.e. the composition variable can vary in space. The 
composition variables pi can now be regarded as the variational parameters to minimise 
F with fixed overall composition. In fact one minimises G = F — ^i P-Pi- In our system 
an interface is present, which implies that pi varies in space. Minimisation is most 
effectively done in the continuum limit since this will lead to differential equations 
instead of finite difference equations. 

Taking the continuum limit of eq. (l.A.7) is done by noting that 

(1.A.8) JijPi(l - Pj) = -Jij ((Pi - P])
2 - p? - p) + 2pt) . 

We will change to a notation for a free energy per unit volume, which allows us to 
convert pi — pj to a gradient. We only take into account nearest-neighbour interactions, 
i.e. J^ is only non-zero if site i and j are adjacent. Doing this, we may write 

(1.A.9) (Pl - Pj) .-> bVp, 

where b is the nearest-neighbour distance. Obviously, pi >-¥ p(r), which gives the 
continuum version of eq. (l.A.7) 

(1.A.10) F = J d r (/0(p(r)) + ^ | V p ( r ) | 2 ) , 

where f0(p) is defined in eq. (l.A.11) and B = 2XixksT/b. We choose to use the Flory-
Huggins interaction parameter, here defined as x = 5*Tr S i Jij> Vi- The parameter Ai 
originates from the type of underlying lattice, and also appears in the self-consistent-
field approach. It accounts for the relative number of nearest neighbours of a segment 
in the direction of the reduced density gradient. For a tetrahedral lattice Ax = 1/4. 
Equation (l.A.10) is also known as the square gradient approach, which was already 
used by Van der Waals to describe the liquid-vapour interface [10]. However, it were 
Cahn and Hilliard [11] who made this method "popular". The local part of the free 
energy density is given by 

(l.A.ll) f0(p) - ^ (plnp + (1 - p) ln(l - p) + Xp(l - p)) • 

We now have the free energy as a functional of the local, average composition. We 
can find the spatial variation in this by minimising F with respect to p(r) with the 
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appropriate boundary conditions. Unfortunately, using eq. (LA.11) there is no ana­
lytical solution. However, near the critical point (p = 1/2), one can expand /o about 
\P = p — 1/2, which gives 

(1.A.12) / o « _ ^ ^ 2 + — - l n 2 + x ^ - ^ 

This approach is known as the Ginzburg-Landau expansion of the free energy. Using 
this approximation, we can write for the Helmholtz free energy 

(1.A.13) F = fdr (-^2 + ^ 4 + f |V!f'2 

2 4 2 

where constant terms in the integral are dropped, because they are irrelevant in finding 
the minimum of F. Furthermore, we apply the constraint that the total composition 
remains unchanged (i.e. Jp(r) is fixed). The coefficients in eq. (1.A.13) are given by 
e = (2x - 4)kBT/b3 and c = 16kBT/(3b3). 

We look for the minimisation of F for a system with an interface, such that 

(1.A.14) $^±% ifz-*±oo. 

To this end, we apply calculus of variations [12] that minimises the functional 

(1.A.15) F= /"dr/O^Vtf) 

with respect to all possible variations of ^(r) . The function / which minimises F is 
given in Einstein notation by 

n Ai*n dF _df d_ df _ 
[l-AAb) dV(r)~ d* drtd*n-"' 

where >Fri = d^/dvi. This results in 

(1.A.17) -e!? + c ! f 3 - B V ¥ = 0 

with the appropriate boundary conditions. Assuming the system to have its equilibrium 
bulk values far away from the interface, it is easily seen that these composition values 
are given by 

(1.A.18) &^±% = ±J-. 

In the present system, a one-dimensional concentration variation •f'(z) is likely, and 
d\P/dz = 0 at z -> ±oo. The solution of eq. (1.A.17) is then given by 

(1.A.19) <P(z) = W- tanh^, 

where the interfacial width, or bulk correlation length, is given by 

(1.A.20) £=\/— =hlfz{-
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A P P E N D I X l .B . C H A I N D I M E N S I O N S W I T H I N T H E R O T A T I O N A L I S O ­

M E R I C STATE MODEL 

We depict a homopolymer as a chain of L bonds with identical bond lengths b and 
bond angles 9 between bond vectors r̂  and r;+1. We take the rotation angles 4>i as 
internal coordinates, where we we denote {<J>L} = (j>i,(/>2, • • •, 4>L- The configurational 
partition function is written as 

(1.B.1) Z = | d { 0 f i } e x p ( - ^ » ) ) 

where U is the energy, strictly the potential of mean force, of internal rotation. The 
crux of the problem is to express r ; • r, in terms of {4>L}- The matrix formalism, first 
suggested by Eyring [13, 14], can be used for this purpose. 

Every bond vector is linked to a Cartesian coordinate system, where the positive 
direction of the Xj axis coincides with r,. The positive direction of the yj axis makes an 
acute angle with r ^ and is in the same plane as Tj and r^_i. The Zj axis is chosen such 
that it forms a right-handed coordinate system with the Xj and yj axes. The rotation 
angle <j>j about rj_i is defined by the angle between the two planes containing r^_2 and 
rj_i, and r ^ and Tj, respectively. When Tj-2 and r̂  are in the trans position with 
respect to each other, 4>j = 0, and it takes positive values when Vj lies in the positive 
range of the Zj_\ axis. To transform the j th coordinate system into the (j — l)th one, 
one uses the orthogonal matrix 

/ - cos0 sinfl 0 \ 
(l.B.2) Aj = I sin6>cos0j cos#cos</>j sin(/>j 

\sin 6 sin <j>j cos 9 sin 4>j — cos <j>jj 

The bond vector i j is represented in the (j — l)th coordinate system by A^b, where 
b denotes the column vector (6 0 0) representing r\, in its own coordinate system. This 
procedure can be repeated to arrive at a representation in the ith coordinate system. 
The average of the scalar product of two bond vectors can be written as 

(1.B.3) (r1-r,) = b T / f[ A * \ b . 
U=l+i / 

With the aid of eq. (l.B.l) the average on the right-hand side is given by 

The problem now reduces to finding a suitable form for the energy U. It should enables 
us to introduce chain stiffness and should also be useful in the self-consistent-field 
calculations. 
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A realistic model includes first and second neighbour interactions. This is achieved 
by writing the energy as 

L L 

(1-B.5) U({cj>L}) = 5 > K ( & ) + 5 > * ( ^ « + 1 ) -
t= l i= l 

It is convenient to discretise the energy in order to simplify calculations. A suitable 
approximation for this purpose is the rotational-isomeric state model, where <j>{ can only 
take a discrete number of fixed values, which we will denote as <j>\ ' (k = 1,2,... ,K). 
These rotational angles correspond to the local minima of U. Keeping in mind the lattice 
theory which we use, a 3-state model is obvious. We will consider three available states, 
T (trans, <f>{1) = 0), G (gauche, <t>{2) = 2n/3), and G' (another gauche, </>(3> = -2TT/3). 

With this approximation we can rewrite the partition function of eq. (l.B.l) as 

L 

(1.B.6) Z=YJ\[P{^^+I) 
{4>L) « = I 

where 
Ui(<f>i) +U2(4>i,(j)i+l) 

(1-B.7) p (^ ,4+i ) = e xp f - k T 

This approach requires a value for 4>L+I, which we will assume to be <t>\. To tackle the 
present problem elegantly we introduce a 3 x 3 matrix p which is represented by 

(1-B.8) P«=P(0 |*U<U 
where pu is independent of i. Diagonalisation of p is done by A(A;) = Q_1pQ, where 
A; are the eigenvalues of p. Equation (1.B.6) simplifies to 

3 

(1.B.9) Z = trace pL = ^ Af 

« XL (for large L), 

where A is the largest eigenvalue. Along the same lines we can express the average of a 
product of functions gi(<j>i) as follows 

(I.B.10) / n »*(0*))=z-1
 Y, [ n 9k(4>k)) ( 11^ ,4+1) 

\k=i+l I {<pL} \k=i+l } \ i = l 

= T - ^ . r a r - P c r . . , I T T per 1 n L - 0 ' - « - l ) 

k=i+2 
Z ' trace g i+i I J J P S* I p Z 

\k=i+2 I 

ygi+i ( I I A_1PSfc)x (for l a r s e L ) ' 
\jfc=i+2 / 

where g* is the diagonal matrix with elements gi(4>^), and x and y are normalised 
right-hand and left-hand eigenvectors of p, respectively, i.e. 

(l.B.ll) px = Ax, yp = Ay, yx = 1. 
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We are interested in the element Ars of the product of transformation matrices A^, 
which is of the form gi+i... §y Using eq. (l.B.10) we obtain 

(1.B.12) (^rs) = y J2 • • • E M A - W ) • • • (A^pajx, 
t V 

where a^ represents the diagonal matrix with diagonal elements ay (^* ' ) with ay(0) 
being the elements of A. In short-hand notation eq. (l.B.12) reads 

(1.B.13) / f[ Ak\ = Y T S ^ - 1 X 
\k=i+i I 

with 

(l.B.14) S = A ^ P T , 

where the "elements" a^ constitute the matrix T, resulting in a 9 x 9 matrix. The 
matrices P , X, and Y are defined as the direct products 

(1.B.15) P = p x l 3 , X = x x l 3 , Y = y x l 3 , 

where I s denotes a s x s unit matrix. Combination of eqs. (l.B.13), (l.B.3), and (1.2.16) 
leads to the following expression for the end-to-end distance 

(1.B.16) (R2) = Lb2 (l + 2eTYT{I9-Sy1Xe) (for large L) 

with e = (10 0) the unit bond vector. This expression was first derived by Lifson [15] 
and Nagai [16], independently. Along the same lines, using eq. (1.2.17), the expression 
for the persistence length reads 

(l.B.17) q = b(l+ eTYT(I 9 - S ) - 1 Xe) (for large L). 

The last step before we can calculate q and (R2) is to write p from eq. (l.B.8) in ex­
plicit form and take a value for the bond angle 9. The latter is conveniently chosen as the 
tetrahedral angle, for which cos# = —1/3. We choose the potential Mi(</>'1') in the trans 
state as the zero of energy, and assume the following statistical weights for the different 
conformations: 1 (T), u> (G,G'), and 1 (TT,TG,TG',GT,G'T,GG,G'G',GG',G'G). 
With these definitions the matrix can be written as 

(1.B.18) 

with to = exp(—Au tg//cBT), where the energy difference Au t g between the trans and the 
gauche s tate is the same as the one introduced in section 1.2.3. It should be noted that 
these assumptions neglect the so-called pentane effect [17, 18], which is in accordance 
with the present implementation of the MS model in the SF SCF theory. Substitution 
of this explicit form of p into eqs. (l.B.16) and (l.B.17) leads to surprisingly sim­
ple equations for the end-to-end distance and the persistence length of relatively long 
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polymers : 

(1.B.19) (i?2)oo = Lb'2 
,22LU + 4 

3u> 

(1.B.20) ?oc = 6 5 a ; + 4 

Qui 
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C H A P T E R 2 

Wetting by polymers of a liquid-liquid 
interface: effects of short-range 

interactions and of chain stiffness 

ABSTRACT 

The behaviour of both flexible and semi-flexible polymers near a liquid-liquid 
interface is investigated with the aid of the self-consistent-field theory as de­
veloped by Scheutjens and Fleer. A ternary system (A/B^/C) is studied near 
the wetting transition. In a symmetric system, i.e. XAB = XBC = X-, a change 
in the interaction parameter x introduces a wetting transition. The ratio of the 
interfacial width £ of the binary A/ C system and the coil size of the polymer 
determines the order of this transition. Beyond a certain chain length Nc (at 
fixed £) the wetting transition is of first order, whereas it is of second order for 
N < Nc. The characteristics of the prewetting line, including the prewetting 
critical point, are discussed in some detail. The non-trivial iV-dependence of 
the position of this critical point is analysed in terms of a crude thermody­
namic model. For a semi-flexible polymer an increase of the chain stiffness at 
a certain value of \ is sufficient to introduce a wetting transition. 

2.1. INTRODUCTION 

In the preceding chapter we have discussed the adsorption of a semi-flexible polymer 
at a liquid-liquid interface. There, we restricted ourselves to a situation where the 
polymer was soluble in both liquid phases, and we only considered small amounts of 
polymer in the system (Gibbs layers). However, good solvents for polymers are not 
common, and most frequently the polymer is only marginally soluble. As a consequence, 
the amounts of polymer, e.g. in industrially relevant multi-phase systems, often exceed 
the solubility limit in one or both of the constituting phases. It is therefore worthwhile 
to investigate the behaviour of semi-flexible polymers in a multi-phase system at less 
ideal conditions. If one adds polymer to a two-phase system of monomeric components, 
one can expect to arrive at a point where a third, polymer-rich, phase emerges. This 
phase will preferably appear at the interface between the two liquids (see chapter 1). 
This phenomenon is generally denoted as wetting. Before considering the polymeric 
system, it is worth while to review some basic features of wetting. We choose to do 
this from a physical adsorption perspective. We base this introduction on a number of 
excellent reviews on this subject [1-3]. 

2.1.1. Contact angles and surface tension 

Consider a small liquid droplet at the interface of two other liquid phases. The 
droplet will adopt a lenslike shape as depicted in fig. 2.1. We distinguish two different 

29 
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FIGURE 2.1. A three-phase system where phase 2 partially wets the interface 
between the two other phases. The lens-shaped drop is characterised by the 
three contact angles as indicated, with 9\ + 02 + #3 = n. 

equilibrium states: partial wetting with #i + #3 > 0, and complete wetting for 9\ + 93 = 
0. The contact angles can be fully defined in terms of thermodynamic parameters. 
The Young equation, originally derived from mechanical arguments for wetting in the 
presence of a solid surface, is replaced by a set of three equations for a drop at a 
liquid-liquid interface: 

(2.1.1a) 

(2.1.1b) 

(2.1.1c) 

713 = 7l2 COS 61 + 723 COS 03, 

712 = 7i3 cos 6>i + 723 cos 92, 

723 = 712 cos 02 + 713 cos 93, 

where 7^ is the interfacial free energy per unit area (or interfacial tension) between 
phase i and j . From this set of equations one easily arrives at explicit expressions for 
the contact angles as a function of the interfacial free energies: 

(2.1.2a) 

(2.1.2b) 

(2.1.2c) 

COS#i 

COS 92 

COS 0 3 = 

7l2 + 7l3 723 

2712713 

7?2 + 7223 ~ 7l3 

2712723 

7?3 + 7223 ~ 7l22 
2713723 

2.1.2. The wet t ing transition 

In a system of three fluid phases as depicted in fig. 2.1 one phase sits between the 
two others either as a lens-shaped drop (partial wetting) or as a macroscopically thick 
film (complete wetting). There may exist a certain temperature Tw at which the system 
switches from one regime to the other. This is the so-called wetting transition temper­
ature. Similar observations can be made for systems where a solid surface is present. 
To grasp some basic ideas of wetting we first consider a binary system near a solid 
wall. Below, however, we will apply these ideas also to a system with a liquid-liquid 
interface. The system will phase separate below a certain critical temperature Tc. We 
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denote the chemical potential of a component at the coexistence line by po- An appro­
priate quantity to gain insight into the wetting phenomenon is the excess amount or 
surface coverage, which in the presence of a solid surface can be defined as 

/>00 

(2.1.3) 0™(fi,T)= dz\p(z;ii,T)-p(oo;n,T)], 
Jo 

where the solid surface is located at z — 0 and p is the number density of a component. 
A first question that arises, is how the excess amount changes with \x and T near 

various phase boundaries. Furthermore, one wishes to know what would happen if the 
interactions within the system are altered. In figs. 2.2(a)-(d) we visualise how <9exc(/i, T) 
may vary along typical cuts in the phase diagram. Comparing figs. 2.2(a)-(d) with 
2.2(e)-(h) shows the structural change of 0exc(n, T) which might occur when changing 
the interaction potentials. Figure 2.2(a) shows how the coexistence line is approached 
from the low-density side along two different paths. In both cases @exc increases (see 
fig. 2.2(b)). However, 6exc(po,T < Tw) remains finite, whereas Oexc{^,T > Tw) 
diverges for /i f /io- The latter case is usually referred to as complete wetting. The 
former case is called partial wetting, i.e. a microscopic phase is in equilibrium with a 
macroscopic phase (droplet). The question now arises how ©exc(/i^,T < Tw) develops 
if the temperature is increased. To this end we consider the paths at ^ in figs. 2.2(c) 
and (e). The seconcJ-order wetting transition is characterised by a smooth divergence 
of eexc(no,T) for T -¥ Tw, as in fig. 2.2(d). The order of the wetting transition 
depends delicately on the interactions in the system. The wetting transition is of first 
order if &exc(pg,T) jumps from a finite value at T~ to a macroscopic value at T+. 
This infinite jump at coexistence develops smoothly from finite jumps in the one-phase 
region (see fig. 2.2(e)-(h)). A finite jump in the one-phase region is usually referred to 
as prewetting. 

2.1.3. Wetting in the presence of polymer chains 
In this study we focuss on the wetting behaviour of flexible and semi-flexible polymers 

in a binary monomeric system within a mean-field approach. We will show that not 
only the interaction parameters, but also the chain stiffness and chain length have a 
significant influence on the wetting process. The theoretical approach of this problem 
is comparable to that applied in the previous chapter on adsorption of semi-flexible 
polymer chains at a liquid-liquid interface. We apply a theory based on a self-consistent-
field approximation by Scheutjens and Fleer [4, 5] and elaborated by Leermakers and 
Scheutjens [6]. 

2.2. THEORY AND METHODS 

The self-consistent-field theory of Scheutjens and Fleer (SF SCF) was originally de­
veloped to describe the equilibrium properties of adsorbing flexible polymer chains at 
a solid surface. The implementation of the presence of a liquid-liquid interface into 
this theory is rather straightforward; it simply requires the proper boundary conditions 
(reflecting at both ends) with a sufficient effective repulsion between the molecular 
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F I G U R E 2.2. Excess amount (right panels) along several pa ths in the bulk 

phase diagram (left panels) for a binary mixture near a solid wall. The coex­

istence line (fj. = /io, T < Tc) separating the two phases is the locus of sin­

gularities in the bulk free energy. The interfacial free energy has singularities 

at Tw and along the so-called prewetting line sticking out into the one-phase 

region as in (e) and (g). The difference between (a)-(d) and (e)-(h) lies in this 

example solely in the interaction with the solid surface. 
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components. The implementation of chain stiffness is more involving and requires a 
higher-order Markoff formalism for the chain statistics. Leermakers and Scheutjens [6] 
did the latter for the case of associated colloids. A short introduction into the SF SCF 
theory and into the implementation of chain stiffness is given in chapter 1. For the 
present study it is important to note that the nearest-neighbour interactions between 
segments of type x and y are represented by Flory-Huggins interaction parameters \xy, 
and that a controllable chain stiffness is achieved by the use of third-order Markoff 
statistics to describe the chain conformation. The latter means that a rotational iso­
meric state (RIS) model is used, characterised by an energy difference Autg between 
the gauche and the trans state, where the trans state is chosen as the reference state. 
With this energy difference one is able to calculate the persistence length of the polymer 
chain as (see chapter 1) 

(2.2.1) q = b5^+ 4 for large N, 

where b denotes the bond length, N the number of bonds, and u> = exp(—Au^/k^T). 
The systems under consideration in this study all consist of two monomeric com­

ponents, A and C, and of a homopolymer Bjv- To keep the system characteristics 
transparent we restrict ourselves to a, from a polymer perspective, symmetric system, 

i.e. X = XAB = XBC-

Before discussing the process of wetting, we first consider the bulk phase diagram. To 
calculate this diagram, we do not need the SF SCF theory for inhomogeneous systems; 
it suffices to use the classical Flory-Huggins theory. For the three components we can 
write the Helmholtz (or free) energy per lattice site for a bulk phase as 

£ 

(2.2.2) —— = pA In pA + ^ In pB + (1 - PA - PB) ln(l - PA - PB) 

+ XACPA(1 - PA - PB) + XPB(1 - PB)-

For convenience, and to stay in line with chapter 1, we switched to reduced densities, 
i.e. pb3 i-4 p, where b is the size of a lattice site. If we consider a phase-separated system 
where the volumes of the three phases are large, we can neglect the contribution of the 
interfaces to the free energy. In that case we may write for the total free energy 

(2-2.3) F = £^/(p«pG)), 
3 = 1 

where V is the volume and the superscript (j) identifies the phase. To obtain the 
composition and volumes of the three phases in equilibrium, one has to minimise the 
total free energy with the boundary conditions that the total volume remains constant, 
and that the number of molecules of every type is conserved. This optimisation can be 
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0 

FIGURE 2.3. Ternary phase diagram for a system containing the components 
A, Bio, and C as calculated with the Flory-Huggins lattice theory. The in­
teraction parameters are chosen such that a three-phase region (the central 
triangle) exists: XAC = 2.2 and XAB = XBC = 1-5. 

carried out using a Lagrange method by introducing the following function 

(2-2-4) 9 = t ^ / ( p j ? , *g>) - MA (± £pj? - nA) 

-^{t^-nByn(±v^-vy 
where nx is the total number of segments of type x. The chemical potentials of com­
ponent A and B are reflected in the Lagrange parameters ^A and /^B, respectively. 
The parameter coupled to the constant-volume constraint is the osmotic pressure II. 
Minimisation can only be carried out numerically. To this end we used a programme 
developed by Linse [7]. 

To give an idea about the nature of the ternary phase diagram of the systems under 
study we calculated the phase-equilibria for the A/Bw/C system. Figure 2.3 depicts 
the phase diagram with XAC = 2.2 and \ = 1.5. The central triangle corresponds to 
the three-phase region, necessary for wetting. In fig. 2.4 the effect of lowering x o n the 
size of the three-phase region is shown. The critical interaction parameter \c below 
which no three-phase region exists, is approximately equal to (but larger than) that in 
a two-phase system, which is given by 

(2-2.5) Xc = kl + N-V2)*, 
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FIGURE 2.4. Change of the three-phase region in the A/Bw/C system as a 
function of the interaction parameter XAB, with XAC = 2.2 and XBC = XAB-

which is approximately 0.866 for N = 10. This is indeed in correspondence with the 
numerical calculations visualised in fig. 2.4. It should be noted that when the chain 
length N is increased the base of the triangle will be much closer to the pc axis in the 
phase diagram. 

The calculations for the inhomogeneous systems, i.e. where interfacial effects are rel­
evant, are performed using the SF SCF theory. The system containing the flexible 
polymer is situated on a simple cubic lattice with an a priori step probability Ai = 1/6. 
The chain conformations are generated using first-order Markoff statistics. The confor­
mations of the semi-flexible polymer are created by third-order Markoff statistics, i.e. a 
RIS model is used. This model implies a tetrahedral lattice for the bond correlations. 
Therefore, we also used a tetrahedral lattice for the interactions. The one-dimensional 
gradient has its direction perpendicular to the interface, and thus, there is a mean field 
in two directions parallel to the interface. 

In the systems under study here it is most convenient to work in the canonical (nVT) 
ensemble. One should bear in mind that if in an SCF model there may exist values 
of 6>gxc (or 6>B) which do not correspond to an equilibrium situation (see figs. 2.2(b) 
and (h)). This is fully comparable to the so-called Van der Waals loop in liquid-vapour 
systems. This means that when the number of different molecules in the generated 
system is fixed, the system will correspond to a point along this loop (or adsorption 
isotherm). 

The systems in this study consist of m parallel lattice layers, and the number of 
sites per layer is chosen as / = 1, so the total number of sites, or reduced volume, 
is m. The number of layers is chosen large enough, so that no significant finite-size 
effects occur. The dimensionless excess amount {Oe*clb2 ^ <9£xc) is calculated from the 
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SF SCF solution by 

(2.2.6) ST = / dz> (px(z') - p^)) + / dz' (px(z') - p<3>) , 
JO J zG 

where pi denotes the bulk reduced density of component x in phase j (see fig. 2.1). 
The reduced distance is defined as z' = % — 1/2, where i is the layer number. The 
Gibbs dividing plane, located at ZQ, is defined by <9A

XC = &QC. Taking equal amounts 
of A and C (OK = &c) this choice leads to ZQ = (m + l ) / 2 for the symmetric case 
studied here. With this in mind we define the reduced distance from the "interface" as 
z = i — zG. Phase separation between the A- and the B-rich phase is ensured by setting 
the Flory-Huggins parameter XAC = 2.2, i.e. substantially beyond the critical point. 

An important quantity in wetting studies is the excess free energy, i.e. that part of 
the free energy that can not be attributed to the bulk phases in the system. This 
part is thus is a further characteristic of the wetting behaviour. As long as no third 
macroscopic phase is formed, the interfacial tension is simply defined as 7 = Fexc/(b2l). 
When a third phase emerges, i.e. when two interfaces exist, the two interfacial tensions 
are equal in the symmetric system, and hence may be defined by 7 = Fexc/(2b2l). A 
final useful quantity in this study is the chemical potential, which in the Flory-Huggins 
theory and within our restrictions to the system is given by 

(2.2.7) - ^ = In pB - N ln(l - pA - pB) - N + 1 + x ( l - 2pB) + NXACPA 
KB-' 

for component B. For interpreting the wetting phenomena, we need the difference be­
tween the chemical potential of a component in a system and that of the same com­
ponent at the coexistence line, i.e. one is interested in p — po. This difference is, for 
component B, approximated by 

(2.2.8) p-p0 = kBT\n—, 
Pa 

where, for convenience, we already omitted the subscript referring to component B. 
We shall omit this subscript in all molecular properties. In this chapter we only use 
dimensionless quantities. To this end we introduce the following rescaling 

(2.2.9) ~ ^ F - - ^ 7 , ^ ^ A u t g , J L H ^ , \ ^ q . v ; lkBT kBT '' kBT g ' kBT ^ b 

2.3. RESULTS AND DISCUSSION 

2.3.1. Flexible po lymer 

Polymer-solvent interaction. We start with the wetting behaviour of a flexible polymer 
B100 at a liquid-liquid interface as found by the SF SCF theory, using first-order Markoff 
statistics. An adsorption isotherm is determined by increasing the total amount O of 
B, , whilst keeping the total volume and the © A / S ' C ratio constant. Instead of the 
temperature, we use the interaction parameter XAB to scan through the wetting phase 
diagram. Every point along the isotherm corresponds to an SF SCF solution. This 
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FIGURE 2.5. Excess free energy for the A/Bioo/C system where Bioo is a flex­
ible polymer. The curves represent the change in Fexc along three adsorption 
isotherms with XAC = 2.2. From bottom to top we distinguish typical curves 
for: complete wetting (x = 1.01), prewetting (x = 1.025), and partial wetting 
(X = 1-03). 

leads to an isotherm which, when in the prewetting or partial-wetting regime, contains 
a loop as discussed in section 2.2. 

Suppose the interaction parameters of a system are such that a prewetting step exists 
in the adsorption isotherm, i.e, there is a finite jump in the excess amount <9exc a t a 
certain /j,. The chemical potential at which this jump occurs can be deduced from the 
fact that the two different adsorption layers (1 and 2) are subject to the equilibrium 

conditions: /J-1^ ^(2) a n d 7 (1 ) = 7(2)_ This means that plotting the excess free 
energy as a function of the chemical potential reveals, from the intersection point, the 
conditions for the finite jump in <9exc. Such a plot is given in fig. 2.5, which will 
be discussed in detail below. In the case of complete wetting F e x c is a continuously 
decreasing function of /x up to n = (J,Q where the macroscopic phase is formed. The 
case of partial wetting requires some more explanation. For this system an infinite 
jump in <9exc occurs at \i = fi®, which is equivalent to the formation of an adsorbed 
layer (1) in equilibrium with a droplet (2). In the symmetric system under study, 

the equilibrium conditions now read: \x ( i ) J*2' = Ho and 7 (1 ) = 27 ( 2 )cos#, where 
-yM = -y13j <y(2) = <y12 = >y23i and 6 = 9\ = 83 (for the symbols see fig. 2.1). So, from the 

excess free energies at fi — Ho the contact angle can be determined in the following way 

I7exc 

(2.3.1) cosy = pexc ' 
^(2) 

where F?]f denotes the excess free energy for the system with an adsorbed layer and 
F(

e
2
x>c that of the system with a macroscopic layer. 
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FIGURE 2.6. Adsorption isotherms for the flexible polymer Bwo in the 
A/Bwo/C system with XAC = 2.2. For the curves from left to right the 
interaction parameter x is given by 1.01, 1.015, 1.025, and 1.03, respectively 
(see also fig. 2.7). The solid line with the filled circles indicates the prewetting 
region as determined from the adsorption isotherms (not all shown). 
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FIGURE 2.7. Wetting phase diagram for the system A/Bwo/C with a flexible 
polymer present and XAC = 2.2. The arrows correspond to the adsorption 
isotherms shown in fig. 2.6. For further explanation see fig. 2.2 and the text. 

With the above in mind it is easy to interpret the //-dependence of the excess free 
energy as given in fig. 2.5 for different values of \. With increasing x w e observe three 
principally different adsorption isotherms: from a complete wetting isotherm (x = 1.01) 
via a prewetting one (x = 1.025) to a partial wetting one (x — 1.03). In order to 
visualise this transition we plot a few typical adsorption isotherms in fig. 2.6. The 
positions of the finite jumps in <9exc are also indicated, through a pair of filled circles 
at the same /x for each jump. One observes that the magnitude of this jump increases 
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FIGURE 2.8. Contact angle for a 5ioo-rich phase in equilibrium with an A 
and a C-rich phase (partial wetting). The discontinuity in d cos 6/&x around 
X = Xw ̂  1.0275 indicates a first-order phase transition. 

when it occurs closer to // = ^ and it diverges at \x = /zo- This is similar to the 
observations made in section 2.1.2 for a solid surface. Clearly, the system undergoes a 
first-order wetting transition. In line with the introduction of this chapter (fig. 2.2), we 
plot a wetting phase diagram in fig. 2.7 based on the calculations from figs. 2.5 and 2.6. 
In this diagram the horizontal line represents the wetting line. Along this line there 
will be complete wetting for Xc < X < Xw, where Xc ~ 0.605 according to eq. (2.2.5) 
and Xw ~ 10275 as deduced from the SF SCF computations. Beyond Xw, which we 
call the wetting interaction parameter, partial wetting will occur. The x-interval for 
which a finite jump in the excess amount occurs in the adsorption isotherm is given 
by Xpw < X < Xw where the prewetting interaction parameter xPw = 1-014 (compare 
fig. 2.6). 

One of the quantities that is experimentally accessible in a 3-phase system is the 
contact angle. This, of course, means that we should be studying a system in the 
partial-wetting regime. For the system discussed above, this implies that x > Xw- The 
contact angle 9, or better cos 9, is calculated with eq. (2.3.1) from the SF SCF excess 
free energies. Figure 2.8 shows the decrease of cos 9 with increasing x- The discontinuity 
in the derivative of this function at x ~ 1-0275 implies that the phase transition is of 
first order. From the figure it can also be seen that a relatively small increase in the 
interaction between polymer and solvent suffices to cause the polymer-rich droplet to 
adopt an almost spherical shape. This observation should be no surprise, and can be 
explained in terms of interfacial tensions. The interfacial tension 713 of an interface 
with a small amount of polymer deviates only slightly from that of the interface in the 
binary Aj C system without polymer. However, the interfacial tension 712 between the 
droplet and the A-rich phase depends strongly on the interaction parameter x- This 
implies that cos 9 should indeed decrease rather strongly with increasing x-
Effect of chain length on the wetting transition. Above we have shown that a simultane­
ous change of the solubility of a flexible polymer in two monomeric solvents can induce 
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FIGURE 2.9. Wetting and prewetting interaction parameters (xw and Xpw> 
respectively) as a function of the chain length N for the A/Bj^/C system with 
XAC = 2 .2 . 

a first-order wetting phase transition. Now we take a closer look at the transition itself. 
One way to do this is to change the polymer in such a way that the critical interaction 
parameter Xc changes, by varying the polymer length N (see eq. (2.2.5)). We computed 
a number of adsorption isotherms for several values of N to find the characteristic points 
in the corresponding wetting phase diagrams: (xw, Mo) a n d (Xpw, fiPw), see fig. 2.7. 

The ./V-dependence of the prewetting interaction parameter Xpw and of the wetting 
interaction parameter Xw is depicted in fig. 2.9. The observed decrease of Xw with 
increasing N is similar to that of the critical bulk interaction parameter Xc, given by 
eq. (2.2.5), i.e. Xc = Xw + X*> where x* is almost independent of N and is in this case 
given by x* ~ 0.423. The fact that x* is almost independent of N can be traced to 
the weak ./V-dependence of the entropy loss per polymer segment upon transfer from 
bulk solution to the interfacial region. The arguments validating this statement are 
as follows. Within the interfacial region, parts of a polymer chain can freely adopt 
conformations of typical size £, the width of the interface. If we consider the chain 
to be subdivided in a number of blobs of size £, then the number of segments in such 
a blob is given by N^ oc £2. The entropy loss per 'bond' between two blobs can be 
approximated as — ln(2Ai) (which is a positive quantity), so that the entropy loss per 
polymer segment is about 

(2.3.2) A s « " (j2 ' }f) ln(2Ai) for N > £2 

Clearly, this entropy loss depends only weakly on N for the values of N considered here 
in the system under study with XAC = 2.2, which corresponds to £ « 2.35 . 

A key observation is the fact that the prewetting line vanishes if the chain length 
approaches N « 35 from above. This is easily seen from fig. 2.10 where we plot the 
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FIGURE 2.10. Location Ax = Xw — Xpw of the prewetting critical point in the 
A/Bjy/C system with XAC = 2-2 as a function of chain length. The dotted line 
indicates an estimate of Ax based on a crude thermodynamic model as given 
by eq. (2.3.8). The used parameters are p* = 0.061, kd = 0.841, d* = 1.84, 
kd = 13.25, and Nc = 38. 
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FIGURE 2.11. Reduced density of component B at z = 0 for the prewetting 
critical point as a function of 1/(1 + VN). 

difference Ax = Xw — Xpw, i-e. the difference between the interaction parameter x at 
the wetting transition and that at the prewetting critical point as a function of chain 
length. The vanishing prewetting line implies that the wetting transition becomes of 
second order for N < 35 under the given circumstances. The change of the order of 
this wetting transition as a function of N can be understood in terms of the ratio of the 
interfacial width of the 2-phase system and the coil-size of the polymer. A first-order 
wetting transition is characterised by the fact that a seed is needed to form an additional 
phase. If the radius of a polymer coil, which is proportional to \/N, is smaller than the 
interfacial width, the third phase will form continuously without the need for a seed. 
This situation is referred to as second-order wetting. 

At this stage it is worthwhile to pay attention to the extension of the prewetting 
line into the one-phase region, or more precisely to the prewetting critical point. To 
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FIGURE 2.12. Width of the density profile at the interface for component B 
at the prewetting critical point as a function of 1/(1 + V~N)-

this end we again refer to fig. 2.10, where \w ~ XwP is plotted as a function of N. The 
most remarkable feature of the prewetting critical point is the maximum in Ax(N). 
The occurrence of such a maximum is far from trivial, and at present we are not 
able to provide a detailed explanation for this behaviour. Instead, we present some 
thermodynamic considerations which can at least explain why such a maximum could 
occur. 

Consider a system for a certain value of N at its prewetting critical point. In terms of 
chemical potentials, this point is a distance Ap. = fi0 — /zpw away from the coexistence 
line. For po—p, < Ap a finite jump in the adsorption isotherm occurs. At the prewetting 
critical point the extra negative contribution to the interfacial free energy relative to the 
system at coexistence, at which point a relatively thick layer is formed, is just balanced 
by the counteracting force to prevent the formation of such a layer before coexistence: 

OexcAp 
(2.3.3) AxAp{l-Ap)(x 

N 

where Ap and Ax = Xw~Xpw are positive quantities by definition. The reduced density 
difference, Ap = p(0) — p(oo), can be approximated by p(0), because the bulk reduced 
density is much smaller than that at the interface. In order to obtain some idea of the 
./V-dependence of Ax we first assume that <9exc oc p(0)d, with d the width of the density 
profile of component B. Furthermore, we expect that the reduced density at z = 0 will 
follow the critical density pc for a binary system. We suggest the following empirical 
relationship: 

(2.3.4) p(0) =p* + kpPc, 

where kp is a constant and pc is given by 

The threshold p* is related to the reduced density at the interface for polymers with 
infinite chain length, which is necessarily non-zero for wetting. The ./V-dependence of d 
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FIGURE 2.13. Chemical potential difference at the prewetting critical point as 
a function of N. 

can not be principally different from that of p(0), therefore we assume that 

(2.3.6) i' + 
l + VN 

The numerical results show that eqs. (2.3.5) and (2.3.6) do indeed approximately hold, 
as can be seen from figs. 2.11 and 2.12, where we plot the reduced density at z = 0 and 
the distance d from the interface where p(d) = p(0)/2. The scatter in these figures is 
related to the indirect way in which the quantities are determined. The exact position of 
the prewetting critical point and the quantities derived from it, are extremely sensitive 
to the exact values of the selected 6>B- Therefore, we can only use the density profiles 
near, and not at, the prewetting critical point. For this reason, it is unsurmountable 
that one introduces some scatter in the discussed quantities. 

Returning to the balance in eq. (2.3.3) we finally have to consider the chemical 
potential difference A/u, already introduced above. The contribution of a segment of 
a polymer chain to the chemical potential difference can reasonably assumed to be 
an additive quantity. Note that this can only be the case for first-order wetting, i.e. 
N > Nc. So, we may assume 

(2.3.7) A/x oc TV - TVC, 

where Nc is the critical chain length beyond which the wetting transition is of first order 
under the given circumstances (here Nc « 35). In fig. 2.13 we show the calculated A/x, 
which indicates that eq. (2.3.7) is a good approximation. With these rough arguments in 
mind, we may substitute the above results in eq. (2.3.3) and arrive at an approximation 
for the 'width' of the prewetting regime: 

(2.3.8) Axoc 
TV O-^-i&f) 

This expression always gives a maximum for Ax as a function of TV for physically 
feasible values of the introduced constants. An example of this feature is depicted in 
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FIGURE 2.14. Adsorption isotherms for the semi-flexible polymer in the 
A/Bioo/C system with XAC = 2.2 and x = 0.94. Depicted are the isotherms 
for Au tg = -0.05, 0, 0.1, and 0.25 (from left to right). The solid line with the 
filled circles indicates the prewetting region as determined from the adsorption 
isotherms (not all shown). 

fig. 2.10, where we plot this function, where the values of the different parameters are 
taken from figs. 2.11 and 2.12, Nc = 38, and an arbitrary proportionality constant of 
1/190 is assumed. Although the function does not entirely fit the data, it is able to 
describe the main features of Ax-

2.3.2. Semi-flexible polymer 

In the preceding section we observed that a system with a liquid-liquid interface in 
the presence of a flexible polymer can undergo a first-order wetting transition if the 
solubility of the polymer in the two solvents is altered. In chapter 1 we studied the 
adsorption of a semi-flexible polymer at a liquid-liquid interface, and concluded that 
chain stiffness has a noticeable effect on the adsorption behaviour. The question arises 
whether the chain stiffness is also important for the wetting behaviour. In other words: 
is it possible to induce a wetting transition by only changing the chain stiffness? To 
answer this question we computed a number of adsorption isotherms for a semi-flexible 
polymer BIOQ with fixed interaction parameters. We choose x — 0-94 and varied the 
chain stiffness by taking different values for the energy difference Au t g between the 
gauche and the trans state. 

Figure 2.14 shows the adsorption isotherms for a few values of Au t g , and fig. 2.15 gives 
the corresponding wetting phase diagram. One may wonder why in fig. 2.15 the wetting 
transition occurs at x ~ 0.94 for Autg = 0, whereas in the case of the flexible polymer 
this transition was found at x ~ 1-03. The difference is caused by the fact that in the 
RIS scheme Autg = 0 corresponds to q = 3/2, whereas first-order Markoff statistics 
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FIGURE 2.15. Wetting phase diagram for the A/Bioo/C system in the 
(A« tg,/i) space, with XAC = 2.2 and x — 0.94. The arrows correspond to 
the isotherms in fig. 2.14. 

on a cubic lattice imply q = 5/4. To achieve a persistence length of unity in the MS 
scheme one should favour the gauche conformation by taking Au t g = ln(5/8) sa —0.47. 

Clearly, the question put forward above regarding the chain flexibility can now be 
answered unambiguously: varying only the chain stiffness is indeed sufficient to induce 
a wetting transition. The prewetting range, a feature of a first-order transition, is in 
this case confined to the range —0.03 < Awtg < 0.25 or, equivalently, to 1.48 < q < 
1.69. In order to understand this effect of chain stiffness on the wetting behaviour 
of a polymer we return to the key conclusions of chapter 1. The adsorbed amount, 
at given /i, of a semi-flexible polymer at a liquid-liquid interface in the dilute regime 
decreases if q/£ is increased up to the point where q/£ « 5. Here, £ represents the 
dimensionless interfacial width, which can be approximated as £ = Y /2AIXAC/(XAC — 2) 
(see eq. (1.2.6) in chapter 1). In the system studied here we have £ « 2.35, which 
means that one expects the adsorbed amount to decrease for polymers with q < 11, 
i.e. Au t g < 2.7. The decrease in adsorbed amount with increasing x is also found for 
a flexible polymer, in fact for any polymer. This phenomenon is a key effect needed 
for a wetting transition. We conclude that the predominantly entropic effect which 
modulates the adsorption behaviour of a semi-flexible polymer is also responsible for its 
wetting behaviour. However, the question remains what happens if we further increase 
the polymer stiffness. 

To answer this question we calculated a number of adsorption isotherms for two 
values of x (0.94 and 1.05) and values of Autg ranging from 0 to 5. The isotherms for 
X = 1-05 (completely in the partial-wetting regime) are shown in fig. 2.16, now in a 
logarithmic plot in order to see the effect on the adsorbed amount more clearly. It can 
be seen that the adsorbed amount in the low-0exc branch of the isotherm goes through 
a minimum as a function of Au t g . On the other hand, the high-6>exc branch does not 
show such a minimum. On first sight, one could expect that the observed effect on the 
adsorbed amount should have its impact on the contact angle 6. However, as can be 
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0exc 1 01 

FIGURE 2.16. Adsorption isotherms in the partial-wetting regime for the semi-
flexible polymer Bioo in the A/Bi0o/C system with XAC = 2.2 and x = 105. 
The energy difference Autg is indicated in the figure. 

FIGURE 2.17. Contact angle for a 5ioo-rich phase in equilibrium with an A-
and a C-rich phase with XAC = 2.2 and two values of x (as indicated). For 
X = 0.94 a first-order phase transition is visible. 

seen in fig. 2.17, cos# is a continuously decreasing function of Awtg without anomalies. 
This apparent discrepancy can be understood when one realises that the effect of the 
adsorbed polymer on the interfacial tension 713 is small in the low-(9exc branch as 
compared to the effect achieved by change in stiffness on the interfacial tension j r i 

between de polymer-rich droplet and the .4-rich phase. 
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2.4. CONCLUSIONS 

The wetting behaviour of both flexible and semi-flexible polymers at a liquid-liquid 
interface has been shown to be extremely rich. With the aid of the SF SCF theory we 
were able to show that in a symmetric system, i.e. XAB = XBC = X, a change in the 
interaction parameter x induces a wetting transition. For semi-flexible polymers it is 
possible to induce such a transition by solely changing the chain stiffness. 

The order of the wetting transition is determined by the ratio of the interfacial width 
£ of the binary A/C system and the coil size of the polymer. At fixed £ there is a certain 
chain length Nc beyond which the wetting transition is of first order, whereas it is of 
second order for N < Nc. The features of the prewetting critical point are non-trivial. 
For the flexible polymer we found that the position (xw — Xpw, A*o — Mpw) of this point 
has a delicate iV-dependence. We calculated and argued that Ax has a maximum as a 
function of N. However, further theoretical considerations on this point are desirable. 

The approach applied in this paper can be of relevance to wetting systems in polymer 
blends. The monomeric components used here can easily be replaced by polymeric ones. 
Also, the non-symmetric case can be analysed in detail with our methods. An example 
of a relevant non-symmetric system could be the wetting of a liquid-vapour interface 
by a polymer. 
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CHAPTER 3 

Adsorption kinetics of the polysaccharide 
xanthan on ZrC>2 

ABSTRACT 

The adsorption kinetics of the polysaccharide xanthan from aqueous solution 
on zirconium oxide were studied as a function of pH and ionic strength. The 
adsorption was monitored by reflectometry in a stagnation-point flow setup. 
At intermediate pH and ionic strength, xanthan is present in a helical form 
and it can be viewed as a semi-flexible polymer under these conditions. By 
lowering the salt concentration or increasing the pH a helix-coil transition 
takes place. This transition is caused by the mutual electrostatic repulsion 
of the short side chains of xanthan. The so-formed coil can be considered as 
a Gaussian chain, with a large radius of gyration. The conformation of the 
polysaccharide is roughly reflected in its adsorption behaviour. It is, however, 
deduced that the electrostatic interaction between polymer and surface influ­
ences the stability of the helix. The adsorption process can be divided in two 
regimes. At low surface coverage the rate of adsorption is transport-limited, 
which in a stagnation-point flow leads to a linear time dependence of the ad­
sorbed amount. The adsorption rate in this regime hardly changes with ionic 
strength or pH. The time range over which it holds, however, does, which 
can be understood in terms of electrostatic effects. At higher surface coverage 
two types of behaviour are observed. At low ionic strength and on a highly 
charged surface the adsorbed amount saturates abruptly. This kind of kinet­
ics resemble those of flexible polymers. In this case the xanthan presumably 
adsorbs in a coil-like conformation, because the helix becomes unstable in the 
vicinity of the surface. At higher ionic strength and on a weakly charged sur­
face, the adsorbed amount increases gradually over very long times. Under 
these conditions, the helix conformation is more stable so that we ascribe this 
slow process to tentatively rearrangement and alignment processes of the stiff 
chains on the surface. 

3.1. INTRODUCTION 

The adsorption of polymers onto solid surfaces has been investigated by many re­
searchers. Usually, the focus is on the "equilibrium" adsorbed amount of polymer as a 
function of, e.g. concentration, charge or pH. Much less attention is paid to the kinetic 
aspects of this process. The kinetics are, however, important if the buildup of an ad­
sorption layer does not follow a path of equilibrium conformations, which may well be 
the case. So far, kinetic studies mainly focussed on the adsorption of flexible polymers 
such as poly (ethylene oxide), poly(vinyl-4-pyridine) and polystyrene [1-3]. Semi-flexible 
and rigid chain molecules have received hardly any attention at all. On the other hand, 

49 



50 3. ADSORPTION KINETICS OF XANTHAN ON ZR.O2 

such polymers have been subject to many investigations as far as solution properties 
are concerned. It is our goal to pay attention to the adsorption kinetics of semi-flexible 
polymers. 

It is important to choose a well-defined model polymer. One candidate is the polysac­
charide xanthan, produced by the plant-pathogenic bacterium Xanthomonas campestris. 
This polyelectrolyte is known to exhibit a helical structure at intermediate pH and ionic 
strength. Xanthan is used extensively in physico-chemical studies [4-7], and it should 
be possible to compare its adsorption behaviour with its solution properties. It is 
therefore useful to summarise the latter properties first, before discussing any adsorp­
tion experiments. An important property for adsorption experiments is the secondary 
structure as a function of ionic strength, pH, and possibly temperature. It should be 
realised that a change in structure of the polymer may also be due to the presence of an 
interface: the helix-coil transition may shift upon adsorption. Hence, a comparison of 
adsorption properties with solution properties can only be made on a qualitative level. 

FIGURE 3.1. Monomer unit of xanthan. 

The primary structure of the bacterial polysaccharide xanthan was established by 
Jansson et al. [8] and is shown in fig. 3.1. The monomeric unit consists of five saccharide 
rings, some of which contain side groups. The amount of acetate and acidic pyruvate 
groups depends on the origin of the xanthan. In our xanthan the pyruvate group content 
is approximately 50% and the acetate group content is almost 100%. From the primary 
structure the kind of interactions with an oxide surface can, at least qualitatively, be 
deduced. Two kinds of interactions are likely to occur. First, xanthan is a polyacid. 
Hence, electrostatic interactions can lead to adsorption as long as the oxide surface 
carries positive charges, i.e. pH < pH0, where pHo is the point of zero charge of the 
surface. Secondly, specific short-range interactions between monomer units and the 
surface may drive adsorption. It is believed that polysaccharides adsorb tenaciously on 
various metal oxides because of the formation of a strong coordination complex of the 
sugar ring with metal ions [9]. 

Another, relevant feature of xanthan is its ability to form a helix in aqueous solution. 
Such a helix may be viewed upon as a semi-flexible object, which is likely to affect 
the adsorption behaviour. Although there is still some uncertainty as to whether the 
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secondary structure is a single or a double helix (a discussion about this subject is given 
by Bezemer et al. [7]), we will simply consider xanthan in its helical form as a semi-
flexible chain, without specifying the exact structure of the helix. At an ionic strength 
of 5-10 mol m~3 (pH — 7, T = 298 K) the contour length of this semi-flexible chain, 
for the native product as used in this study, is of the order of 500 nm with a persistence 
length q « 70 nm [6]. 

For describing the secondary structure as a function of ionic strength, roughly three 
regimes can be distinguished. Milas and Rinaudo [4] investigated the low and inter­
mediate ionic strength regime at different temperatures. At very low ionic strength 
(/ < 5 mol m~3), where electrostatic screening is negligible, the strong mutual repul­
sion of the side groups of the xanthan molecule will break up the helix so that a coil 
conformation results. A reversible coil-helix transition is found to occur upon increas­
ing the ionic strength. At room temperature, without any buffer, this transition occurs 
at an ionic strength / « 5 mol m~3. Increasing the ionic strength further will cause 
the charged side groups of xanthan to fold around the backbone. At still higher ionic 
strength (/ > 1000 mol m~3), i.e. full electrostatic screening, one finds aggregation of 
the helices. 

3.2. EXPERIMENTAL 

Commercial food grade Rhodigel-23 xanthan gum was used. This product was dis­
solved in water with addition of sodium chloride (up to 100 mol m - 3 ) . In order to 
prevent biological degradation of the xanthan, 1 mol m~3 sodium azide (NaN3) was 
added. The solution was stirred for 48 h, after which it was centrifuged for 2-12 h 
to remove undissolved matter (mainly cell material). After this purification step, the 
reagent Coomassie brilliant blue R250 was used to check on residual protein contami­
nations [10], which were found to be less that 1%. All manipulations were carried out 
at T « 294 K. The xanthan concentrations are determined by a colorimetric method 
using phenol and sulfuric acid, as described by Dubois et al. [11] for saccharides. The 
ionic strength of a solution was controlled by adding sodium chloride. The pH of a so­
lution was held constant by using a approximately 5 mol m - 3 barbital sodium-acetate 
buffer. 

Z r0 2 films were prepared on silicon wafers by conventional sputtering techniques. 
The resulting layer thickness was found to be 68 nm. Z r0 2 has a point of zero charge 
pH0 a 6. 

The adsorbed amount of polymer was measured by reflectometry, as extensively de­
scribed by Dijt et al. [1, 12]. A stagnation-point flow cell is used in these experiments 
to control the polymer flux J towards the surface. In such a setup the polymer concen­
tration as well as the flow rate can be varied. The flux of polymer to the surface, in a 
steady-state situation, is described by the following equation [13]: 

(3.2.1) J = 0.776i/1/37?~1D2/3(ai?e)1/3(cp - cs). 
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Here, v is the kinematic viscosity, it! the radius of the inlet tube, D the polymer diffusion 
coefficient, a a dimensionless stream intensity parameter, Re the Reynolds number, cp 

the polymer bulk concentration and cs the subsurface concentration, which is negligibly 
small as long as the adsorbed amount is low. We will write Jo instead of J in the case 
that Cs <C cp. 

3.3. RESULTS AND DISCUSSION 

The adsorption of xanthan from aqueous solution is influenced by several physico-
chemical properties of the system. The negative charge of the polymer causes an attrac­
tion between polymer and the ZrCVsubstrate at a pH < pH0. A specific interaction 
with the surface in the form of a coordination complex is probably a second driving 
force for adsorption. The electrostatic interactions can be influenced by changing the 
pH or ionic strength. However, this also changes the internal electrostatic interactions 
of xanthan and thus its conformation. It is therefore not possible to study the effects 
of the two driving forces for adsorption separately without changing the xanthan con­
formation. Hence, only qualitative remarks will be made on this point. The possibility 
that the stiffness of xanthan in its helical form leads to the formation of a ordered 
phase near the solid-liquid interface may play an important role in adsorption studies. 
It is expected that if a, possibly surface-induced, coil-helix transition occurs, this must 
be reflected in the adsorption behaviour. The xanthan conformation can be influenced 
by changing ionic strength, pH or temperature. For convenience, temperature is held 
constant, whereas pH and ionic strength (I) are varied. 

As was noted before, at given pH, xanthan exhibits conformational transitions as a 
function of ionic strength. Starting at low ionic strength, xanthan undergoes a coil-to-
helix transition at intermediate I, and finally aggregates of helices are formed at high 
ionic strength. We used the ionic strength mainly as a control parameter for the xanthan 
conformation, whereas the pH was assumed to change mainly the charge of the Zr02 

surface. As was discussed above, this approach can be only a first-order approximation 
since I affects also the surface charge and the pH has also an effect on the polymer 
conformational properties. Figures 3.3 shows examples of the adsorption kinetics of 
xanthan onto Zr02 at different pH-values and for various ionic strengths. Below, we 
will discuss some aspects of these adsorption kinetics measurements. It should be noted 
that in these figures the horizontal axis has been scaled by multiplying time t by the 
polymer concentration cp. In this way the initial slopes are identical as long as the 
adsorption is transport limited. This means that, initially, the adsorbed amount can be 
described by T = J0t; the initial slope (d.T/d(cp£))0 should then be constant according 
toeq. (3.2.1). 

Within experimental error, the scaled initial adsorption rates (d.T/d(cp£))0 are the 
same over a wide range of ionic strengths (5 < I < 500 mol m~3) and independent 
of pH. According to eq. (3.2.1), a difference in initial adsorption rate upon varying 
the ionic strength or pH can only be accounted for by a change in diffusion coefficient 
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(a) / = 5.4 mol m 

5 10 
c t / kg s m'J 

(b) J = 10 mol n r 

5 10 15 
c t / kg s m 

(c) I = 20 mol m" 

5 10 15 
c t / kg s m'3 

p 

(d) / = 100 mol m~3 

5 10 15 
c t / kg s m 

(e) I = 500 mol m"3 

FIGURE 3.2. Adsorption of xanthan onto ZrC>2 at I = 5.4-500 mol m~3 with 
cp = 40 g m - 3 (cp = 50 g m~3 for / = 100 mol m~3 and pH = 3.6) for various 
pH values. The symbols are only drawn for clarity 

of xanthan. Apparently the changes in conformation of xanthan with ionic strength, 
whatever they may be, are not reflected in its diffusion coefficient. 

Although the initial (transport-limited), part of the kinetic curves is approximately 
the same over a large range of ionic strengths, significant differences occur at larger 
r. Qualitatively, we can make two observations. The first is that the point where the 
transport-limited regime ends, i.e. the bending point in the adsorption curve, shifts 
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with ionic strength and pH. Secondly, it should be noted that the adsorption rate 
beyond the bending point does, in most cases, not go to zero, but it remains finite 
over the adsorption times considered in these experiments. The latter observation is in 
sharp contrast with adsorption experiments on flexible polymers like poly(ethylene ox­
ide) [1], poly(vinyl-4-pyridine) [2] and polystyrene [3], where a rather abrupt saturation 
is usually found. 

3.3.1. Transport-limited regime 
With respect to the duration of the transport-limited regime the following observa­

tions and considerations can be made. Comparing results for increasing pH-vaiu.es at 
a fixed ionic strength in fig. 3.3, we see that the adsorbed amount at the bending point 
shows a monotonic decrease. This decrease is illustrated in fig. 3.3(a). If, however, we 
consider the same effect at increasing ionic strengths and fixed pH (4.3), we find that 
the adsorbed amount at the bending point of the adsorption curve shows a maximum 
at / ss 100 mol m~3. The latter effect is shown in fig. 3.3(b). 

The shift of the bending point with increasing pH (fig. 3.3(a)) is easily explained. 
An increase in pH leads to an increase of the number of negatively charged groups of 
the polyacid xanthan, whereas the positive surface charge of Zr02 decreases. Due to 
the strong electrostatic interaction between surface and polymer, this interaction will 
initially be the most important one. The large number of negatively charged groups 
on the polymer at high pH, in comparison with the small number of positively charged 
sites on the surface, will lead to a large occupied surface area per polymer chain. Hence, 
the higher the pH, the lower the coverage where newly arriving polymers start to be 
repelled so that dr/dt drops. In other words, the transport-limited regime is shorter 
at high pH because the extent of spreading of the polymer is larger. 

The second effect requires some more considerations before any conclusions can be 
drawn about the nature of the maximum in the adsorbed amount at the bending point. 
The increase of the adsorbed amount at the bending point of the adsorption curve at 
increasing ionic strength up to / — 100 mol m - 3 is mainly caused by the difference in 
screening of the electrostatic interactions. The Debye screening length K"X decreases 
from 4.2 nm at / = 5.4 mol m~3 to 0.96 nm at / = 100 mol m~3. The effects screening 
has on the initial adsorption behaviour is mainly a steric one. The mutual repulsion 
between xanthan molecules becomes less pronounced as the ionic strength increases, 
allowing the polymers to be closer packed at the surface, allowing more space for newly 
arriving polymers. This tends to stretch the transport-limited regime to higher r. If 
xanthan were a simple polyelectrolyte this increase would continue (or possibly drop 
to zero) at still higher I. As it is, we have to find an explanation for the decrease 
in the adsorbed amount above / = 100 mol m~3. So far, we have only discussed the 
electrostatic interactions between the polymer and the surface and ignored the specific 
interaction due to a coordination complex formalism. When the screening of the elec­
trostatic polymer-surface interaction becomes large, this specific interaction is likely to 
become more important. When this interaction is dominating over the electrostatic, one 
could again visualise that the xanthan molecules spread as much as possible to profit 

http://pH-vaiu.es
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r / mg m'd 1 

(a) r as a function of pH for different ionic strengths. 

r / m g m 

log(l / mol nrf3) 

(b) r as a function of / at pH = 4.3. 

FIGURE 3.3. Adsorbed amount of xanthan on ZrC>2 at the bending point of the 
kinetic adsorption curve. Flow conditions are identical for all measurements: 
Flow rate Q = 11 x 10~9 m3s_ 1 and cp = 40 g m^3. The drawn lines only 
serve as a guide to the eye. 
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from as many coordination complexes as possible, so that T at the bending point would 
again become smaller. At present, we do not have enough data to fully corroborate this 
picture, and therefore we consider this only as a rather speculative explanation. 

3.3.2. Long-term adsorption kinetics 
As discussed above the adsorption kinetics of xanthan initially are transport-limited, 

as is the case for most adsorption or deposition processes from solution in a stagnation-
point flow (see, e.g. refs. [1, 14]). Above, this initial adsorption process was described 
without considering explicitly the helix-forming ability of xanthan. However, the sec­
ondary structure of xanthan is likely to be of great importance for the adsorption 
kinetics on a highly covered surface (i.e. after the bending point). We will show that 
in this region there are significant differences with the adsorption kinetics of regular 
flexible polymers. 

The semi-flexible nature of xanthan reveals itself when the structure of the adsorbed 
polymer layer starts influencing the adsorption rate. In the case of flexible polymers 
the conformational changes near the surface are, at least at workable Reynolds numbers 
(4 < Re < 40), much faster than the transport of new polymers, whereas conforma­
tional changes in xanthan are relatively slow due to the intrinsic stiffness of the helical 
structure. We can give a rough estimate of the time scales involved in the adsorption 
process. For this we define T{ as a characteristic time needed to fill up the surface. In its 
most simple form this is the ratio between the adsorbed amount at the bending point 
and the initial flux: 

(3.3.1) r f = % 
•Jo 

A typical value for rt\r is 1 mg m~2 and the initial flux Jo can roughly vary between 
10"4 and 1 mg m_2s_1 . Therefore, conformational changes of a polymer that occur 
within the range of 1-104 s will probably have an influence on the adsorption kinetics. 
Faster processes will have no measurable influence, whereas slower ones will only be 
noticeable in the long time behaviour. Investigations of Adachi et al. [15] point in the 
direction that for flexible polymers an unfolding time of less than 1 s is likely. This 
is the reason that for flexible polymers, the final adsorbed amount is reached rather 
quickly after the transport-limited regime has ended. Then the kinetic curves reach a 
plateau value characterised by dr/dt —» 0. 

As already seen in fig. 3.3, for xanthan the adsorbed amount does not level off after the 
transport-limited regime, but it continues to increase, albeit more slowly than initially. 
In these figures there is only one exception to this rule, namely for low pH (pH = 3.7) 
and relatively low ionic strength (I = 10 mol m~3) in fig. 3.2(b). A similar curve 
was found (but not displayed here) for pH = 3.6, without added salt (corresponding to 
I « 6 mol m~3 due to buffer). In the following part we try to discuss these observations 
systematically, thereby making the comparison to known solution properties of xanthan. 

First, we discuss the adsorption behaviour of xanthan at low pH and low ionic 
strength. In fig. 3.2(b) one example of such an experiment is shown (pH = 3.7 and 
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/ = 10 mol m - 3) . In this case the adsorption kinetics resemble those of flexible poly­
mers, i.e. d-T/di —¥ 0 beyond the bending point. In this case the final adsorbed amount 
is relatively low. This is a reason to believe that xanthan is now in a coil conforma­
tion. At pH = 3.7 the polymer itself is negatively charged and the surface has a high 
positive charge. The low ionic strength (/ = 10 mol m - 3) cannot sufficiently screen 
the electrostatic interactions, which are the driving force for the helix-coil transition. 
In solution at pH « 7 the coil-helix transition occurs at / sa 5 mol m~3 [6]. A lower 
pH will favour the helix conformation and even further decrease the ionic strength at 
which this transition occurs. Hence, under the conditions where in fig. 3.2(b) a plateau 
is reached (pH = 3.7 and / = 10 mol m~3), xanthan in solution is in the helical confor­
mation. Yet, the adsorption behaviour points to a coil behaviour. We therefore assume 
that the surface has an influence on the transition. This is possible because the elec­
trostatic interactions due to the charged surface may destabilise the helix and induce 
a helix-coil transition, so that a flexible molecule with a large radius of gyration is 
formed. Due to this probable conformational transition, this polymer chain will adsorb 
in the same manner as charged flexible polymers do. The low final adsorbed amount is 
typical for flexible polymers, particularly when they are charged [2]. At higher values of 
the pH the charge of the surface is probably too low to induce the helix-coil transition 
at / = 5 mol m~3, and xanthan is in the helix conformation also on the surface. Exper­
iments at very low ionic strength might give evidence for uncoiling at higher pH, but 
with the present system this is experimentally impossible. In order to have sufficient 
adsorption at low / the ZrC>2 must be positively charged, i.e. the pH must ne lower 
than 6. At low pH the ionic strength automatically is too high due to the added acid, 
and at high pH a buffered solution is needed, which again makes the lowest possible 
value for the ionic strength around 5 mol m - 3 . 

We tentatively conclude that the continued increase of r(t) after the bending point 
for most of the curves in fig. 3.3 (i.e. for all cases when / and pH are not very low) must 
be related to xanthan adsorbing in a helical conformation. In some way or another, 
this adsorption of helices is a continuing process, even after prolonged exposure of the 
surface to xanthan solutions. 

The data reported in fig. 3.3 were limited to the adsorption kinetics for relatively 
short times, not far beyond the transport limited part. It is also interesting to consider 
the long-time behaviour. Figure 3.4 shows an example of the adsorption of xanthan 
from a solution at intermediate ionic strength at pH — 4.3 over a time range of the 
order of 10rtir, where rt\T is the length of the transport-limited regime. In order to 
bring out sufficient detail, r(t) was plotted on logarithmic axes. It is clear that even 
after very long times the adsorbed amount does not reach an "equilibrium". In order 
to understand this behaviour we consider xanthan as a charged semi-flexible object, 
without taking into account too much details. At the rather low concentration used in 
the experiments (cp = 40 g m - 3) and the low value of Re, the solution with semi-flexible 
helices will be isotropic and the molecules will have no preferential orientation when 
arriving at the surface. However, in the vicinity of the surface the local concentration 
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r / mg m 

0.01 

t / s 

FIGURE 3.4. Long-time adsorption behaviour of xanthan onto ZrC>2 as mea­
sured by reflectometry in stagnation-point flow at pH = 4.3, / = 10 mol m -3, 
cp = 27 g m~3, and flow rate Q = 5 x 10"9 m3s_1. 

is much higher so that alignment of (parts of the) molecules could occur. Also, the 
presence of the solid surface itself might favour alignment. This process is likely to be 
slow, occurring on time scales larger than that of the initial adsorption process. The slow 
nature of this rearrangement process probably related to the exchange mechanism that 
has to occur to allow the xanthan molecule to move along the surface. In other words, 
parts of a polymer have to detach from one site and attach at another. The attractive 
interaction between a metal oxide and a polysaccharide is large [9], and detachments 
of a part of the molecule will occur with a low frequency. When alignment takes place 
within the adsorbed layer, the available free area for new incoming polymer increases, 
and therefore the adsorbed amount will increase as well. Hence, the adsorption rate will 
be non-zero even at long time scales. It will mainly depend on the rate of reorientation, 
as long as the polymer flux is not the limiting factor. We therefore propose that the 
adsorbed layer locally forms an oriented phase due to alignment of parts of the xanthan 
helix, and that this process is responsible for the slow increase of the adsorbed amount 
as a function of time. 

It should also be noted that at / = 500 mol m~3 (fig. 3.2(e)) the adsorption rate 
increases slightly compared to that at lower ionic strengths. This effect is probably 
caused by the onset of aggregation of xanthan helices. Due to this effect it was not 
possible to perform adsorption experiments beyond / = 500 mol m~3, because at these 
high salt concentrations the process is most likely dominated by aggregation, so that 
the adsorption kinetics as such can no longer be studied. 
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3.4. CONCLUSIONS 

The adsorption process of a semi-flexible polymer differs substantially from that of 
a flexible one. We have shown that an increased rigidity of a chain, in this case the 
xanthan helix, causes the adsorption kinetics to change drastically. Using the ionic 
strength of the xanthan solution as a tuning parameter for the coil-helix transition, we 
were able to see a remarkable change in kinetics. At a pH below 4 and at very low ionic 
strength, xanthan is supposed to undergo a helix-coil transition in the vicinity of the 
positively charged Zr02-surface. The adsorption process is in that case comparable to 
that of a flexible polymer. In this regime the adsorption is initially transport-limited, 
followed by a fast saturation of the adsorbed amount. We like to emphasise that 
not the solution properties alone determine the adsorption behaviour; especially the 
ratio between polymer charge and the surface charge is important as well. Beyond a 
certain, pi/-dependent, threshold of the ionic strength (7 > 10 mol m~3 at pH w 4), the 
adsorption kinetics do no longer show the fast levelling off. Instead, a gradual increase 
in the adsorbed amount is found, which is most likely due to the slow rearrangement of 
the stiff helices near the interface. We suppose that this rearrangement is slow, because 
it involves an exchange mechanism in which a section of one chain at has to detach 
from the surface before it can be replaced by one of another chain. This process will 
increase the packing efficiency near the surface, and hence, also the adsorbed amount. 
In comparison to experimental time scales the exchange is slow, because the binding 
of polysaccharides to a metal oxide surfaces is rather strong [9], and thus the energy 
barrier is high. 
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C H A P T E R 4 

Competit ion between t ransport and 
spreading in protein adsorption kinetics 

ABSTRACT 

The saturation adsorbed amount of polymers on solid surfaces is mostly found 
to be independent of the polymer transport rate, or flux J, to the surface. In 
most cases this is because the experimental rate of transport strongly deviates 
from the relaxation rate in the polymer layer. We studied the adsorption of 
both immunoglobulin G and savinase on Si02 from aqueous solution and found 
that the transport rate is an important parameter in the adsorption kinetics. 
The adsorption process can be viewed as an attachment to, followed by the 
spreading over the surface of a polymer molecule. In this way the adsorbed 
amount strongly depends on J if the time for transport to the surface is in the 
same range as the spreading time. Using an analytical "growing disk" model 
for the polymer adsorption, we are able to, at least qualitatively, describe the 
adsorption kinetics. 

4.1. INTRODUCTION 

The process by which a polymer layer near a solid surface builds up is, in general, 
one which runs through a series of nonequilibrium states. The extent to which an 
adsorbed polymer layer can relax towards its equilibrium structure, described by the 
widely accepted statistical theories (see, e.g. ref. 1), is currently under investigation. 
It should be no surprise that evidence for very slow, or even completely suppressed, 
equilibration is now accumulating. As may be anticipated, relaxation becomes more 
difficult as the polymer-surface interaction gets stronger. An example for this effect 
is the adsorption of polymer from organic solvents on mineral surfaces. Here, strong 
hydrogen bonds are the driving force for adsorption and quenched states are therefore 
likely to be formed. 

A recent study by Schneider et al. [2] provides an example of such quenching. It was 
found by means of infrared spectrometry that poly(methyl methacrylate) molecules 
adsorbed on silica from CCI4 have, in the terms of the authors, a "bimodal energy 
landscape": molecules arriving at an early stage of the adsorption will flatten to a 
large extent and develop a high fraction of polymer-surface contacts (bound fraction), 
whereas a significant population of molecules that arrive later will adsorb with a low 
bound fraction. This distribution proved to be quite stable, even though it is nowhere 
near thermodynamic equilibrium. 

An immediate implication of this observation is that the rate at which polymer mole­
cules arrive at an interface should have an effect on the adsorbed amount. As Schneider 
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et al. point out at the very end of their paper, the outcome of an adsorption experi­
ment must depend on the relative rates of surface impingement on the one hand and 
surface spreading on the other hand. If spreading occurs relatively fast, more molecules 
will lay flat so that the adsorbed mass is low. If, however, the rate of polymer supply 
to the surface can be made higher than the rate of spreading, the dominant adsorbed 
species will be in a more coiled conformation and the adsorbed mass will be higher. A 
family of macromolecules which will presumably exhibit a slow spreading process are 
proteins. Their relatively rigid structure in solution will give rise to slow rearrangement 
in the vicinity of an attractive wall. Measurements on the adsorption of monoclonal 
immunoglobulin G already give an indication in this direction [3]. In the present paper 
we report two more pronounced examples of the competition between transport to and 
slow spreading at an interface. More importantly, we derive expressions for the rate of 
adsorption of spreading molecules and use these to analyse the data. 

4.2. EXPERIMENTAL 

We will briefly describe experiments on the adsorption of the enzyme savinase on SiC>2 
as they were presented by Maste [4]. However, we will give a somewhat different inter­
pretation of the results as they were given in the PhD thesis by Maste. Furthermore, we 
will desribe similar experiments, which were carried out on the immunoglobulin G-SiC>2 
system [5]. 

4.2.1. Materials 

A wild-type alkalophilic serine proteinase produced by Bacillus lentus was used. This 
enzyme is commercially available as savinase. The savinase was irreversible inhibited by 
phenylmethylsulfonyl fluoride (PMSF), which reacts with the active site of the protein. 
Aqueous solutions of the protein were used, where a sodium tetraborate buffer (borax) 
was used to set pH = 8. The ionic strength of the solution was controlled by addition 
of sodium chloride and set to / = 10 mol m~3. 

Monoclonal immunoglobulin G (IgG) with an isoelectric point pH0 « 6 was used. IgG 
consists of four polypeptide chains linked by disulphide bonds. The folded chains form 
an Y-shaped molecule, giving the protein a anisotropic character. Buffered aqueous 
solutions of this protein were prepared using a phosphate buffer at pH = 6.0 and ionic 
strength 1 = 5 mol m~3. Before performing the adsorption experiments the solutions 
were filtered over a 0.2 fim Acrodisc to remove possible aggregates. 

Si02 films were prepared on silicon wafers by oxidation in ambient air at T = 1270 K 
for approximately 1 h, resulting in a film thickness of about 100 nm. 

4.2.2. Reflectometry 
The adsorption was measured as a function of time by means of reflectometry, as 

described extensively by Dijt et al. [6, 7]. All measurements were carried out at T « 
294 K. In these experiments, the flux of polymer toward the surface is controlled by the 
use of a stagnation point flow cell. In such a setup the flow rate as well as the polymer 
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concentration can be varied. In a steady state situation the polymer flux is described 
by the following equation [8]: 

(4.2.1) J = Q.nQvll3R-lDll3{aRefl3{cp - cs). 

Here, v is the kinematic viscosity, R the radius of the inlet tube, Dp the diffusion 
coefficient of the polymer, and a a stream intensity parameter depending on both the 
dimensions of the cell and the Reynolds number Re. The polymer concentration near 
the interface and in the bulk are denoted by Cg and cp, respectively. In the case of high 
affinity adsorption and as long as the surface coverage 9 (or adsorbed amount r) is low, 
cs can be neglected. As long as the adsorption is transport limited, which is usually the 
case with a bare surface, the adsorption can be described by dr/dt = Jo- To compare 
different experiments, it is convenient to rescale time to Jot leading to an initial slope 
of unity for all cases. The point where this slope deviates from unity is denoted as the 
end of the transport limited regime. All plots of r against time are rescaled this way. 

4.3. RESULTS AND DISCUSSION 

As most proteins, both savinase and IgG contain hydrophilic as well as hydrophobic 
domains. Both electrostatic and hydrophobic interactions can therefore be important 
in the adsorption from aqueous solutions. Both proteins are found to have a high 
affinity for hydrophobic surfaces (see, e.g. refs. 4, 9), which indicates the importance 
of nonelectrostatic interactions. The strong adsorption is very likely to cause surface 
relaxation processes to be slow. 

To compare the present results on a system with strong polymer-surface interaction 
with a system with much weaker interactions, it is useful to take the adsorption of 
polystyrene (PS, Mw = 3040 kg mol-1) from decalin on SiC>2 as an example [7]. These 
experiments are also carried out in a stagnation-point flow setup. Figure 4.1 shows 
the adsorbed amount r for PS as a function of the scaled time J0t for various polymer 
concentrations (a measure of J0). Clearly, in this case there are no significant differences, 
within the experimental window, in the adsorbed amount as a function of polymer flux 
Jo- This indicates a spreading process that is much faster than the transport of polymer 
to the surface. Similar adsorption behaviour is found for, e.g. poly(ethylene oxide) on 
Si02 from aqueous solution studied by means of reflectometry [6]. 

In fig. 4.2 we plot the adsorbed amount r for savinase as a function of scaled time 
Jot for adsorption at constant flow rate but varying polymer concentration. Figure 4.3 
shows the adsorption kinetics for IgG. For both polymers it can be seen that the ad­
sorbed amount first increases linearly with time (as is to be expected for a constant 
flux), and then levels off. However, the adsorbed amount reached under conditions of 
low polymer concentration is significantly lower than that found for higher concentra­
tions. 

We conclude that in this particular case the spreading rate on the bare surface was in­
deed small, so that fast filling of the surface could prevent it to a large extent. Spreading 
on the fully covered surface, however, did not occur, just as in the experiments reported 
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JQ t / mg m 

FIGURE 4.1. Effect of polymer concentration cp on the adsorption of 
polystyrene on SiC>2 from decalin with Mw = 3040 kg mol -1 , Q = 21.8 /il s_1 , 
and c as indicated. J0 = 0.0022, 0.0044, 0.0110, and 0.0220 mg n r V 1 for the 
different polymer concentrations. 

J 0 t / mg m"' 

FIGURE 4.2. Effect of polymer concentration cp on the adsorption kinetics of 
savinase on SiC>2 for cp as indicated. 7 = 10 mol m - 3 , pH = 8, and Jo = 0.014, 
0.042, 0.069, and 0.111 mg m _ 2 s _ 1 for the different savinase concentrations. 
The symbols are only plotted for clarity. 

by Schneider et al. [2]. Apparently, the combination of a strong segmental binding with 

a crowded surface has that effect. 
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FIGURE 4.3. Effect of polymer concentration cp on the adsorption kinetics 
of IgG on S1O2 for cp as indicated. 7 = 5 mol m - 3 , pH = 6, and Jo = 
0.0014, 0.0069, 0.0103, 0.0342, and 0.0548 mg m - V 1 for the different IgG 
concentrations, 

ref. [5]. 

The symbols are only plotted for clarity. Data taken from 

What are the timescales involved? The time T{ needed for filling up the surface can 
be defined as the ratio between saturation coverage and initial flux: 

(4.3.1) Tf = 
Jo 

As a typical value of r m a x we can take 1 mg m~2. Values of Jo that can be experimen­
tally realised depend on the diffusion coefficient of the polymer, the flow rate, and the 
concentration, and range in most of our experiments between 10~4 and 1 mg m~2 s _ 1 . 
This means that only polymers having a spreading time rs in the range 1-104 s can 
respond to changes in the supply rate with a change in adsorbed mass. There is some 
evidence [10] that flexible polymers unfold at time scales of about 1 s or less, which is, 
indeed, not inside this range. For savinase and IgG, apparently, TS is around 100, and 
1000 s, respectively, which is remarkably slow but consistent with the strong interaction 
this protein has with the surface. One should bear in mind that a structural change of 
the adsorbed layer involves a detachment/reattachment process of polymer segments 
with an obviously high energy barrier. We also argue that the fact that these proteins 
have a strong internal structure plays a role, too. Especially the fact that both proteins 
have a hydrophobic core, which has a high affinity for the surface [4, 9], causes a partial 
denaturation of the protein near the surface. This leads to a higher surface coverage, 
but a smaller adsorbed amount, if J0 is low. A further property of IgG that influences 
its spreading behaviour, is the anisotropy of the molecule. It enables reorientation near 
an interface, which is in fact nothing else than spreading. 
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One could argue that the presence of savinase fragments, due to possible autocat-
alytic cleavage of the enzyme, plays a role in the adsorption behaviour. In the case of 
IgG fragments could also be present, this is, however, unlikely. We will show that the 
presence of fragments can not explain the observed behaviour. When a short adsorbed 
chain is replaced by a longer one, this leads to a small increase in the translational 
entropy, therefore leading to preferential adsorption for long polymers. It should how­
ever be noted that this only describes the thermodynamic equilibrium situation. In the 
following comparison of our system with the adsorption of bidisperse polymer samples, 
we will show that it is very unlikely that fragmentation plays a significant role in the 
observed effects, i.e. the dependence of the maximum adsorbed amount on the polymer 
transport rate. Dijt et al. [11] studied the exchange kinetics of both polystyrene and 
poly(ethylene oxide) differing in length only. For these polymers they indeed found 
that short polymers are replaced by long ones. Using a stagnation point flow setup and 
a solution with equal concentrations of short and long polymers, the transport rate to 
the surface of the short polymers will be larger than that of the long ones (Jo oc £>2/3), 
so that initially only short chains adsorb. If the observed differences in final adsorbed 
amount for the our protein case would be caused by the presence of fragments, then 
by decreasing the transport rate one would eventually expect the adsorbed amount to 
increase, i.e. only long chains are adsorbed. However, the opposite is the case, which 
is, in our opinion, a strong indication that fragmentation is of minor importance. 

4.4. ANALYTICAL MODEL 

As a simple descriptive model, it should be relevant to use the "growing disk" idea, 
originally proposed by Pefferkorn et al. [12]. In this model, each molecule is described 
as a disk of initial area a0 that is deposited on the surface. Immediately after surface 
attachment, the disk starts to grow exponentially with a growth rate characterised by 
the time rs and a limiting size a0 + a. For a single disk adsorbed at time t' the following 
equation for the occupied area is supposed: 

-(t-t')/rs\ (4.4.1) a(t;t')=a0 + a(l 

As a first approximation we assume that the adsorption rate is proportional to the free 
surface area fraction j3, 

(4.4.2) ^ = Jo0, 

where r is simply the number of disks per unit area. We start an adsorption experiment 
at t = 0 and follow the adsorbed amount in time. During a time interval dt' the 
adsorbed amount will increase by an amount dn = Jo/3{t') dt'. At time t, these disks 
will contribute to the fraction of occupied area 1 — fi by an amount J0p(t')a(t;t')dt'. 
The time dependence of /? is now found by integrating over all populations, i.e. all 
values of t': 

(4.4.3) (5(t) = 1 - Jo ] dt'/3(t') [ao + a (l - e~WT-)] . 
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10 
t J 

FIGURE 4.4. Calculated adsorption kinetics using the "growing disk" model. 
Variables scaled as in eq. (4.4.4), a = 1. No desorption is taken into account. 
The solution of the differential equation after the time that Tmax is reached is 
dotted. 

In order to solve this equation and find a general expression for the adsorption be­
haviour it is useful to switch to dimensionless variables. Using the following rescaling 

(4.4.4) t/rs -> t, J0aQTs ->• J, a/a0 ->• a, 

we can write eq. (4.4.3) as 

(4.4.5) P{t) = 1 - J / dt' p{t') [l + a (l - e-*-'')) ] . 

After differentiating this equation twice with respect to t and some rewriting, we arrive 
at the following linear, homogeneous second-order differential equation: 

(4.4.6) 0 + (l + J ) ^ + ./(! + <*)/?(*) 0. 

This equation is the analog of the differential equation describing the movement of 
a damped pendulum. The solution can be found in any mathematical or physical 
handbook (see, e.g. ref. 13). 

In solving eq. (4.4.6) we use the following boundary conditions 

d^ 
dt 

(4.4.7) 0(0) = 1, ( ^ ) = - J , 

and we define the discriminant D as follows 

(4.4.8) £> = (! + J ) 2 - 4 J ( 1 + Q). 
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-2 
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(a) Savinase/Si02 system, data taken from fig. 4.2 (o) with ao = 0.46 m2mg 1, 
a/a® = 1.75, and TS = 100 s. 

In J 

(b) IgG/Si02 system ( • ) with a0 = 0.25 m 2mg _ 1 , a/a0 = 10, and T, = 4 x 103 s. 

F I G U R E 4 .5 . Maximum adsorbed amount as function of the flux as calculated 

by the "growing disk" model (solid lines) compared with the experimental 

results for savinase and IgG. Variables scaled as in eq. (4.4.4). 
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This leads to three different solutions: 

' (1 + i^-t) e-((J+1>/2 

(4.4.9) P- J-l+VD -t(J+l+\/D)/2 _ J-l-VD -t(J+l-y/D)/2 
2\/~D 2\/j5 

COS • + 1-J ̂ sin^Je-^1)/2 

if D = 0, 

if D > 0, 

if D < 0, 

where only the solutions for positive, real values of J and a are physically realistic. The 
adsorbed amount is found by using eq. (4.4.2), thus integrating eq. (4.4.9): 

(4.4.10) r = j [ At' 
Jo 

/3(f). 

All three cases can be solved analytically. It should, however, be noted that eq. (4.4.10) 
should only be used as long as F increases, because eq. (4.4.2) is not intended to describe 
desorption. Therefore, we retain only the solutions of this integral until the time where 
P(t) = 0 for the first time (here r = r m a x ) . In the case of strong adsorption, as is 
the case for savinase or IgG on SiC>2, desorption is very slow, and hence, we consider 
the adsorbed amount as constant after the aforementioned time. As an example of the 
abilities of the model, fig. 4.4 shows the adsorption kinetics for the adsorbing disks with 
a — 1 for a few values of J. Figure 4.5(a) shows r m a x as function of J for a = 1.75, 
and for comparison the data of savinase is also plotted. In fig. 4.5(b) this procedure is 
repeated for IgG with a = 10. The used values for the model parameters (non-rescaled) 
are depicted in table 4.1. 

TABLE 4.1. Model parameters for savinase and IgG adsorption on S1O2. 

Protein 
Savinase 
IgG 

ao/m2mg_1 

0.46 
0.25 

a/a0 

1.75 
10 

Ts/S 

100 
4x 103 

Although there is no exact agreement of the adsorption kinetics of the two proteins 
with the "growing disk" model, the main effects are predicted well. The model could 
be improved by also introducing a desorption mechanism and by examining the validity 
ofeqs. (4.4.1) and (4.4.2). 
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Adsorption and spreading of polymers at 
plane interfaces; theory and molecular 

dynamics simulations 

ABSTRACT 

Nonequilibrium processes play a key role in the adsorption kinetics of macro-
molecules. It is expected that the competition between transport of polymer 
towards an interface and its subsequent spreading has a significant influence 
on the adsorbed amount. An increase of the transport rate can lead to an in­
crease of the adsorbed amount, especially when the polymer has too little time 
to spread at the interface. In this study we present both molecular dynamics 
simulations and analytical calculations to describe some aspects of the adsorp­
tion kinetics. Prom MD simulations on a poly(ethylene oxide) chain in vacuum 
near a graphite surface, we conclude that the spreading process can, in first 
approximation, be described by either a simple exponential function or by first-
order reaction kinetics. Combining these spreading models with the transport 
equations for two different geometries (stagnation-point flow and overflowing 
cylinder) we are able to derive analytical equations for the adsorption kinetics 
of polymers at solid-liquid and at liquid-fluid interfaces. 

5.1. INTRODUCTION 

The adsorption process of polymers frequently involves long-lived nonequilibrium 
states. The equilibrium structure of a polymer layer, as described by numerous sta­
tistical theories (see, e.g. ref. 1), is insufficient to describe various effects observed in 
adsorption kinetics and statics. Several experimental studies report significant nonequi­
librium processes in polymer adsorption [2-5]. One of the important parameters in the 
surface relaxation is the strength of the polymer-surface interaction. If the interac­
tion energy of a single polymer segment with the interface exceeds lkT, then thermal 
fluctuations are not able to release parts of the polymer easily, which is necessary for 
its spreading. Polymers adsorbed from organic solvents on mineral surfaces interact 
by strong hydrogen bonds, and are therefore likely to form long-living nonequilibrium 
states. 

Such a system was studied by Schneider et al. [4]. From their adsorption experiments 
with poly(methyl methacrylate) on silica from CCI4 they concluded that as long as the 
surface coverage is low, arriving polymers will flatten and a relatively large number of 
polymer-surface contacts will be achieved, whereas molecules arriving at a later stage 
in the adsorption process will adsorb with a low bound fraction. This nonequilibrium 
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situation turned out to be quite stable. This observation implies that polymer flux to­
wards an interface together with the time dependent adsorbed amount r(t) should have 
an effect on the state in which a polymer adsorbs. A slow spreading process will ini­
tially lead to a relatively small area per molecule, and thus to a relatively high adsorbed 
amount. Subsequent relaxation by spreading leads to an increased area per molecule, 
which is only possible when it is accompanied by a desorption process. This delayed 
spreading will lead to a decrease of r(t). In this scenario a maximum (overshoot) in 
the adsorption curve will be found. 

Overshoots have indeed been observed in a number of cases, both for proteins [5, 6] 
and for synthetic polymers [2-4]. In addition, spreading plays a role in polymer-polymer 
exchange processes [7]. As yet, very little is known about the factors controlling the rate 
of the spreading process. Moreover, apart from a scaling calculation in a recent paper 
by Semenov and Joanny [8], the consequences of spreading for the overall adsorption 
kinetics have hardly been investigated. 

In this paper two cases are considered: adsorption from flowing solution onto a solid 
surface, and adsorption onto an expanding liquid-gas or liquid-liquid interface. In the 
latter case, the rate of expansion of the interface enters the problem as a additional 
timescale. Pefferkorn and Elaissari [2] have introduced the "growing disk" model. In 
this model, each molecule is described as a disk with initial radius 5(0) that arrives at 
the interface. Immediately after attachment, the disk starts to grow exponentially with 
a growth rate characterised by a spreading time r and a limiting size 5(eq). As described 
in chapter 4, we already successfully applied an analytical version of this model to the 
adsorption of savinase (see also ref. 5) and immunoglobulin G on SiCV It should be 
important to see how realistic the "growing disk" model is. To this end we carried out 
molecular dynamics simulations on individual chains near a solid surface. We divided 
this study into two parts. In the first one, we introduce the relevant transport and 
spreading processes and also explore the latter at its molecular level. Secondly, we 
present analytical calculations based on the "growing disk" approach together with the 
two geometries in order to describe adsorption processes where spreading occurs on 
experimental timescales. Special attention is paid to two different spreading models. 

5.2. TRANSPORT AND SPREADING 

The adsorption kinetics of polymers can conveniently be subdivided into three stages. 
Firstly, a polymer has to reach the interface by, e.g. convection or diffusion. For this, the 
fluid dynamics of the studied system are of major importance. Secondly, an attachment 
of the polymer to the interface has to occur. Here several kinds of interactions may 
play a role, such as electrostatic or hydrophobic ones. Finally, a spreading of the 
molecule at the interface will occur. This spreading process will be governed by the 
gain or loss in the number of interaction sites between polymer and interface. Especially 
the characteristic times of the first and the last step in the adsorption process are of 
great importance for the final kinetics. Pefferkorn and Elaissari [2] applied a "growing 
disk" model to the adsorption kinetics of polyelectrolytes at a solid surface. They used 
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numerical calculations to arrive at their final results. Here, we will discuss an analytical 
version of a comparable model, but we will also introduce a more general n-state model 
to address adsorption kinetics. 

In the following, we will present the transport process for the case of two widely 
used experimental setups. Subsequently we will concentrate on two spreading models 
that will be used in the description of adsorption kinetics of macromolecules. We have 
applied molecular dynamics simulations to elucidate the spreading behaviour. These 
simulations justify our spreading models. 

5.2.1. Transport to the interface 
The first step in trying to describe the adsorption kinetics of polymers, is deriving 

expressions for the transport of the molecules to the interface. In order to keep the equa­
tions relatively simple, it is necessary to work with well-defined geometries for which 
fluid-dynamical relations can be derived easily. In the following, we will first discuss 
adsorption from solution to a solid surface in a stagnation-point flow (for a rigourous 
fluid-dynamical approach see ref. 9). This setup gained much interest in refiectometric 
studies on polymer adsorption. A description of this technique in combination with a 
stagnation-point flow is given by Dijt et al. [10, 11]. Another widely used setup which 
will be treated is the overflowing cylinder. This geometry is used for studying the ad­
sorption of, e.g. proteins at an air-water interface. The fluid dynamics of this geometry 
are described by Bergink-Martens et al. [12]. 

Stagnation-point flow. Figure 5.1 shows a schematic representation of a stagnation-
point flow. The axial symmetry in the problem makes the use of cylindrical coordinates 
obvious. The radius of the tube is denoted by R and the distance between the outlet 
of the tube and the plane is given by h. We choose the stagnation-point (i.e. where the 
fluid velocity v = 0) as the origin of our coordinate system, where r denotes the radial 
direction, z the direction along the symmetry axis into the fluid, and <j> the rotation 
around this axis. Dabros and Van de Ven [9] derived the following expressions for 
the three components of the velocity near the stagnation point for an incompressible 
Newtonian fluid (in dimensionless form): 

(5.2.1a) vr = azr 

(5.2.1b) vz = -az2 

(5.2.1c) v+ = 0, 

where a is a dimensionless flow intensity parameter depending on the Reynolds number 
Re and the ratio h/R. The distances r and z are made dimensionless with respect to 
R, and the velocity v with respect to the average fluid velocity U at z = h/R. We will 
use this flow field near the stagnation point for the solution of the convective diffusion 
equations for the transport of polymer to the interface. As flow intensity parameter we 
will use a which is defined as a = aU/R2, retaining the appropriate dimensions for the 
variables. 
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w 
FIGURE 5.1. Geometry of a stagnation-point flow setup. Fluid moves along 
the axes of symmetry in a tube of radius R and enters between two planes 
distance h apart. The stagnation point is the origin of a cylindrical coordinate 
system r, z, and 4> (not shown). 

Using conservation of mass, we write for the transport of solute i 

(5.2.2) 
dt ~ V J l ' 

where J ; is the net flux and c, the concentration of the solute (polymer). In the 
mentioned stagnation-point flow, diffusion and convection determine the flux. Due to 
the axial symmetry of the system only the r and z-components of the flux are non-zero 
and are given by 

do. 
(5.2.3a) 

(5.2.3b) 

Jri — CjT/r Ui 
dr ' 

J„ CiVz ldz' 

where Di is the diffusion coefficient for component i. It must be noted that these 
equations are valid only under the assumption that hydrodynamic interactions are can­
celled by the specific interactions between the interface and the solute [13] (Smolu-
chowski-Levich approximation). If we neglect radial diffusion (i.e. Didci/dr <C CiVr) 
then substitution of these equations in eq. (5.2.2), where we take V • v = 0 because of 
the incompressibility constraint, gives for the stationary state 

(5.2.4) -{rCiVr) + 
dciVz 

= D, 
rdr dz 

Substituting eq. (5.2.1) into this equation gives us 

dz2' 

(5.2.5) arz 
Oct 2dct ^ d2Ci 

az Di-
dr dz ' dz2' 

Symmetry implies that dct/dr = 0 at the stagnation point, thus for r = 0 we rewrite 
eq. (5.2.5) as the linear differential equation 

(5.2.6) 
dz 

Dt 
dz2' 
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We are now able to derive an analytic expression for the flux Jz; at the stagnation 
point. The solution of eq. (5.2.6) is 

The constant Ki can be found by noticing that ct must be equal to the bulk con­
centration far away from the interface and c- to that in the vicinity of the interface. 
This subsurface concentration can in principle be found by assuming local equilibrium, 
implying a direct relationship between the adsorbed amount and c°. We write 

(».M) f d , | = c?-c!, 
from which we can calculate 

where T(x) = J0°°dte_ttx_1 denotes the Gamma function. The flux of polymer i towards 
the stagnation point is now given by 

(5.2.10) Jzi(0) = A ^ 

(<*-c?)D?(9a) 

r(l) 
We will also use the limiting flux Joi, which is defined as the flux Jz,(0) for the situation 
where c° = 0. 
Overflowing cylinder. A schematic representation of the overflowing cylinder is given 
in fig. 5.2. In this setup, again, a stagnation point exists. We choose this as the 
origin of our cylindrical coordinate system. In contrast to the stagnation-point flow 
discussed above, we are now dealing with an expanding interface, which introduces a 
new timescale. Bergink-Martens et al. [12] showed that if r <C R, the relative expansion 
rate of the surface d = dA/(Adi) is constant. The fluid velocities near the stagnation 
point are given by 

fir 
(5.2.11a) vr = —, 

(5.2.11b) vz = -tiz, 

(5.2.11c) *V = 0. 

The equations that describe the flux have already been discussed; again eqs. (5.2.2)-
(5.2.4) can be used to obtain an expression for the flux towards the interface in the 
vicinity of the stagnation point. We substitute eq. (5.2.11) into eq. (5.2.4) to arrive at 
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hd 

Ft 

I 

FIGURE 5.2. Geometry of an overflowing cylinder. Fluid moves upwards in a 
cylinder of radius R, which will overflow, giving rise to a free expanding surface. 
The height L of the falling film together with the flow rate Q determine the 
relative expansion rate $ = dA/(Adt). Again, the stagnation point is the 
origin of a cylindrical coordinate system r, z, and <j> (not shown). 

Symmetry implies that dci/dr is zero at the stagnation point and negligible in its 
neighbourhood. Equation (5.2.12) then simplifies to 

(5.2.13) 

which is 

(5.2.14) 

easily solved to obtain 

dci 
~dz~ 

*£-» 
= Ki exp 1 

d2ct 

'dz2' 

dz2 

2Di 

We use the boundary condition given by eq. (5.2.8) and obtain an expression for the 
integration constant 

(5.2.15) Ki = {$- c?) 
2d 

Dl7T 

With this equation we calculate the flux of solute i towards the interface at the stag­
nation point 

(5.2.16) J»{0) = D, 
dcj 

dz 

= ( < * - # 
2dDi 

Again, Joi will be used to express the limiting flux for c° = 0. The main difference 
of the flux between a stagnation-point flow and an overflowing cylinder setup is the 
different dependence on the diffusion coefficient (Dt' vs. Di' ) . 
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5.2.2. Spreading models 
We are now able to describe the transport of a polymer towards an interface, but 

are still left with the problem of rearrangements after attachment. We will model this 
process as a spreading of polymer molecules at the interface. First, we will describe 
the rather crude, but useful, "growing disk" model, which was also used by Pefferkorn 
and Elaissari to model polymer adsorption kinetics [2]. Subsequently, we will discuss a 
simple n-step model based on first-order reaction kinetics. 

In the "growing disk" model we assume that a polymer attaches to the interface in 
a coil conformation (C) comparable to that in solution. After attachment the polymer 
will spread to its final conformation, denoted by S. The process is then given by 

(5.2.17) C gr°wi"sdisk> S. 

We take a simple exponential function for this spreading process, such that the area 
occupied by a polymer attached at time t1 is given by 

(5.2.18) s(t - t') = sc + (ss - sc) ( l - e " ^ r ) , 

where sc and ss are the initial and final occupied area of the molecule per unit mass, 
respectively. 

A discrete form of the "growing disk" model is obtained if we assume that the polymer 
can be present at the interface in n + 1 different conformations. Schematically the 
spreading process can then be depicted as 

(5.2.19) Vo^lVi ••• Vn-x ^ Vn, 
k-l k-n 

where k+i and &_; are reaction rate constants for the surface processes. The areas per 
unit mass for the n+1 states are denoted by s*. We can simply apply first-order reaction 
kinetics to calculate the adsorbed amounts of the different conformations. There also 
exists a direct relation between the adsorbed amounts and the surface coverage 6: 

(5.2.20) e = Y^rlSi, 

In practice it is useful to use the one-step version of this model, defining k{ = k+\ and 
fcb = ft_i as reaction rate constants, and take sc and ss as the area of the polymer in 
the initial and final state, respectively. 

5.2.3. Molecular dynamics 
Before proceeding to an analytical description of the adsorption kinetics of spreading 

polymers, we would like to give a possible justification on a molecular level for the 
introduced spreading models. To this end, we carried out some molecular dynamics 
simulation on a fairly simple model system, from which we are able to extract the 
spreading behaviour near a solid surface. 
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Model system and procedure. One of the aspects to keep in mind when trying to simulate 
the spreading of a polymer near an interface, is the accessible timescale. It should 
be clear that we should pick a model system where spreading will be fast, and as a 
consequence we have to limit ourselves to relatively small flexible molecules at a very 
low density. 

The systems we studied all consist of a single chain of poly(ethylene oxide) (PEO) 
with protons as end groups near a graphite surface. We will denote these polymers as 
EO n , where n is the number of ethylene oxide groups. The graphite surface is a single 
layer consisting of 1881 C-atoms. All simulations on the PEO system were carried out 
using the commercially available software Insight II 4.0.0 from MSI together with the 
Discover 96.0/4.0.0 module. To get reliable results on the spreading behaviour of PEO, 
each simulation was build up in four stages. Before going in these details, we first 
mention some characteristics of the MD simulation. 

The microscopic state of a system of N atoms can be described in terms of the 
positions (r^) and momenta (pj) of the contained atoms. To characterise the system we 
will use a convenient condensed notation 

(5.2.21a) r = ( r 1 ) r 2 ) . . . , r w ) 

(5.2.21b) P = ( P I , P 2 , . . . , P J V ) . 

As is common, we write the Hamiltonian of the system as a sum of potential and 
kinetic energy terms: 

(5.2.22) ft(r,p) = V(r) + /C(p). 

We use the consistent valence force field from the Discover module without cross terms 
arriving at the following expression for the potential energy contribution to the Hamil­
tonian: 

(5.2.23) V(r) = £ kbl {bt - b\)2 + £ k9i {9t - 0?)2 

i i 

+ ^ 2 k<Pi (l + C0S ( n& ~~ $ ) ) + 5 Z kV (1 + C°S (n X l ~~ X*)) 
i i 

+ 
' i] 

where 6; is a bond length, 0; a bond angle, fa a torsion angle, x« a n out-of-plane 
angle to correct for torsional bonds fa « n in the case of 7r-bonds (cis-conformation), 
and qt the charge of an atom. The distance between atom i and j is denoted by r^. 
All other symbols denote constants depending on the kind of concerned atoms, which 
define the force field. The Lennard-Jones potential is calculated only to a cut-off radius 
Tij — 2.5 nm, and the electrostatic contribution to a cut-off radius r^ = 0.95 nm. 

In our MD simulations we imply effectively no boundary conditions, allowing the 
polymer to move freely in vacuum. At the beginning, the system is arranged so that 
the centre of mass (R cm) of the PEO molecule is at a distance of 5 nm from the graphite 
sheet plane. We choose the origin of a Cartesian coordinate system to be in the graphite 
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plane and the 2-direction perpendicular to it. To save computational time, the carbon 
atoms in the graphite layer are held fixed to their initial positions during all steps of 
the simulation. However, they will contribute to the non-bond terms of the potential 
energy in their interactions with the PEO. 

Having situated the PEO molecule far from the surface we perform a potential en­
ergy minimisation to equilibrate the polymer structure. For this purpose we use a 
cascade of two minimisers, starting with the steepest-descent method, followed by the 
conjugate-gradient one. The steepest-descent algorithm is used to make sure that 
any severe strain within the polymer chain is removed. We apply this method until 
the gradient of the potential energy with respect to the atom coordinates |VrV(r)| < 
4.184 x 1016 Jiriol-1m_1. We then proceed with the conjugate-gradient method until 
|VrV(r)| < 4.184 x 1010 Jmor^irr1 . After this minimisation step the PEO molecule 
has adopted a structure close to a local potential energy minimum. 

In the presence of a fully minimised configuration of PEO, we can start the molecular 
dynamics simulation with a target temperature T = 298 K in a NVT ensemble. To 
force the polymer towards the surface, we apply a constraint to the centre of mass of 
the PEO. So, in the potential energy an extra term 

(5.2.24) vcm = k(zcm - z0)
2 

occurs, with k = 2.092 x 1027 Jmol~ lm_1 and z0 = 2.5 nm. This quadratic potential 
is used during the first 10000 steps of 1 fs of our simulation. The polymer is than close 
enough to the surface to start our final step in the MD simulation. 

Before the adsorption and spreading stage, we replace the previously introduced 
quadratic constrained by a flat-bottomed constraint 

(5.2.25) v c m = < 
"'V'^cm 

0 

"^•^cm 

-z0f 

-Zl)2 

for zcm < z0, 

for Z0 < 2cm < Zi 

for zcm > zu 

where z0 = 0 nm, z\ = 2.5 nm, and k = 4.184 x 1012 Jmol_1m_1. This restraint 
prevents the PEO from moving too far from the graphite surface without influencing 
its behaviour in the vicinity of the surface. We run the MD simulation over 60000 time 
steps of 1 fs. Every 10 fs all atom coordinates are stored for post-processing. 

In our simulations we varied the chain length (n = 10,30,50) and the interaction 
between PEO and the graphite sheet. The latter is achieved by scaling the Lennard-
Jones potential between polymer atoms and graphite atoms by a factor 7. 

From the stored atom positions of PEO, taken from r every 10 fs, we calculated a 
number of relevant quantities in order to visualise the adsorption and spreading process. 
The position of the polymer is reflected in the position of the centre of mass which is 
defined as 

(5.2.26) Rcm = J^N , 
E- TUi 
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where m* is the mass of atom i and JVP is the number of atoms in the PEO molecule. 
This Rcm can subsequently be used to calculate a mean distance of the PEO molecule 
to the surface 

(5.2.27) zcm = Rcm • ez, 

where ez is the unit vector in the z-direction of the Cartesian coordinate system. The 
spreading process can be monitored by following the evolution of the parallel radius of 
gyration of PEO, defined as 

,,. , 9 S , p 2 _ E & m ((r, - Rcm)2 - ((r, - Rem) • ez)
2) 

(5.2.28) RS{1 = —if— . 
2-ii=l "li 

Furthermore, the distribution of the PEO atoms perpendicular to the surface is calcu­
lated. To this end, the number of atoms Ni in layer i of 0.5 nm in thickness, parallel to 
the surface, are counted for 5 layers. The fraction of atoms in layer i is then denoted 
by Xi = Ni/Np. 
MD Results. As an example of the observed effects for the adsorption and spreading of 
PEO on a graphite surface, we will illustrate here the results obtained for EO30 with 
7 = 3. Similar results were also found for the other studied systems. At the start of the 
MD simulation the PEO is approximately 2.5 nm from the surface, and has to approach 
it, before a polymer segment will be in contact with the graphite. How this happens is 
depicted in fig. 5.3, where the fraction of the EO30 that is present in a layer at a certain 
distance from the surface is plotted as function of time. Clearly, the polymer starts 
from layer 5 (2.0-2.5 nm from the surface), and subsequently adsorbs and mainly ends 
up in layers 1 and 2. This implies a rather flat conformation of the molecule in the 
adsorbed state. This observation confirms the existence of a spreading process. The 
approach towards the surface can also be nicely monitored by the time dependence of 
the vertical position of the centre of mass as defined by eq. (5.2.27), which is shown in 
fig. 5.4. From this plot, however, we are not able to draw satisfying conclusions about 
the time constant of the spreading process. A more suitable quantity for this purpose 
is the radius of gyration of the PEO parallel to the surface. 

Figure 5.5 shows the time evolution of i?2,, for EO30- The fact that the parallel size 
of the PEO decreases in the beginning of the simulation is caused by the fact that at 
that point the polymer is pulled towards the surface after release of the constraint in 
the potential energy from eq. (5.2.24). The spreading of the polymer is clearly seen, 
and in order to compare it to our introduced spreading models in the previous section 
(eq. (5.2.18)) we fitted the data to the following equation: 

(5.2.29) Rl, = RL + a 1 - exp , , , , t-t0 
•g|| - -"-go 

with fl20 = 0.316 nm2, a = 0.334 nm2, t0 = 2.82 ps, and r = 5.18 ps. In this fit t0 and 
.R2

0 are taken from the data by hand. Comparison of this fit with the data suggests 
that a simple exponential function is a good first approximation for the spreading of 
a flexible polymer near an interface. One should bear in mind that the presented 
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FIGURE 5.3. Fraction X{ of the atoms of EO30 in a 0.5 nm thick layer i (i = 
1,2,3,4,5) parallel to the surface. The layers are numbered from the surface. 

simulation only serves as an example, and that similar behaviour was observed for the 
other simulation runs. It should be evident that the presence of more polymers will 
complicate the situation. However, as long as the surface coverage is relatively low the 
single polymer approach serves as a good first approximation. For now we will use this 
crude model in our analytical calculations. 

5.3. ANALYTICAL EXPRESSIONS FOR ADSORPTION KINETICS 

In this section we will combine the above introduced transport equations and spread­
ing models to arrive at analytical equations for the adsorption kinetics of macro-
molecules. 
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FIGURE 5.4. Approach of the centre of mass of EO30 to the graphite surface 
in the final stage of the MD simulation. 
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FIGURE 5.5. B?,, as a measure for the occupied area of EOan as a function of 

time. Also shown 

a ( l - e x p ( - ^ ) ) . 

time. Also shown is a fit of the data to the function I&, = ]& 
t-t, 

5 .3 .1 . A d s o r p t i o n a t immob i l e in terfaces 

One of the most common interfaces for the adsorption of polymers is a solid-liquid 
one. In this case no convective polymer transport along the interface can occur. We 
will discuss the adsorption in a stagnation-point flow on such an immobile interface. 
If we assume that the attachment of polymer to the interface is fast as compared to 
the transport, then the adsorption rate is equal to the polymer flux J. So for the total 
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adsorbed amount we write 

(5.3.1) 
dr cb-c° 
,, — J — Jo h dt cb 

The limiting flux J0 is given by eq. (5.2.10), where we take CQ = 0. Because the 
calculation of c0 requires a non-trivial molecular model for the adsorption process, we 
will introduce a rather simplified model for the adsorption rate. We assume that the 
adsorption rate is proportional to the free surface area and the limiting polymer flux, 
giving 

(5.3.2) — = Jo/?, 

where the relative free surface area is denoted as f3 = 1 — 9. We realise that, using this 
assumption, we underestimate the adsorption rate, but it is a convenient first-order 
approximation which still allows us to predict the correct trends. 

To take surface processes of the polymer into account, we will apply the two discussed 
spreading models to derive equations for the adsorbed amount. 
Growing disk. When using the "growing disk" model it is most convenient the derive 
an equation for the relative free surface area p, which can be used to solve eq. (5.3.2). 
An amount d r adsorbed during a time interval dt' will occupy a fraction d6 of the 
surface at time t given by 

(5.3.3) 6B = J0P(t')s{t - t')dt'. 

The occupied area s(t — t') is taken from eq. (5.2.18). Before continuing it is convenient 
to non-dimensionalise all variables by the following rescaling: 

(5.3.4) J0SCTS -> J, rsc -» r, ss/sc ->• a, t/rs -> t. 

We obtain the relative free surface area by assuming an empty surface at t = 0, and 
calculating the fraction of occupied surface by integrating eq. (5.3.3). We then arrive 
at 

(5.3.5) P(t) = 1 - J f dt' p(t') ( l + (a - 1) ( l - e( '-() ) . 

This integral equation can be transformed to a differential equation by differentiating 
twice. After some rewriting we arrive at 

(5.3.6) ^ + (l + j ) ^ + jCT/5 = 0. 

The solution of this linear, homogeneous differential equation is easily derived. Appen­
dix 5.A.1 shows how it is done. The relevant boundary conditions of this equation are 
already contained in eq. (5.3.5), they are 

dp 
(5.3.7) 0(0) = 1, dt = -J. 

t=o 

Equation (5.3.6) has three different solutions, depending on the roots of its charac­
teristic equation. The discriminant of this equation is given by D = (1 + J)2 — AJa. 
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The relative free surface area is calculated from eq. (5.A.2) by insertion of the boundary 
conditions. This leads to 

(5.3.8a) P 

(5.3.8b) / ? = ( ! + 

I - J - VD I+J+VD, 1 - J + \PD l+J- •JD, 

2y/D 

I-J 

2T/D 

(5.3.8c) P= cos • 
-D I - J 
— t H ;—— sin • 

i-D 

-D 
t e " 2 

for D > 0, 

for D = 0, 

for D < 0. 

By noting that \/—D = iVD, cos a; = coshzz, and sin a; = — isinhix, it is easily seen 
that eq. (5.3.8a) is equivalent to eq. (5.3.8c). The adsorbed amount is now calculated 
by substitution of the previously obtained constants in eq. (5. A.3): 

r 1 
(5.3.9a) - = — + 

1 — J — vD _l±J±/B, 
^ 1 L 

J Jo {l + J + y/D)y/D 

1 - J + y/D 1+J-JD, 

(1 + J - y/D)y/D 

^ • 3 - 9 b ) 7 Ja 

1 4 + ( l - J2)t _i 

( i + jy 
-e 2 

sf^D 1 - J 2 + D 
cos —-— t H ; — sin 

2 2J^D 

-D 
t e " 2 

for D > 0, 

for D = 0, 

for £> < 0. 

One-step model. Instead of finding an equation for the relative free surface area, it is 
also possible to obtain a set of differential equations directly, where we assume that 
a polymer can be present at the interface in two different states. We can then treat 
the adsorbed amount of the polymer in the different states separately. To this end, 
eq. (5.3.2) is replaced by 

d / ; 

dt 
d / ; 

dt 

where the subscripts "c" and "s" refer to the coiled and spread states, respectively. 
The reaction constants for the forward (spreading) and backward (coiling) reaction are 
denoted by k{ and k\,. Again, we non-dimensionalise the equations by the rescaling 

kb 

(5.3.10a) 

(5.3.10b) 

= J0(I - rcsc - rsss) - kfrc + kbrs, 

kfl c — k\>l s, 

(5.3.H) ^ ^ J , riSc^ru ^ 
kf sc h 

K, tkf —¥ t. 

We write eq. (5.3.10) in a dimensionless Einstein matrix notation 

(5.3.12) tj = Ajkrk + Jj 



5.3. ANALYTICAL EXPRESSIONS FOR ADSORPTION KINETICS 85 

with the boundary condition 7}(0) = 0. Appendix 5.A.2 gives the general solutions of 
a set of m linear, nonhomogeneous first order differential equations. Our interest is in 
m = 2, for which the adsorbed amounts for the two states are given by 

(5.3.13a) Fc = ^ ~ - J l + J - « + V5< _>_±^ot 

K + a y/D{l + J + K + \/D) 

1 4- J — K — vD i+j+K-VDt 

y/D{l + J + K - s/D)6 

(5.3.13b) rs = ^ - + ^= 2-i —e"1^^5* 

1J I W « - V P , 
— — e 2 

VD(I + J + K- SD) 

where 

(5.3.14) D = {1 + J + K)2-4J{K + O). 

These equations are valid only if D ^ 0, i.e. the eigenvalues of Ajk are distinct. We 
will not give the equations for D = 0 here, because they are only limits of the general 
solution, and are therefore physically of little use. Finally, the surface coverage 9 is 
easily calculated by substitution of eq. (5.3.13) in 6 = Fc + aTs. 

Comparing the equation for the total adsorbed amount f = Tc + Ts with eq. (5.3.9a) 
for the "growing disk" model, one observes that they are identical if we take K — 0. 
This is what we expected, because the exponential function taken for the "growing 
disk" model is just the result of first order reaction kinetics without reverse reaction 
(*b = 0). 

5.3.2. Adsorption at expanding interfaces 
Adsorption of polymers, and especially proteins, at expanding liquid-gas interfaces 

is of interest in, e.g. foaming processes. Again, we assume the adsorption rate to be 
proportional to the free surface area, but we also have to take into account the transport 
of polymer along the interface. Hence, the continuity equation reads 

A 7-1 

(5.3.15) — = -vr + j0p, 

where it should be noted that the polymer flux Jo is a function of the expansion rate of 
the interface (see eq. (5.2.16)). Unfortunately, it is in this case not possible to derive a 
simple equation for the free surface area /?, because a polymer adsorbing at t' will be at 
another location at the interface at time t. Calculation of the occupied area therefore 
requires an Eulerian approach. So, in this case it is more convenient to use the one-step 
model. 
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One-step model. If we assume that a polymer is in a coiled state in solution, and can 
be in either a coiled or a spread state at the interface, we can rewrite eq. (5.3.15) for 
the adsorbed amounts of the two states as 

(5.3.i6a) ^ = J 0 ( I - rcsc - rsSs) - k{rc + khrs - m, 

(5.3.i6b) ^ = k(rc - kbrs - $rs. 

We use the same rescaling as in eq. (5.3.11) with the addition of d/kf -» d. We use 
the same Einstein matrix notation as in the immobile interface case: 

(5.3.17) tj = Ajkrk + Jj 

with the boundary condition 7}(0) = 0. The solution can thus be taken from app. 5.A.2. 
The adsorbed amounts for the two states are given by 

(5.3.18a) T c = J{K + d) 

J{K + <j)+d(l + J+K + d) 

1 + J — K + y/D i+j+K+20+ypt 

\/D(l + J + a + 2d + VD)e 

1 + J — K — V -D l+J+^+2i>-7DJ 

+ J—F= l=e 2 , 
VD{1 + J + n + 2d- s/D) 

(5.3.18b) r s = J 

J(K + a) + t9(l + J + K + d) 
2 J i+j+K+2^+\/lyJ 

— - e 2 
y/D(l + J+K + 2V + y/D) 

23 l+J+K+2ti-\/D, 
e 2 

y/D(l + J + K + 2V- s/D) 

where 

(5.3.19) D = (1 + J + K)2 -4J(n + a). 

As is the case for adsorption at immobile interfaces, these equations are also valid only 
if D ^ 0, i.e. the eigenvalues of Ajk have to be distinct. At this point it is also important 
to note that the fact that J oc Cpi?1/2 (see eq. (5.2.16)) limits the possibility of varying 
•d and J independently. 

5.4. DISCUSSION AND CONCLUSION 

In this section we will give some sample calculations with the presented models and 
discuss the validity of the models. We will especially focus on the restrictions of the 
models. 
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FlGURE 5.6. Dimensionless adsorbed amount r(Jt) of a spreading polymer 
at an immobile interface as calculated by eq. (5.3.9) or (5.3.13) with a = 2, 
and re = 0. The polymer flux J is indicated in the plot. 

5.4.1. Immobi le interface 

The adsorption of a spreading polymer at a solid-liquid interface is determined by two 
competing processes: the transport to the surface and the spreading. As an example 
we take the occupied area of a completely unfolded molecule to be twice that of a coiled 
polymer, i.e. a = 2. Figure 5.6 shows the time dependence of the total adsorbed amount 
as calculated with the one-step model (see eq. (5.3.13)) for K = 0 at different limiting 
polymer fluxes. The same plot is obtained by eq. (5.3.9) for the "growing disk" model. 
The adsorbed amount r is plotted against Jt to obtain an initial slope of unity in all 
cases. It is easy to show that there is a threshold for J beyond which the calculated 
adsorbed amount has a maximum value at a finite time imax . The desorption observed 
after this time is of a non-physical nature, because we allow polymers to spread on 
a fully occupied surface. Therefore, a negative free surface area f3 occurs, which can 
eventually even lead to a negative adsorbed amount of the coiled polymer as can be 
seen in fig. 5.7, where we plot the adsorbed amounts for each of the different states 
of the polymer, with K = 0, a = 2, and J = 1. This observation indicates that the 
equations used are only valid until imax where j3 — 0 for the first time. The time im a x 

where this maximum is reached is calculated from 9 = Fc + aTs = 1: 

(5.4.1) 

' 7 3 l n f e ^ 7 § forJ>K + 2 a - l , 

oo in other cases. 
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FIGURE 5.7. Adsorbed amount of the coiled (c) and spread (s) state of a 
polymer at an immobile surface with a = 2 and J = 1. The total adsorbed 
amount (t) is also plotted. Solid lines: K = 0; dashed lines: K = 0.5. 

Substituting eq. (5.4.1) in eq. (5.3.13) gives the maximum adsorbed amount for both 
the coiled and the spread state. Figure 5.8 gives two examples of these maximum 
adsorbed amounts as a function of J. It is obvious that by taking K > 0, the final 
adsorbed amount of the coiled state will be larger, and therefore the occupied area 
smaller. This leads to an increase of the total adsorbed amount, as is seen in this 
figure. 

From fig. 5.8 it is clear that the transport rate can be used to control the final mass 
and structure of an adsorbed polymer layer. One should however bear in mind that 
the experimental window may be well outside the interesting region, i.e. 0 < ln( J) < 4. 
This can for instance be the case for the adsorption of flexible polymers, because then 
the spreading process will be too fast. 

5.4.2. Expanding interface 

The only significant difference in the case that the interface is mobile, is that forced 
transport of adsorbed molecules along the interface will now occur. One of the conse­
quences of this difference is that the overshoot of the surface coverage 9 observed in 
the calculations for the immobile interface, is only present for small values of d, and is 
relatively small, i.e. 1 — 0 -C 1. The adsorption of polymers and proteins at a liquid-air 
interface is often studied in a stationary state, such as obtained with the overflowing 
cylinder. Therefore, we will only discuss the maximum adsorbed amounts, which are 
independent of the boundary conditions of eq. (5.3.17) as long as we neglect the possible 
overshoot mentioned above. 

The maximum adsorbed amounts are easily calculated by setting / } = 0 in eq. (5.3.17) 
or by taking t —>• oo in eq. (5.3.18), and are thus given by the first terms in eqs. (5.3.18a) 
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FIGURE 5.8. Adsorbed amount at tmax of a spreading polymer at an immobile 
interface, for a = 2. Curves are shown for the coiled state (c), the spread state 
(s), and the total (t). Solid lines: K = 0; dashed lines: K = 0.5. 

and (5.3.18b), respectively. The total adsorbed amount in the stationary state is thus 
found to be 

(5.4.2) r 
J ( l + K + tf) 

J{n + a)+-d{l + J + K + ti)' 

Figure 5.9 shows two examples of JTSS as a function of J and d. Clearly, in an overflowing 
cylinder setup it is possible to control the amount of polymer adsorbed by changing 
either J (e.g. by way of changing the polymer concentration) or d. 

5.4.3. Final remarks 

We have shown that with a straight forward analytical approach we are able to 
describe the adsorption and spreading of chain molecules. In a previous paper it was 
shown that the presented model is indeed capable of, at least qualitatively, describing 
the adsorption of the protein savinase on silica [5]. The use of intrinsically simple 
spreading models is justified by molecular dynamics simulations of poly(ethylene oxide) 
near a graphite surface. The major limitations of our model are the fact that we 
underestimate the polymer flux towards the surface by assuming a linear dependence of 
this flux with the free surface area (see eqs. (5.3.2) and (5.3.15)), and the fact that the 
spreading itself is independent of the surface coverage. This implies that the presented 
models should be used with care, and are bound to give qualitative, rather than exact 
quantitative, agreement with experiments. 
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(a) Irreversible spreading (K = 0) with <r = 2. 

(b) Reversible spreading (K = 1) with a = 4. 

FIGURE 5.9. Adsorbed amount in a stationary state for a polymer adsorbing 
at an expanding interface as a function of the surface expansion rate d and the 
limiting polymer transport J. 
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APPENDIX 5.A. DIFFERENTIAL EQUATIONS IN ADSORPTION KINETICS 

The analysis of the adsorption kinetics of polymers involves the solution of differential 
equations. Here, we will give a general approach in solving such equations for two kind 
of spreading models for the polymer at the interface. 

5.A.I. Growing disk 
If we assume that an adsorbing polymer will change its conformation at the interface 

by some simple exponential function, the relative free surface area /3 will be given by a 
linear, homogeneous second-order differential equation of the following form: 

( , A , , %+•%+«-* 

Let mi and m2 be the roots of the characteristic equation m2 + bm + c = 0, and let 
D = b2 — Ac. Then there are three cases: 

(5.A.2a) P = c i e
m , t + c2e

m2t for D > 0, 

(5.A.2b) p = Cle
mit + c2te

mit for D = 0, 

(5.A.2c) P = (d cos qt + c2 sin qt)ept for D < 0, 

where p = —b/2 and q = \/4c — 62/2. The calculation of the adsorbed amount r 
involves the solution of the linear, first-order differential equation dr/dt = jp (see 
eq. (5.3.2)). The adsorbed amount is simply given by r = J fQ dt' P, where we assumed 
T(0) = 0, so 

(5A.3a) ^ = ^ e m i t + ^-em2< - * - - * - for D > 0, 
J mi m2 rti\ m2 

r = w - o + amt^ _ cjm-^ ^ D = Q^ 
J m\ m{ 

(5.A.3c) ^ = ClP~ ^ (ept coSqt-l)+Ciq
>

 + "fe* sin qt for D < 0, 
J pz + ql p1 + ql 

where the constants are the same as in eq.(5.A.2). 

5.A.2. n-Step model 
The adsorption of polymers, but of course also of other molecules, can be addressed 

by assuming that the molecule can exist in n + 1 different states, either in solution or 
at the interface. It is then possible to use first order reaction kinetics to describe the 
adsorption process. The differential equations for the adsorbed amounts of the different 
states take the following general form: 

(5.A.4) tj = Ajkrk + J,. 

We denote the eigenvalues and eigenvectors of the mxm matrix Ajk by Xj and Vjk, re­
spectively. In the case all eigenvalues are distinct, solution of the homogeneous equation 
/ j 1 = Ajkr£ gives 

(5.A.5) J* = vjke
x>\ 
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arriving at the general solution .Tj1 = Ckr^j, where Ck is a constant vector. To find a 
particular solution we apply the technique of variation of constants, i.e. we put 

(5.A.6) r? = Bk(t)r^, 

after which it is easy to show that 

(5.A.7) Bkr& = Jj. 

Taking a single exponential function for Bj meets the set requirements. We take Bj — 
^-e~x'1. The full solution of eq. (5.A.4) then is 

(5.A.8) /) = rf + rj 

= (Ck + Bk)I*j. 

Using the boundary condition 2^(0) = r° and eq. (5.A.7) we are able to calculate the 
introduced constants bj and c,-. In the case we have a set of two differential equations, 
as is the case throughout this paper, then 

J1V22 - J2V21 
(5.A.9a) 61 = 

(5.A.9b) b2 = 

V12V2l - VnV22 

J2V11 ~ jlVl2 

Ul2«21 - VllV22' 

(5.A.9C) Cl = 4 - ^ - ^ , 
Al Vl2^21 - WllV22 

(5.A.9d) c2 = , 
M V\2V2\ - V1XV22 

where Ai / A2. 
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Samenvatting 

In dit proefschrift komen verschillende aspekten van het gedrag van semi-flexibele poly-
meren, en in mindere mate van flexibele, in de buurt van een grensvlak aan de orde. 
Na een korte inleiding in de benodigde basisbegrippen worden in het eerste deel vooral 
de evenwichtseigenschappen belicht, terwijl in het tweede deel meer aandacht wordt 
besteed aan de adsorptiekinetiek. 

Er bestaat een groot aantal manieren om polymeren te modelleren. De keuze voor 
een bepaald model wordt zowel bepaald door de akademische achtergrond van de indi-
viduele onderzoeker als door het specifieke polymeersysteem zelf. In ons onderzoek naar 
het globale gedrag van polymeren nabij een grensvlak is het voldoende om een polymeer 
te zien als een keten van segmenten zonder aandacht te besteden aan de molekulaire 
details. Een dergelijke keten wordt gekarakteriseerd door de segmentlengte b, het aan­
tal segmenten N, de persistentielengte q en de gyratiestraal i?g. De persistentielengte 
kan gezien worden als de afstand langs de keten tot het punt waarop er nog net richt-
ingskorrelatie met de eerste binding waarneembaar is. Met andere woorden: een stijver 
polymeer wordt gekarakteriseerd door een grotere waarde van q. 

Ophoping van een stof aan een grensvlak wordt aangeduid als adsorptie. Deze op-
hoping kan uiteindelijk leiden tot de vorming van een nieuwe fase; dit proces wordt 
bevochtiging genoemd. Polymeeradsorptie speelt een belangrijke rol in een breed skala 
aan natuurlijke en industriele processen. Mede daardoor is het een populair onder-
werp van zowel toegepast als fundamenteel onderzoek. Dat hierbij de nadruk veelal op 
evenwichtseigenschappen ligt is op zijn minst jammer te noemen. De doorgronding van 
een groot aantal adsorptieprocessen is vaak slechts mogelijk als de kinetiek ervan ook 
onderzocht wordt. Het onderzoek op dat gebied bevindt zich pas in zijn vlegeljaren, 
maar ontwikkelt zich snel. Met name de adsorptiekinetiek van niet-flexibele polymeren 
is een interessant fenomeen vanwege de grotere tijdschalen die daar een rol spelen. 

De evenwichtseigenschappen van polymeren in de buurt van een grensvlak kunnen 
worden berekend met behulp van een gemiddeld-veldtheorie, waarbij de wisselwerkin-
gen tussen de verschillende komponenten worden bepaald aan de hand van hun gemid-
delde omgeving. In dit proefschrift maken we gebruik van zowel een dichtheidsfunktio-
naaltheorie als van de door Scheutjens en Fleer speciaal voor polymeren ontwikkelde 
zelfkonsistente-veldtheorie (SF ZKV). De kinetische experimenten zijn uitgevoerd met 
behulp van reflektometrie, een methode gebaseerd op de verandering van de reflek-
tiekoefficienten ten gevolge van adsorptie. 

In hoofdstuk 1 staat de evenwichtsadsorptie van semi-flexibele polymeren aan een 
vloeistof-vloeistof grensvlak centraal. We beschouwen twee fasescheidende monomere 
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vloeistoffen, C en D, en een polymeer AN dat in beide oplosmiddelen evengoed oplos-
baar is. We gebruiken de SF ZKV theorie om de eigenschappen in het verdunde gebied 
te berekenen. De stijfheid van het polymeer wordt gekontroleerd door gebruik van een 
diskreet rotatie-isomeriemodel. We laten zien dat de grensvlakbreedte £ (bepaald door 
de wisselwerkingsparameter tussen de twee oplosmiddelen), de persistentielengte q en 
de ketenlengte N relevante parameters zijn voor het adsorptiegedrag. Een opmerkelijke 
konstatering is dat bij een konstante verhouding Nll2/£ de geadsorbeerde hoeveelheid 
door een minimum gaat als funktie van q/£. Een toename van <?/£ (q/£, < 1) leidt 
aanvankelijk tot een grotere kluwenafmeting, resulterend in een afname van de gead­
sorbeerde hoeveelheid. Echter, in het geval dat <?/£ 3> 1 zal oplijning van delen van het 
polymeer in de buurt van het grensvlak optreden, omdat voor stijvere ketens het en-
tropieverlies geringer wordt. Dit oplijnproces heeft een toename van de geadsorbeerde 
hoeveelheid tot gevolg. Deze resultaten hebben ook konsekwenties voor de kontroverse 
rond de preferentiele adsorptie in een mengsel van flexibele en stijve polymeren. Met 
name de eindige breedte van het grensvlak moet in deze diskussie meegenomen worden 
om uitsluitsel te kunnen geven over welk polymeer preferent zal adsorberen. 

De uitbreiding naar bevochtiging door polymeren van een vloeistof-vloeistof grens­
vlak in een vergelijkbaar systeem wordt uitgebreid bediskussieerd in hoofdstuk 2. Hierin 
wordt zowel het bevochtigingsgedrag van flexibele als van semi-flexibele polymeren 
aan de orde gesteld. Het ternaire systeem is bestudeerd in de buurt van de over-
gang van partiele naar volledige bevochtiging. In een symmetrisch systeem, waarin 
XAB = XBC = XJ kan deze bevochtigingsovergang ge'induceerd worden door een ve-
randering van de wisselwerkingsparameter \ . De verhouding tussen de breedte van het 
grensvlak £ van het binaire j4/C-systeem en de kluwengrootte van het polymeer bepaalt 
de orde van de faseovergang. Boven een kritische ketenlengte Nc (bij vaste £) is de be­
vochtigingsovergang van eerste orde, terwijl die van tweede orde is voor N < Nc. De 
kenmerken van de voorbevochtigingslijn, inklusief het kritisch punt van voorbevochtig-
ing, worden in detail besproken. De niet-triviale ketenlengte-afhankelijkheid van de 
plaats van dit kritisch punt is geanalyseerd met behulp van een ruw thermodynamisch 
model. Voor een semi-flexibel polymeer is een toename van de ketenstijfheid bij een 
bepaalde waarde van x voldoende om een bevochtigingsovergang te bewerkstelligen. 

De eerste kinetische experimenten in dit proefschrift staan beschreven in hoofdstuk 3. 
De adsorptiekinetiek van het polysaccharide xanthaan vanuit waterige oplossing op 
zirkoonoxide is bestudeerd als funktie van pH en van ionsterkte. Reflektometrie is ge-
bruikt om het adsorptiegedrag in een stagnatiepuntstroming te onderzoeken. Voor niet 
te extreme waarden van pH en ionsterkte bevindt xanthaan zich in een helixkonfor-
matie en kan onder deze omstandigheden als een semi-flexibel polymeer gezien worden. 
Een verlaging van de zoutkoncentratie of een verhoging van de pH induceert een helix-
kluwen overgang. Deze overgang wordt veroorzaakt door wederzijdse elektrostatische 
afstoting van de korte zijketens van xanthaan. De kluwen waarin het xanthaan over-
gaat kan als een Gaussische keten met een grote gyratiestraal beschouwd worden. De 
konformatie van het polysaccharide wordt weerspiegeld in het adsorptiegedrag. We 



SAMENVATTING 97 

laten ook zien dat de elektrostatische wisselwerking tussen het polymeer en het opper-
vlak de stabiliteit van de helix bei'nvloedt. Het adsorptieproces kan in twee gebieden 
verdeeld worden. Bij lage oppervlaktebedekking is de adsorptiesnelheid aanvoergelimi-
teerd wat in een stagnatiepuntstroming leidt tot een lineaire tijdsafhankelijkheid van 
de geadsorbeerde hoeveelheid. De adsorptiesnelheid verandert in dit gebied nauwelijks 
als funktie van de ionsterkte of pH. Het tijdsinterval waarbinnen dit gebied ligt doet 
dat echter wel. Dit kan toegeschreven worden aan elektrostatische effekten. Bij hogere 
oppervlaktebedekking worden twee typen gedrag waargenomen. Bij lage ionsterkte en 
op een hooggeladen oppervlak vindt een vrij abrupte verzadiging van de geadsorbeerde 
hoeveelheid plaats. lets dergelijks wordt ook waargenomen bij flexibele polymeren. 
Blijkbaar adsorbeert xanthaan in een kluwen-achtige konformatie, wat waarschijnlijk 
veroorzaakt wordt door de instabiliteit van de helix in de buurt van het oppervlak. Bij 
hogere ionsterkte en op een zwakgeladen oppervlak neemt de geadsorbeerde hoeveelheid 
langzaam toe gedurende langere tijd. Onder deze omstandigheden is de helixvorm sta-
bieler en wordt de langzame toename waarschijnlijk veroorzaakt door herrangschikking 
en oplijning van het stijve polymeer. 

In de meeste studies naar het adsorptiegedrag van polymeren op vaste oppervlakken 
wordt gevonden dat de verzadigde geadsorbeerde hoeveelheid onafhankelijk is van de 
aanvoersnelheid J van het polymeer naar het oppervlak. Meestal wordt dit veroorzaakt 
doordat de aanvoer van polymeer veel trager is dan de oppervlakteprocessen (zoals 
konformatieveranderingen). In hoofdstuk 4 bestuderen we een tweetal biopolymeren, 
waarbij oppervlakteprocessen juist relatief langzaam verlopen. We hebben gevonden 
dat in dat geval de aanvoersnelheid een belangrijke rol speelt voor de struktuur van de 
geadsorbeerde laag en voor de geadsorbeerde hoeveelheid van zowel immunoglobuline G 
als van savinase op Si02 vanuit waterige oplossing. Het adsorptieproces kan gezien wor­
den als een aanhechtingsstap gevolgd door spreiding van het polymeermolekuul over het 
oppervlak. We vinden een sterke J-afhankelijkheid voor de geadsorbeerde hoeveelheid 
als de benodigde tijd voor aanvoer naar het oppervlak van de zelfde orde is als de tijd 
voor spreiding. Vervolgens gebruiken we het zogenaamde groeiende-schijf-model voor 
een fenomenologische beschrijving van de adsorptiekinetiek van spreidende polymeren. 
Dit analytische model wordt in hoofdstuk 5 nader belicht en verder uitgebreid. 

De uitgebreide analyse van de adsorptiekinetiek van spreidende polymeren in dat 
hoofdstuk omvat zowel het genoemde analytische model als ook molekulaire-dynami-
kasimulaties. Uit de MD simulaties van een polyethyleenoxide-keten in vakuum vlak-
bij een grafietoppervlak konkluderen we dat het spreidingsproces in eerste benader-
ing beschreven kan worden met een enkele exponentiele funktie voor de grootte van 
het molekuul parallel aan het oppervlak, of met eerste-orde reaktiekinetiek. De kom-
binatie van deze spreidingsmodellen met de transportvergelijkingen voor verschillende 
geometrieen (stagnatiepuntstroming en overstromende cilinder) leidt tot analytische uit-
drukkingen voor de adsorptiekinetiek van polymeren aan vast-vloeistof en aan vloeistof-
vloeistof oppervlakken. 
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Technologie aan de Technische Hogeschool Eindhoven, waarvan de naam niet veel later 
werd veranderd in Technische Universiteit. Tijdens de afstudeerfase kwam ik uitgebreid 
in kontakt met de chemische industrie door het uitvoeren van Ramanspektroskopisch 
onderzoek aan polyetheen bij DSM in Geleen. In 1991 sloot ik mijn studie af en begon 
in november van dat jaar aan een tweejarige ontwerpersopleiding aan de Technische 
Universiteit Delft. Omdat mijn wetenschappelijke interesse meer in de richting van 
fysische chemie ging, veranderde ik in juli 1993 van werkgever en begon als onderzoeker 
in opleiding aan mijn promotie-onderzoek bij de vakgroep Fysische en Kolloi'dchemie 
(nu omgedoopt tot laboratorium voor Fysische Chemie en Kolloi'dkunde) aan de Land-
bouwuniversiteit Wageningen. De resultaten van dit onderzoek vormen de inhoud van 
dit proefschrift, maar zijn ook gepresenteerd tijdens konferenties in Ven (Zweden), Mun-
ster (Frankrijk), Turku (Finland) en Eibergen en uiteraard tijdens de jaarlijkse SON-
bijeenkomsten in Lunteren. Daarnaast heb ik me zowel in Delft als in Wageningen 
ingezet voor de verbetering van onderwijs. Vanaf 1 maart 1998 werk ik als adjunkt in 
de chemie aan de Universiteit van Aalborg. 
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