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STELLINGEN

In tegenstelling tot wat zij beweren, nemen de Feijter en Benjamins
een voor elk geadsorbeerd molecuul gelijk oppervlak aan in plaats
van een oppervlak evenredig met het molecuulgewicht.

J.A. de Feijter en J. Benjamins, J. Colloid
Interface Sci. 81, 91 (1981).

11

Hesselink brenat in ziijn polyelektrolietadsorptietheorie het effect
van beeldladingen wel in rekening, al zegt hij van niet.

F.Th. Hesselink, J. Colloid Interface Sci.
60, 448 (1977).

III

Yaron et al. schrijven de toename van de optische draaiing van ge-
laden oligo-L-lysine ten onrechte toe aan eindeffecten.

A. Yaron, E. Katchalski, A. Berger, G.D. Fasman en
H.A. Sober, Biopolymers 10, 1107 (1971}.

Iv
Polymeeradsorptiegegevens tonen aan dat het met behulp van de dub-
bellaagcapaciteit bepaalde specifiek oppervlak van zilverjodide

niet juist kan zijn.

Dit proefschrift, hoofdstuk 5.
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Het is efficiénter de "efficiénte" vierstaps synthese van mono-
geacyleerde diaminen volgens Kunesch te vervangen door de acyle-
ring van een enkelvoudig beschermd diamine en aansluitende verwij=-
dering van de beschermgroep.
G. Kunesch, Tetrahydron Letters 24, 5211 (1983).

VI

De gaschromatografische bepalingsmethode van thiamine (vitamine
Bl) volgens Echols et al. bepaalt ook ontleed thiamine mee.

R.E. Echols, R.H. Miller, W. Winzer, D.J. Carmen,
en Y.R. Ireland, J. Chromatography, 262,
257 {1983).

VII

Mosterd bevat van nature een hoger erucazuurgehalte dan is toege-
staan op grond van artikel 3bis van het Algemeen Besluit (Warenwet).

VIII
Het wettelijk voorschrijven vah analysemethoden aan de Keurings-
diensten van Waren belemmert deze bij het inspelen op de nieuwste
ontwikkelingen in de analytische chemie.
IX
Het is in het belang van een efficiénte controle wanneer de Waren-

wet, de Landbouwkwaliteitswet en de Vleeskeuringswet tot één con-
sumentenbeschermingswet worden samengevoegd.
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Als bij veroordelingen op grond van overtredingen van de Warenwet
de rechter als straf publikatie van het vonnis op zou leggen, zou
de preventieve werking van de controle door de Keuringsdiensten van

Waren worden versterkt.
XI

Het spreekwoord "hoe meer zielen, hoe meer vreugd" is niet van
toepassing binnen het klaslokaal.

XIT

Het is opmerkelijk dat juist tijdens het bewind van minister Deet-
man een nieuw museum voor onderwijs wordt gebouwd.

XITI
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doet afbreuk aan het toneelkarakter van de voorstelling.

X1V

Degenen die op het standpunt "liever dood dan rood" staan, kunnen
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I INTRODUCTION

1.1 GENERAL BACKGROUND

This study deals with an important aspect of polymer adsorp-
tion.

Polymers usually consist of long chains of either identical or
different entities, called the segments.

From aguecus solutions polymers adsorb on a variety of surfaces.
This adsorption is usually of the high affinity type. The accumu-
lation of the binding energy of many segments accounts for this
high affinity, even if the affinity per segment is small. The seg-
ments of the adsorbed molecules need not all be attached to the
surface. Part of them can reside in loops and tails protruding
in the solution. Series of segments in contact with the surface
are called trains. Trains, loops and tails together form the
adsorbed layer. Such an adsorbed layer strongly influences the
interfacial propertiesl.

If two surfaces are covered with thick layers of polymer, they
cannot approach each other c¢losely. This enables the preparation
of stable dispersions of solids in fluids or of emulsions. Such
dispersions need a stabilizing mechanism, because the surface
excess free energy tends to lower the surface area. Lumping of
solids and aggregation of fluid drops lowers the surface area.

In the case of fluid interfaces the surface free energy may be
identified with the interfacial tension.

Stabilization against aggregation can be achieved by electro-
statically charging the particles or droplets or by adsorption
of enough polymer to obtain thick sheaths?. The latter stabilizing
effect is of great practical importance. Typical examples are milk,
in which fat globules are stabilized by the adsorbed protein casein,
latex dyes, which consist of dye-stuffs dispersed in a fluid using
a stabilizing polymer layer, and many pharmaceutical formulas.

On the other hand, when only little polymer is present, it has



a destabilizing action. Long chains can adsorb on one particie with

part of the molecule and on another with another part. Thus a bhridge
is formed that binds the particles together, inducing them to floc-
culatez. This mechanism plays an important role in water purifi-
cation processes, where finely dispersed matter is to be removed.

A special class of polymers is formed by the polyelectrolytes,
which hear electrical charges along their chains.

Proteins are important representatives of this category. They
consist of chains composed of about twenty different amino acids
as the segments. Depending on pH and their nature some of these
segments can bear a charge. The specific order of the segments is
determined genetically. This order usually results in a stable
three dimensional structure. If proteins adsorb, their structure
can be changed, but the train-loop-tail model is hardly ever ap-
propriate.

Simpler are the common polyelectrolytes, which have flexible
chains. They usually consist of chains, built up from only one or
a few different types of segments. The three-dimensional structure
is governed by statistics. These types of polyelectrolytes also
play a role in biological systems, e.g. the highly charged poly-
saccharide heparine prevents blood cells from sticking to the
inner lining of veins and arteries. Polyelectrolytes are also used
in technology, e.g. they are employed to separate oppositely changed
mineral particles3.

The polyelectrolyte poly-L-lysine used in this study is related
to both types of polyelectrolytes, proteins and flexible chains. It
consists of only one type of amino acid, L-lysine. At low pH nearly
all segments are charged and the molecules form expanded statistical
coils. At high pH the charge is neutralized and helical structures
are formed like those occurring in proteins4. In this study we
used poly-L-lysine only in its highly charged form. Under those
conditions it can be regarded as a model polyelectrolyte rather
than as a model protein.

To predict properties of adsorbed polymer layers, e.g. their
impact on colloid stability, a lot of attention has been paid to
the theoretical description of polymer adsorption. Because of the
nature of the problem statistical thermodynamical methods are in-



dicated. Most modern theories employ lattice models. Flory used
such a model advantageously before to describe the behaviour of
pelymers in solution®. The sites of his lattice are occupied
either by a segment of a polymer chain or by a solvent molecule.
The meost comprehensive polymer adsorption theories are those of
Roe6 and of Scheutjens and Fleer7, whereby the latter is even
more refined. Electrostatistic interactions are not taken into
account in these theories. Hence, they cannot be applied to poly-
electrolytes. A preliminary theory for polyelectrolyte adsorption
was developed by Hesselink>. Although this theory is based on a
number of oversimplifying assumptions, it nevertheless enables us
to interpret some experimental observations:e.g. the formation of
high adsorbed amounts is prevented by the mutual repulsion of
charges of equal sign along the chain. In contrast to Hesselink's
model, the lattice models of Roe and of Scheutjens provide the
possibility of calculating the polymer concentration distribution
perpendicular to the surface. As this polymer concentration profile
is of crucial importance for the description of particle inter-
action, we decided to extend the aforementioned lattice theories
with electrostatic interactions.

The polymer adsorption theories used are based on equilibrium
thermodynamics. There are arguments that the premisses to apply
equilibrium thermodynamics to polymer adsorption are not fulfilled.
For example, adsorption must be reversible, but irreversibility
upon dilution of the solution has often been observed. Before ap-
plying equilibrium statistical thermodynamics to polymer adsorption
we will contribute to the clarification of this point.

In the experimental part of our study we adsorbed poly-L-lysines
to silver iodide. Silver iodide is one of the classical model systems
of colloid sciencea. Although uncertainties will always remain, the
surface properties of dispersed silver iodide belong toc the best
known. A variety of experiments has been conducted to study this
material. For instance, colleidal dispersions can be obtained
readily. These are very suitable to investigate the influence
of adsorbates on colloidal stability. Silver iodide particles are
usually charged. The surface charge consists of an excess of iodide
or silver ions and depends on the concentrations of these ions in
solution. Changes in the surface charge can be measured by monitoring



the concentrations of the silver and iodide ions. A very advantageo
aspect of our model system chosen is, that the charge of poly-L-lys
depends on the pH, but not on the silver ion concentration, whereas
the charge on silver iodide depends on the silver ion concentration
but not on the pH. Hence, with our system the charges of adsorbent
and adsorbate can be varied independently.

1.2 PURPOSE OF THIS STUDY

The aim of the present study is to give a description of the
behaviour of a model polyelectrolyte at a model interface.

We will study both the theoretical and the experimental side
of such a system. Adsorption theories for uncharged polymers have
been elaborated to a high level of sophistication. We will modify
the theories of Roe® and of Scheutjens and Fleer7 in such a way,
that they are also applicable to polyelectrolyte adsorption.

The experimental work is directed to the testing of our poly-
electrolyte adsorption theory. As the theoretical work covers the
whole chain length domain from monomer up to long chains, it is
important to study not only polymers but also oligomers. To syn-
thesize oligomers of a defined length, we devised a route via
repeated coupling of entities of equal length. Peptides are a
suitable class of compounds for this purpose, because methods of
peptide synthesis have been standardized to a high level.

1.3 OUTLINE OF THE INVESTIGATIONS

The present study consist of three parts: a theoretical one,
(chapters 2 and 3) an experimental one (chapters 4 and 5) and a
comparison between experiment and theory (chapter 6).

Chapter 2 tackles the problem whether or not equilibrium thermo=-
dynamics may be applied to polymer adsorption. We focus our atten--
tion to the applicability of Gibbs' law. The influence of hetero-
dispersity on surface pressure curves is analyzed.

Chapter 3 gives the extension of the Roe and the Scheutjens-
Fleer theory for non-ionic polymers with electrostatic interac-



tions. We will present expressions for the electrical free energy
of polyelectrolytes in the adsorbed and non-adsorbed state. Impli-~
cations for phase separation eguilibria are also discussed.

Chapter 4 reports the synthesis of the oligo-L-lysines. Oligo-
mers up to the 32-mer have been obtained by repeated selective
coupling of components of the same length.

Chapter 5 describes the experimental results obtained for the
poly-L-lysine/silver iodide system. Various colloid chemical tech-
niques have been employed, like the measurement of adsorption iso-
therms, of coagulation rates, of electrophoretic mobilities and of
charge-potential curves for silver iodide covered with poly-lysines.
The data are interpreted in terms of a physical picture of the
adsorption behaviour of oligo- and poly-L-lysines.

In chapter 6 these data are compared with the theoretical picture
as developed in chapter 3. Using model assumptions, most of the
parameters used in the polyelectrolyte adsorption theory can be
assessed. Only the value of the parameter Xg for the non-electro-
static free energy of adsorption remains to be fitted to the
experiments. Except for this adjustment, guantitative agreement
between theory and experiment is achieved.

1.4 REFERENCES
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2 THE APPLICABILITY OF EQUILIBRIUM THERMODYNAMICS TC POLYMER
ADSORPTION

2.1 INTRODUCTION

All highly developed theories for polymer adsorption, like those
of Hoevel, Silberberg2 and more recently, those of Roe3 and of Scheut-
jens and Fleer4--which also extend to oligomers--are based on equi-
librium thermodynamics. However, several experimental observations
raised questions about this premiss. In particular, there is some
doubt about the reversibility (in the thermodynamic sense) of poly-
mer adsorption. For example, by diluting the solution adsorbed po-
lymers cannot be removed from the surface in many cases. However,
this phenomenon is not at variance with equilibrium thermodynamics.
The theoretically calculated affinity to the surface is so high
that an extremely strong dilution is necessary to achieve desorp-
tion®. For polymers of about a hundred segments typical values cof
one molecule per cubic kilometer are obtained. Another example is
that the shape of adsorption isotherms measured with decreasing
concentrations is usually not egual to that measured with increasing
concentrations (figure 2.1). Often the shape is also dependent on
the adsorbent concentration. Cohen Stuart et al.6 showed that the
last two phenomena can be attributed to the heterodispersity of the
polymers used. From experimente”r?’a‘9 as well as from theory5'10
it is known that at least at not tco high volume fractions long
chains adsorb preferentially over short ones and attain higher
plateau values in the adsorption isotherm. Cohen Stuart et 31.6
analyzed the simplified model of such a strong preference of longer
chains over shorter ones that all polymer longer than a critical
chain length is adsorbed, while the remainder stays in solution
{figure 2.2}. They also assumed that the conformation of none of
the adsorbed components was influenced by any other component pre-
sent in the adsorbed layer, and that this conformation was not
sensitive to the volume fraction of polymer in the sclution. Hence



adsorbed amount

polymer concentration

Figure 2.1. Often observed shapes of polymer adsorption isotherms.
a, measured using increasing polymer concentration. b, measured
by dilution.

Figure 2.2. Distribution of amount of polymer W as a function of

chain length r. a: low polymer concentration. b: high polymer con-

centration. The adsorbed fractions are shaded (after Cohen Stuart
6

et al.”).




in this picture the total adsorption is a linear combination of
the plateau values with the adsorbed amounts of the individual
components of the mixture as the coefficients. At higher polymer
concentrations progressively more long chains are present in the
adsorbed layer when the isotherm is measured with increasing poly-
mer concentration. Since these longer chains have higher plateau
values, the adsorbed amount increases and a rounded shape of the
isotherm is obtained, although the theory gives a distinct plateau
value for the individual components. Because of the high affinity
of the adsorbed long-chain molecules hardly any of the adsorbed
polymer desorbs upon dilution. Then a very distinct plateau value
is obtained (see figure 2.1).

The conversion of surface pressure values into adsorbed amounts
using Gibbs' law has also raised doubt about the applicability of
equilibrium thermodynamics to polymer adsorption. Here we want to
contribute to this discussion. Special attention will be paid to
the effect of heterodispersity. Gibbs' law has often been used in
its simplest form

an _
d 1n ¢, ~

RTI (2.1)
where n denotes the surface pressure (N/m), ¢, the bulk volume
fraction and ' the molar adsorbed amount (moles/m2). R and T have
their usual meaning. Equation 2.1 has been shown to be wvalid for
a dilute scolution of one monomeric component. when applied to hete-
rodisperse polymers, adsorbed amounts obtained from surface pressu-
re measurements greatly exceed realistic wvalues, as can be seen
from calculations based on experiments by Lankveld11 on poly(vinyl
alcohol), by Katchalskil? on poly{methacrylic acid) and by Glassl3
on several polymers. This disagreement has been put forward as an
argument supporting the idea that polymer adsorption was irrevers-
ible so that Gibbs' law could not be applied at all. Thus using
equilibrium thermodynamics to polymer adsorption becomes doubtful.
We will now verify that the polymer adsorption theory of Scheut-
jens and Fleer4, based on equilibrium thermodynamics, is consistent
with Gibbs' law. Further we will examine in what way the hetero-
dispersity of the polymer influences the way in which Gibbs' law
should be applied. Obviously the simple form (eq. 2.1) is not suit-
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able to describe such a complex system. We will use the adsorption
theory of Roe3 and that of Roefs and 5cheutjens14 to describe the
adsorpticn of heterodisperse polymer. These thecries contain no
a priori assumptions about preferential adsorption of longer over
shorter chains. Our analysis will be compared with that of de Feyt

15, who recently analyzed surface pressure curves in

and Benjamins
terms of heterodispersity, using a simple Langmuir-type model with

preset choice of preference.

2.2 THE CONSISTENCY OF POLYMER ADSORPTION THEORIES WITH GIBBS'
LAW FOR HCMODISPERSE POLYMERS #*}

One of the conspicuous features of surface pressure measurements
with polymer solutions is the phenomencon that the slope of n-log
b4, curves is not very sensitive to the molecular weight of the
polymer. This is contrary to expectation: as at given ¢, the
adsorbed amount expressed in equivalent monoclayers §, is not very
dependent on the molecular weight, the surface excess expressed
in moles per unit area T, is about inversely proportional to the
chain length. Because of equation 2.1 the same can be expected
for the slope of the surface pressure curves. To solve this discre-
pancy we used the Scheutjens-Fleer polymer adsorption theory4 to
calculate a set of n-log ¢, curves for several chain. lengths.

The Scheutjens-Fleer theory is a lattice theory. Each site of
the lattice is occupied by either a pclymer segment or a solvent
molecule. The entropical part of the partition function is found
by counting the number of conformations that give a certain polymez
volume fraction profile. Here the assumption is made that backfold-
ing of the polymer chain is allowed. The error made by this approxi
mation is partly compensated by the fact that the same assumption
is made for the bulk solution and that all adsorbate properties
are counted with respect to the bulk. The energy of mixing is ob-
tained by using a formulation analogous to that of Floryle. Each
contact between a solvent molecule and a polymer segment contrib-

*) These studies were presented at the annual scientific meeting
of the section for interfaces and fluids of S.0.N. (Z2.W.0.),
Lunteren (1979).
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utes an amount KTy to the energy of mixing. In the derivation of
the energy of mixing the approximation is made, that segments may
be smeared out in each layer parallel to the surface. Thus the
composition of each layer of the lattice is fully characterized

by its wolume fraction. It is assumed that this smearing out has

no influence on the entropy of the system. This is the so-called
Bragg-Williams approximation. The equilibrium polymer concentration
profile perpendicular to the surface is found by using an iteration
procedure, in which the partition function is maximized with respect
to the volume fractions of the polymer in each of the layers.

X =0 r=5 X
Xg =1 20 o
50 a
100 o
L 0.2 200 v
o 1000 o
g .
-’
. ______'___._-—J""-/A
OJ-v———“"_"
g— ”/////’
u——"—_—
ol J—-'/O ..-; i |
-6 -5 -4 -3 -2 -1

log @,

Figure 2.3. Surface pressure curves calculated with the Scheutjens-
Fleer theory for homodisperse polymers. The number of segments
per chain r is given. The surface pressure is expressed in KT units
per area a_ of a segment.

Figure 2.3 shows a number of surface pressure curves for several
chain lengths computed from this theory. Contrary to practical
experience, but in accordance with the expectation based on egqua-
tion 2.1 the slopes of the curves decrease with increasing chain
length. When the adsorbed amounts obtained directly from theory
are compared with the wvalues obtained from the surface pressure
using equation 2.1, very good agreement is achieved if bulk volume
fractions are low and the chain length is not too long. Deviations
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that do occur can be explained bearing in mind that equation 2.1

involves the approximation:

dy = RT 4 1n ¢,

where p is the chemical potential.
and Fleer uses a Flory-type of statistics

expressioen for dp is given by

du =

RT d[1n(d,) + by + IX(42 - 2¢,)]

(2.2)

The lattice theory of Scheutjens
16 and then the correct

(2.3)

vwhere r denotes the number of segments in a polymer chain. Hence

equation 2.1 can be transformed into the more correct expression

dn -r dy
dln¢*— d1n¢*

Using eq. 2.3 this gives

A

dn _ 2
E_TE_$: = RITI1 + xro, + 2rx (o,
10+
b a
5|
1
| i 1 1 1
-6 -5 -4 -3 -2 -1

log ¥,

Figure 2.4. Correction factor f
according to equation 2.5 to be
applied to the simplified version
of Gibbs!
the polymer volume fraction. x=0;
xs=l; a: r=200; b: r=1000.

law as a function of

- ¢*)] =

(2.4)

RITE (2.5)

The correction factor f of egua-
tion 2.5 with regard to 2.1, i.e.
the term in sguare brackets is
nearly unity at low ¢, and r, as
this
term can become considerable at

cbserved above. However,

high chain lengths and high
volume fractions, especially

in good solvents (figure 2.4).
In a theta solvent --when ¥ is
0.5-- the two terms in equation
2.5 that are first order in ¢,
cancel. Only the second order
term remains, which is usually
much smaller than the first one
because ¢, is less than one.
Figure 2.5 gives the ¢,(r)
domains where deviations of more
than 10% occur for a good and a
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poor solvent. For poor solvents equation 2.1 is valid for nearly
all conditions met in practice. For very good solvents--which are
rather rare--deviations can become appreciable within the experi-
mentally covered range. However, they are not large enough to ex-
plain the strong overestimation of T if equation 2.1 is used.

® -6t ®

-2 -sf

log o,
log @,

&

T

P =

i _1/

1 1 1 1 1 1
a 10 100 000  10.000 0 10 100 . 1000 10.000
r

Figure 2.5. Domain of chain length r and volume fraction ¢, where
the deviation of the simplified Gibbs' law exceeds 10% (shaded).
a: x = 0.5; b: y = 0.

At bulk volume fractions exceeding 0.1, one should also be care-
ful in the proper positioning of the Gibbs' dividing plane. Usually
in experiments as well as in theory the excess adsorbed amount is
defined with respect to the surface of the adsorbent. When adsorp-
tion of solute takes place, an equal amount of solvent is adsorbed
negatively, whereas the adsorption of the adsorbent is zero by
definition (figure 2.6a). For a flat surface the surface pressure
is defined as the surface tension of the pure solvent minus the
surface tension of the scolution, so from surface pressure measure-
ments the adsorption with respect to the solvent is obtained. As
a consequence the Gibbs' dividing plane no longer coincides with
the surface of the adsorbent, but is shifted toward the solution.
In figure 2.6b area A represents a negatively adsorbed amcunt of
solvent. Area B is an equal amount of positively adsorbed solvent,
rendering the net adsorption zero. The solute is positively adsorb-
ed to an amount of B + C (= A + C), whereas a same amount of adsor-
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bent is negatively adsorbed. The excess amount of solute adsorbed
with respect to the adsorbent r(s} is easily converted into the
amount with respect to the solvent r(O):

(s)
0 = o (2.6)

N

"
.

AT
\\\\§\\\

¥

x({m) x{m)

Figure 2.6. Volume fraction profile of solute as a function of
distance x from surface.

a. With respect to the surface of the adsorbent the solute is ad-
sorbed positively and the solvent negatively, both to an amount
visualized by the area A.

b. With respect to the Gibbs' dividing plane « the net adsorption
of the solvent is B - A = 0, the adsorption of the solute corres-
ponds to area A + C and the negative adsorption of the adsorbent

to B + C.

Calculating the adsorption from surface pressure curves obtained
from the Scheutjens-Fleer theory using equation 2.5 we arrive at
F(O) values. From equation 2.6 we can easily see that only at
high polymer volume fractions the two positions of the Gibbs' divid
ing plane lead to substantially different values. At ¢, = 0.1 the
two wvalues, F(o) and F(s), differ by 10%. At pure polymer F(O)
looses its sense and F(S) = 0 by definition.

We can conclude that Gibbs' law can be applied to homcdisperse
polymers and elaborated with the Scheutjens-Fleer theory in a
straightforward way. To close the gap between practice and theory
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11 and Koopall7 suggest that equilibrium thermodynamics

Lankveld
should be applied to adsorbed segments rather than to adsorbed
molecules. Here we prove that the Scheutjens-Fleer theory is only
consistent with Gibbs' law if applied to complete molecules and not

to loose segments.

2.3 THE INFLUENCE OF HETERODISPERSITY ON THE FORMULATION OF
GIBBS' LAW *)

We calculated curves of the surface pressure versus the adsorbed
amount for various values of chain length, bulk volume fraction,
solvent quality parameter and adsorption energy parameter. These
curves nearly coincide, provided that the same value for the ad-
sorption energy parameter is used. The calculated curves lie in a
very narrow region around the drawn curves in figure 2.7.

The adsorption energy para-
meter Xg is defined as the
oar non-conformational free
energy gain expressed in
o6k units of kT, when a sol-
vent molecule at the sur-
face is exchanged for a

o4r segment. The chain length,
a polymer concentration and
0.2t solvent quality hardly in-
fluence the shapes of the
) . | curves. They only determine
0 05 1

15 .y .

2 (monolayers) the position of a point on
the curve. In the concen-

Figure 2.7. Relation between surface tration range, where theory

pressure and adsorbed amount, ex= predicts distinct plateau
pressed in equivalent monolayers. values for adsorption iso-
a: xg = 1i b: x4 = 2. therms of monodisperse poly-

*} Part of this section was presented at the Arbeitstagung "Adsorp-
tion aus Ldsungen" der Kolloid Gesellschaft e.V., Bochum (1980).
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mers, heterodisperse polymers give rounded shaped isotherms. So
they have steeper slopes. When this observation is combined with
the one to one relation between the surface pressure and adsorbed
amount, it can be deduced that for a heterodisperse polymer the
n=log ¢, relationship must also have a steeper slope than for a
homodisperse species. Thus, this experimentally observed trend can
be explained qualitatively.

2.3.1 TWO-COMPONENT SYSTEMS

To obtain a more quantitative insight we calculated a surface
pressure curve and an adsorption isotherm for a system containing
two polymeric components and solvent. For this purpose we used
the polymer adsorption theory of R0e3. The model used in this
theory is very similar to that of Scheutjens and Fleer4, except
for one more approximation: when the number of ways to arrange
the molecules of solvent ad polymer is evaluated, it is assumed that
with the same probability each of the r segments of a polymer chain
can be found in a layer i parallel to the surface. As segments
near the end of a chain tend to accumulate in layers farther away
from the surface4, this is generally not true. Roe defined his
model as an open system, i.e. the bulk volume fractions are inde-
pendent variables rather than the total amount of matter of each
of the components. In experimental work using heterodisperse poly-
mer the total amounts of each component are fixed and the bulk
volume fractions adjust themselves to the equilibrium state. Numeri~
cally we did the same and adjusted the bulk volume fractions using
an iteration procedure in such a way, that the ratio of the total
amounts of the constituents satisfied a given value. Of course,
these concentrations depend on the size of the system, as describ-
ed by the volume/surface ratio. This ratio is expressed as the
number of monolayers M that make up the liguid phase of the system.
For the calculation of the surface pressure curve and the adsorp-
tion isotherm we chose a system containing equal amounts by weight
of polymer with a chain length of 50 and of 200 segments respecti-
vely.
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2.3.1.1 THE ADSORPTION ISOTHERM OF A TWO-COMPONENT POLYMER MIXTURE

Figure 2.8 shows the adsorption isotherm of the mixture, compared
with the individual isotherms for homodisperse polymers of 50 and
200 segments respectively. The contribution of the two constituents
of the mixture tc the total adsorbed amount is alsoc given. At low
bulk wvolume fraction nearly all polymer is adsorbed. Hence the
adsorbed amounts of the two components are nearly equal. When more
polymer is added the longer chains adsorb preferentially, thereby
driving the shorter ones out of the adscrbed layer into the solu-
tion. The bulk concentration of the longer component remains very
low until the displacement in the adsorbate is nearly complete.
In the present case this occurs at about 400 ppm total bulk volume
fraction. This analysis illustrates the much higher affinity of
the longer components for the surface. This strong preference was
one of the assumptions of Cohen Stuart et al.6 used in their de-

¥ {monolayers)

0 L et S R gy

1107 5107 0
[ 3

Figure 2.8. Adsorption isotherms of monodisperse polymer of r
50 (a) and r = 200 (b) and of a mixture of equal amounts of r
50 and r = 200 {(c). d: contribution to the adsorption of the mixture
of the 50-mer; e: contribution of the 200-mer. y = 0.5; Xg = 1:
volume to surface ratio M is 3000 lattice layers.
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scription of the adsorption isotherm of heterodisperse polymers.

" Consequently, in this respect their simple model works gquite well.
They also assumed that polymers adsorbed in a mixture have the
same conformation as the pure components would have had at the
same bulk volume fraction. This assumption is not supported, as
in that case the adsorption isctherm of the mixture would have been
sure to have left the axis in figure 2.8 just between the isotherms
of the pure polymer. It would also have coincided with the curve
for the longer polymer at a vclume fraction of about 400 ppm. Both
the adsorbed amount and the surface pressure (figure 2.9) are very
close to those of the pure shorter component in the region where
displacement is absent or only partly accomplished. In our case
this region covers the domain of ¢, < 400 ppm. Apparently the con-

0.35

0.30

nay/kT

0.25

0.20

0.15)

1 1 | L

-6 -5 -4 -3 -2
log *,

Figure 2.9. Surface pressure curves of monodisperse polymer of r
= 50 (a) and r = 200 (b) and of the same two-component system as
used in figure 2.8 (c).
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formation of the adsorbed laver, including of that of the longer
component therein, is governed by the major component present in
the bulk. Under the prevailing conditions this is the shorter one,
because the longer chains predominate in the adsorbed layer.

This feature is also reflected in the fraction p of segments
directly attached to the surface. Although this is not a very sen-
sitive parameter, it gives some information about the conformation
of the adsorbed layer. High values point to flat adsorbed layers,
whereas low values indicate that a large portion of the segments
is present in loops and tails. Even at a bulk volume fraction of
2.4x10_4, when 84% of the adsorbed matter consists of the longer
component, the overall p-value (0.587) does not differ much yet
from that for the pure shorter component at the same polymer con-
centration (G.612). The pure longer component has a distinctly
lower value of p (0.486), because most of the amount adsorbed in
excess of the amount in the mixture is accommodated in loops and
tails. This effect is confirmed by the extension of the Scheutjens-
Fleer theory by Roefs and Scheutjens14 for heterodisperse poly-
mers. Under similar conditions the p-values are 0.578 for the mix-
ture, 0.609 for the pure shorter polymer and 0.450 for the pure
longer polymer. The p-values for the mixture and the pure short
polymer hardly differ from the Roe-values. The value for the pure
longer polymer is considerably lower than the Roe-value, because
of Roe's underestimating the tails. Hence the Scheutjens-Fleer
theory confirms our results based on Roe's theory. The Scheutjens-
Fleer theory and thus the Roefs-Scheutjens extension evaluates the
contribution of loeps and tails to the total polymer concentration
profile. It appears that both the loop and the tail contribution
to the adsorbed layer are strongly suppressed in the mixed adsorbed
layer. It is interesting to note that in the mixture the longer
component even has a higher p-value {0.591) than that ¢f the shorter
one (0.569). These values are from Roe's theory. A qualitative ex~
planation for the flatly adsorbed 200-mer is given by the fact
that there is no need to form thick layers, because the surface
is not full yet: it still contains easily displaceable short poly-
mers. Under these conditions it is favourable to form thin layers,
because then a high gain of adsorption energy is obtained.

When displacement of the shorter polymer by the longer one is



20

nearly complete, the longer component also appears in the solution.
Then the structure of the adsorbed layer resembles progressively
that of the pure long component. Under those conditions the adsorb-
ed amount (figqure 2.8) and the surface pressure (figure 2.9) ap-
proach the corresponding quantities for the pure 200-mer. This
tendency is also reflected in the p-values, which is 0.486 for :
the mixture and 0.471 for the pure polymer at a total volume frac-
tion of ¢, = 1073,

Cohen Stuart et a1.6 also used Roe's theory to support their
model of independent conformations. They elaborated on a system
containing two polymeric components, but chose equal volume frac-
tions of the two polymers instead of our equal total amounts pre-
sent in the system. They mainly examined the longer component,
the conformation of which is indeed not altered by the shorter
one present under those circumstances. They also examined the con-
formation of an 80-mer in the presence of a 100-mer. The p-value
for the 80-mer (0.545) does not differ much from the wvalue for
the pure polymer (0.563), but even stronger resembles that of the
100-mer present (0.542) and that of the pure 100-mer (0.543). Hence
these data support the view that the conformation of the adsorbed
layer is determined by the longer component, if both components
are present in the solution.

2.3.1.2 THE SURFACE PRESSURE CURVE OF A TWO-COMPONENT POLYMER
MIXTURE

When adsorbed amounts are calculated from the surface pressure
curve (figure 2.9) with equation 2.1 using the weight averaged
chain length to convert the number of adsorbed molecules into the
adsorbed amount in equivalent monolayers, irrational isotherms are
found (figure 2.10). At the point of the maximum slope of the sur-
face pressure curve the value of 8§ differs by a factor of 15 from
that obtained directly from theory. This is due to the fact that
it is not allowed to use equation 2.1 for a two component system.
The correct description of the surface pressure curve is given by

(2.7)
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Figure 2.10. Apparent adsorption 8app as calculated from surface

pressure curve c in figure 2.9 using equation 2.1.

The change in the surface pressure dn is obtained as a sum of the
contributions of both components having chain lengths ry and r,-
At low volume fraction and good solvent quality dy can be approx-
imated according to eguation 2.2. Equation 2.7 does describe the
slope of the surface pressure curve adequately. From the adsorption
isotherms of the two individual components (figure 2.8) and the
change of the composition of the bulk with the total volume frac-
tion (figure 2.11) we obtain insight into the contribution of each
component to the slope of the surface pressure curve. An illustra-
tion is represented in table 2-1.

Table 2-1 Contribution (%) of longer component to the slope of
the surface pressure curve of a mixture containing
equal amounts of polymers with r = 50 and 200.

[ contribution (%)
1 x107¢ 50
1 x10_¢ 55
4 x 1077 60.2
1.5 x 107, 82.7
3 x 10_, 99.8
1 X 10 98
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It can be seen, that at very lo@
¢,. when nearly all polymer is
adsorbed, both components egual-
ly contribute to the slope of th
surface pressure curve. As under
these conditions the adsorption
isotherm and the surface pressu
curve of the mixture nearly coi
cide with the corresponding cur-
ves for the pure 50-mer, the con
tribution to the slope of the
surface pressure curve of the
shorter polymer is just half of
that of the pure 50-mer. This
phenomenon can be understood

log v, .

by realizing that nearly egual
amounts of both polymers are ad-
Figure 2.11. Volume fractions in sorbed and that virtually only

solution of the individual com- the shorter polymer is present
ponents of the two-component in solution. On the basis of r.
system of figure 2.8 and 2.9. sr/r and equation 2.2 it can

a: r = 50; b: r = 200. also be deduced from eguation 2.

that at very low concentrations
the slope of the curve of 1n P4 200 VETSUS In P+ total (figure 2.11
is four times as steep as that of the curve for r = 50, reflecting
the ratio of molecular weights. At higher concentrations both r200
and the slope of the curve of 1ln ¢x 200 Versus 1n P% total rise
with respect to the shorter chain. Just when nearly all shorter
polymer has been displaced especially the d”200 term in eguation 2.
which is correlated with 1In ¢*'200, shows a very steep rise at
about ¢*,total =3 x 10-4. The longer component then alsc starts
to become an important constituent of the bulk of the solutiocn.
Hence the sharp peak in the apparent adsorption (figure 2.10) is
fully caused by the very strong variation of ¢*'200 with ¢*,tota1'
i.e. by the longer component. At very high polymer concentraticn
the major part of the polymer is present in solution, so the bulk
volume fractions of the shorter and the longer component are nearly
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equal. The adsorbed layer mostly consists of the 200-mer, hence
the change in surface pressure is mainly governed by this component.
Summarizing we can say that heterodispersity effects can strong-
ly influence the shapes of adsorption isotherms and surface pressure
curves. For a two-component system irrationally high adsorbed amounts
are calculated when Gibbs' law is used in its simple form. The
shapes of surface pressure and adsorption isotherms seem to be
determined by the longer fraction of those molecules that have
finite concentrations in solution.

2.3.2 SYSTEMS WITH A FLORY-TYPE CHAIN LENGTH DISTRIBUTION

In practice polymer systems usually do not consist of two compo-
nents but of a wide distribution of chain lengths. Under ideal con-
ditions some common polymerization mechanisms lead to the so-called
Flory-distribution, in which the number of molecules with a certain
chain length is an exponential function of the chain length. To ob-
tain more quantitative information about the influence of poly-
dispersity on adsorption isotherms and surface pressure curves we
decided to analyse such a system with the Roe theory. The weight
fraction f{r) of each chain length for a Flory-distribution is
given by

2

f(r) = r r; exp (- r/r.) (2.8)

where r, is the number averaged chain length. However, since the

' number of components to be analysed is limited by computational
problems, we assumed the polymer to consist of eight homodisperse
fractions subject to the following restrictions. We chose a system
with a number averaged chain length of 50 segments. Using equation
2.8 it can be derived that the weight averaged chain Iength, T,
is 100 segments. Each of the eight fractions has a width of 100
segments. The mid value was taken as the chain length of that frac-
tion and the integral weight was used for the fraction weight (see
table 2-2, system a). At a given volume/surface ratio of M monolay-
ers the bulk volume fractions were iterated in such a way, that

the total amounts of each fraction cbeyed the required distribution.
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2.3.2.1 THE PREFERENTIAL ADSORPTION OF LONG OVER SHORT MOLECULES

Figures 2.12 and 2.13 visualize typical results in two different
ways. Figure 2.12 gives the amount of polymer adsorbed, 8r, compared

with the total amount of polymer is the system, for each

3 '
chain length. Figure 2.13 represents the amount of?%iiimer adsorbed
relative to the bulk volume fraction. From figure 2.12 we see that
nearly all polymer with the long chain lengths is adsorbed and hard-
ly any of the short polymer. There is a gradual transition from the
adsorbed to the non-adsorbed domain. The linear relationship be-
tween log (sr/¢*,r) and r (see figure 2.13) can be derived from
the Scheutjens-Fleer theory. In this theory it was found that

(equation 11 in ref. 5)

(2.9)

®x r

b 8 3
ry r, [ r, ] 2
C.¢
1 *,r2

n
1. 1T

¢, is a numerical constant in the range 1-10. The quantity 8r/¢*,r
is a measure of the affinity to the surface of a component with
chain length r. Curves of log (8r/¢*,r) versus r like those in
figure 2.13 will be referred to as relative affinity curves. Equa-
tion 2.9 relates the affinity of a component with chain length ry

to that of chain length r 0f course equation 2.9 can be made

2°
symmetrical:
8 1/r 3 1/r
T Ty %y [ = ¢ (2.10)
1¢*,r1 C1¢*,r2 2

where C, is a constant independent of r. Taking logarithms we see
that the relationship between log (8r/¢* r) and r is linear:

[~

In( -£— ) =r 1n (€,) + 1n (C)) (2.11)
*’r

=4
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Figure 2.12. Comparison of the total amount of polymer §

5YS, T
{- ~ - - ) with the adsorbed fraction 8r (——). The two amounts

are normalized with respect to the total amount of polymer in the
- . - 1. - -4 _ 6
system asys' ¥ = 0.5; Xg = 1; 9, =10 °; M =10

The constant C2 is a measure of
the preference of longer chains
over shorter ones and will be
referred to as the preference
parameter. Scheutjens and Fleer
already showed the excellent

agreement of this equation witl
0 555 s S T

50 75 the Roe theory for a two-compor

at
(=]
T

loq (&r I‘p:,r)

n
T

system. We have now found that
it also works fairly well for «
multicomponent system. It is

expedient to define a specific

value of r, req, being that che
length at which equal amounts of polymer are present in sclution

and in the adsorbed layer. Using equation 2.10 we can write the

Figure 2.13., Relative affinity
curve for the same system as
used in figure 2.12.
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relation

M

( . 1/r

)

eq = C2 (2.12)
1

We can estimate req--and from that we get insight into the exteng of
preference exhibited--by the simple model of Cohen Stuart et al. ",
where above the certain chain length ry all the longer polymer is
taken to be adsorbed and none of the shorter polymer. Both req and
r, are in the transition region between fully adsorbed and non-
adsorbed polymer. ry, is directly correlated with the total adsocrbed
amount & and the total amount of polymer present in the system,
8sys‘ so this wvalue can be used as an estimate of req' The value
of ry, follows from

I
= = -] -
] -[ Seys,r 9 = 8gyq (rn + 1) exp (- r/r ) (2.13)

When the adsorbed amount & and the total bulk volume fraction are
given, then €, can be found by an iteration procedure from equa-
tion 2.10 and the material balance. From C, req is obtained.
Table 2-3 gives a comparison between req and Iy-

Table 2-3 req and rp values for an adsorption isotherm of polymer
having a Flory molecular weight distribution with r, =50. M= 108

Py b ry r

eq
1.4 x 1077 0.53 42.4 39.0
5 x 1077 0.80 66.6 66.0
1 x 10°° 0.90 88.2 88.9
1 x 1072 1.20 190.1 196.4
1 x 10”2 1.35 315.4 337.5
1 x 1073 1.43 441.9 498.4

At low polymer concentration the accordance between r and T, is

eq
very good. At higher concentration, when there is a less proncunced
transition between adscrbed and non-adsorbed polymer, some deviation

QCccurs.
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The order of magnitude of C, can be estimated along the lines

of a suggestion put forward by;Scheutjens in ref. 5, where the
preference of long chains over monomers is shown. The adsorption :
of longer chains (length rl) relative to shorter ones {length r2)i
is governed by the difference in entropy of mixing and entropic
losses incurred in conformational possibilities for segments at-
tached to the surface. There are fewer possibilities to place a
segment next to an adsorbed segment by a fraction (1-A1), where
A is the fraction of neighbouring lattice sites in two neighbour-
ing lattice layers. If Py and p,._represent the fractions of the
segments of the adsorbed cha1ns o% length ry and r, bonded to the
surface, we write in analogy to equation 9 in ref. 5 for the free

energy Af to exchange P, T molecules of chain length r,

exch 1
against Py Yo molecules of length r

filled to the same extent):

1 {keeping the first layer

AL on/kT = -(prlrl = 1) In (1 - Ay) +

(przr2 - 1) In (1 - Al) +
(2.14)

1,rl 1,r2
pP.. r, 1In [ ————w-l - p.r; ln ]
T, 2 ¢*,r1 ry 1 ¢*,r2

where ¢ and $; , are the volume fractions in the first layer.

In equilibrium Af = 0. Some rearrangements lead to

exch

8. p {1-Ar.)
r.°r 1
19, [ 15 ] _

Per,

8 _p (l-Al)
A
For a system containing two polymeric compounds we have seen that
the P, values are virtually independent ¢f the chain length.
The same holds for a Flory-type polymer distribution divided into

(2.15)

[ r,°r
In
pr2r2 ¢*,r2

eight homodisperse fractions as described above. A typical example
is given in table 2-4. Here the P, values of each of the fractions
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are compared with those of the pure polymers. The values for the
mixture are much more constant than those of the pure polymer.

Only the value for the shortest fraction Pr-5g
be ncted that the polymer of this chain length is nearly fully

diverges. It must

expelled from the adsorbed layer. The p-value for the adsorbed
layer as a whole is 0.492.

Table 2-4 p-values for a Flory-type distribution and for the

pure polymers. y = 0.5, Xg = l, ¢, = 10-4, M= 106

r pr,mixture Pr,pure
50 0.531 0.630
150 0.479 0.517
250 0.487 0.481
350 0.493 0.462
450 0.495 0.449
550 0.497 0.440
650 0.498 0.433
750 0.499 0.427

Putting in 2.15 P,
2.15 leads to:

=p. =P combination of eguation 2.10 with

1 2

Cy = L/Ip(1-A )] {(2.16)

Scheutjens and Fleer5

a number of cases, which they calculated using the Roe theory. In

found values for cy in the range 1-10 for

the light of equation 2.16 this is quite reasonable in view of the
usual range of p-values. However, their Cl values do not match
perfectly with eq. 2.16. In our case we find some discrepancy
too. From the averaged p-value for the mixture used in table 2-4
we find for Cl 2.7, whereas a wvalue of 4.3 is obtained from fi-
gure 2.13. The reason is not the difference between Roe's theory
and the Scheutjens-Fleer theory, which is the basis of equation
2.16. Preliminary results for the multicomponent version of the

latter theoryl4 give about the same deviation. This deviatien might
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be attributed to an assumption underlying eguation 2.14: the free
energy exchange of one adsorbed segment is accounted for in the
term 1n (¢1'r/¢*rr)--describing the free energy of mixing--and thel
free energy for the exchange of the other P, T - 1 adsorbed segments
gives rise to a term 1ln (1 - Al). This is not a correct reasoning,
since it cannot be defined which segments are adsorbed and which
are not. For Al = 0 we know that all segments of adsorbed molecules
are attached to the surface--so p = l--since chains cannot leave a
layer. In that case the uncertainty mentioned above is absent, and
equation 2.15 is exact.

Figure 2.14 gives the affinity-
chain length curves of the Flory
type polymer at different polyme

—
[¥,]

concentrations. The total amount

of polymer present in the system

log (3,79, )

-
o

is kept constant by fixing M¢,.
All curves have the same interce
i.e. c, is virtually constant. A
the adsorption and the parameter
C, are not very dependent on the
polymer concentration, we infer
from equation 2.10 that C, and

" 2 1 " 1 1
0 20 400 800, Np hence the preferential adsorp-
tion of the higher r fractions

Figure 2.14. Relative affinity increases when the concentration
curves for different volume frac- 1is lowered. This is also re-
tions ¢, as indicated in figure. flected in the slope of the
Total amount of polymer in the curves in figure 2.14. Figure
system, M¢,, is constant (100). 2.15a shows that the influence
¥ = 0.5; ¥ = 106. of ¥ is negligible, provided

that about the same percentage
of the polymer is adsorbed. The adsorption energy parameter Xg
also has only a minor influence (figure 2.15b). Since the confor-
mations of long and short polymer are virtually the same, it is not
to be expected that the energy part of the free energy of exchange,
which contains the x and Xg terms., can have much influence. We con-
clude that entropical contributions govern the preference.
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log (9,19,,)
tog (¥ i )

Figure 2.15.

a. Relative affinity curve for different solvent qualities, y = 0

and 0.5. The adsorption energy parameter is chosen in such a way

that the adsorbed amounts are equal: Xg = 4 and Xg = 1, respectiv-
ely. o, = 107% m = 10°.

b. Relative affinity curves for different adsorption energies.

4

a: xg = 1l; b: x. = 2; c: y. = 3; d: Xg = 4. ¥ = 0; ¢, = 1077

s
M= 10°.

s

2,3.2.2 THE ADSORPTICN ISOTHERM OF A FLORY-TYPE POLYMER

We calculated an adsorption isotherm mimicking the Flory-distri-
bution by eight homodisperse polymer fractions as described in
section 2.3.2. Figure 2.16 gives results for a fraction width of
100 and 50 segments (see table 2-2, system a and b respectively).
In the curve for the first fraction width a distinct step is ob-
served at ¢, o 107 and a less clearly visible one at 107°. The
curve for the system with a fraction width of 50 segments shows a
less pronounced step. This phenomenon is an artefact that must be
attributed to the fact that the polymer is divided into distinct
fractions. The narrower the fraction width the smoother the curves.
The adscrption isotherm obtained using the Scheutjens-Fleer theory,

modified for a polydisperse systeml4

gives no steps at all for

the current Flory-type polymer. Proceeding upward along the isotherm
steps appear whenever a fraction i, which hitherto has nearly only
been present in the adsorbed layer, starts to appear in the bulk

as well. In the case of the system with fraction width 100, the

step at ¢, » 10-6 arises from the appearence of the 150-mer in
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the solution. In the system with a fraction width of 50, the 125-mer
appears in the same ¢,-region.

1.0 b

¥ {monolayers)

0 1 1
-7 -
s leg @,

Figure 2.16. Adsorption isotherms for eight-component systems,
mimicking a Flory-distribution, calculated with Roe's theory (a
and b) and an adsorption isotherm for a continuous Flory-distribu-
tion calculated using the Scheutjens-Fleer theory (c). a: fraction
width 100, b: fraction width 50 segments. r, = 100; x = 0.5;

=1; M= 106.

Xg

2.3.2.3 THE SURFACE PRESSURE CURVE CF A FLORY-TYPE POLYMER

Figure 2.17 gives surface pressure curves for a Flory-type poly=
mer, again simulated by eight homodisperse fractions (see table 2-2).
In section 2.3.1 we have already seen that the shape of the surface
pressure curve is very similar to that of the adsorption isotherm
for a system containing two polymeric compounds. The same holds
when we analyze multicomponent systems instead of a two-component
system. Again steps are visible upon the appearence of new compo-
nents in the sclution. For this system the Gibbs equation contains

a sum over the eight fractions:



33

03
.—
==
g
E

02f

b
a
R
) 1 1 1 1
-7 -6 -5 -4

log ¥,
Figure 2.17. surface pressure curves for the same eight-component
systems as used for curves a and b of figure 2.16. a: fraction
width 100; b: fraction width 50 segments.

dn = E ry duy (2.17)

or with the approximation of equation 2.2

dn = RT Irydine,; (2.18)

Steps occur when the 4 1ln ¢*,i terms in equation 2.18 assume high
values for all adsorbed components, i.e. not only for component j
just entering the selution, but also for the components k # j. This
is illustrated in figure 2.18. For a true Flory-type distribution
it seems allowed to draw a smooth curve through the steps in the
surface pressure curve, analogous to the curve calculated with
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Figure 2.18. Volume fractions in solution of the individual com-
ponents of the eight-component system of the curves a in figures
2.16 and 2.17. a: r = 50; b: r = 150; ¢: r = 250; d: r = 350;
e: r = 450; f: r = 550; g: r = 650; h: r = 750.

the Scheutjens-Fleer theory (figure 2.16). In figure 2.19 the
smoothed curve of the polydisperse system is compared with the
corresponding surface pressure curves of homodisperse polymers.
Although there are no steep steps=--which are to be found for a
mixture of discrete fractionse--we find a much higher slope for
the surface pressure curve of the heterodisperse polymer than
those for the homodisperse species. However, at high polymer con-
centrations the surface pressure levels off. When adsorbed amounts
are calculated from measured surface pressure curves using Gibbs'
law in its simple form, a choice must be made for the molecular
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.7 -8 -5 -4 -3
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Figure 2.19. Interpclated surface
pressure curve for a Flory-type
heterodisperse polymer (----),
and for homodisperse polymers

of various lengths (—).

50; b: r = 100;

150; d: r 250;

350; f: r 450.

a: r

c: r
e: r

I
1l

disperse mixtures. At ¢, = 1075,

weight to convert the molar ad-
sorption into an adscrbed amount
in mg/m2. To that end the visco-
metric or weight averaged molec-
ular weight is often used. For
our system we did so, using the
weight averaged chain length

r, = 100. For ¢, 3 107% the
slope of the surface pressure
curve of the heterodisperse
polymer becomes lower than that
of the curve of the pure 100-mer
Thus, using equation 2.1 for
mixtures lower adsorbed amcunts
are calculated than for any of
the constituting homodisperse
fractions. This is contrary to
the actual situation and direct
experimental evidence. On the
other hand, at low polymer con-
centrations very high adsorbed
amounts are calculated in hetero-

for instance, an adscorption of 7.6
equivalent monolayers is obtained. It must be recalled that at higher

¢, a considerable amount of polymer appears in solution, whereas at

lower ¢, nearly all of it is adsorbed. When surface pressure curves

are measured experimentally, only a small fraction of the polymer
is usually adsorbed and the volume fraction is relatively high, so

low slopes of the curves are predicted. Hence, these results ob-

tained theoretically offer no explanation for the surface pressure

curves obtained experimentally.

The behaviour of the surface pressure curves obtained theoret-
ically can be understcod on the basis of the behaviour of the

varicus volume fractions of the constituents.

Figure 2.20 shows

the relative affinity curves for a number of cases, both for the

eight-component system using Roe's theory and for the continuous

distribution according to Roefs and Scheutjens

14. For the latter
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Figure 2.20. Relative affinity curves at various bulk volume frac-
tions for an eight-component system (- - - -) and a continuous
model ( ). ar ¢, = 107 b: o, = 1077 c: gy = 1070 d: ¢y =

=7 =2100: x = 0.5: y_ = 1: M = 10°
1077, r, = 100; x = 0.5; x, = 1; M= 10°.

model we see a slope continuous increasing with r. This slope is
a measure ¢f the preference. For the other system we see a steep
rise in preference between ¢, = 10~ and 107°
of the curves hardly increases between 1078 and 10~
seen that the same holds for the surface pressure curves (figure

2.17).
On the basis of equations 2.9 and 2.18 the relation between

, whereas the slope
7. We have just

¢4, the preference parameter C2 and the slope of the surface pres-
sure curves can be further analyzed. Differentiating equation 2.18
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with respect to 1ln ¢, and substituting 8 /r for T, gives:

dn 8, d1ln ¢, .
d 1n o, =RTir_ d 1n o, (2.19)
Elimination of 8. using 2.9 yields
dn c.ct  do
_ 172 *, T
dng, I T dInd, (2.20)
From equation 2.9 and the mass balance:
8. % 8g0e p - Mbu (2.21)
we get
bx,r = Says, (c,c + w7~ (2.22)
8 is given by the total adsorbed amount &, the total polymer

8Ys,T
bulk volume fraction ¢,, the number of monolayers of the system M

and the Flory distribution f(r}:

8ays,r = (8 + Mpy) £(r) (2.23)

For given adsorption isotherms &{¢,}, whether they are obtained
experimentally or theoretically, taking reasonable values for cy
(e. 9. Cl = 5) and for the volume-surface ratio M, the values of
¢*,r are obtained by eliminating C2 from equation 2.22 through a
one dimensicnal iteration using the boundary condition ¢*,r = -
Then 8. is obtained using eq. 2.11. Differentiating eq. 2.22 with
respect to ln ¢, gives

doy . 0 ME(r)(C C5 + M)
d In ¢, ~

0,rCyC3 d 1n C,/dé,

_ssys,r 1-2

(¢ 0,5+ M2

(2.24)

Substituting equation 2.24 in 2.20 gives the sought slope of the
surface pressure curve, provided we obtain a value for the relative
change of the preference parameter with the volume fraction as
defined by d 1n c, / do.. The value of C, is closely related to
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the transition region where the polymer changes from being nearly
fully present in solution to fully adsorbed. Using equations 2.12
and 2.13 with the approximation 4 1n req / d¢, = d 1ln Iy / do, we
arrive at

d In C
R 2 - SZys ;g In ¢, (2.25)
b
0.08l Figure 2.21 compares the slopes
9* . ' of the surface pressure curve
éoo& based on equations 2.19 to 2.25
® * with some points obtained graphi
004 ally from figure 2.19. Especiall

at high bulk volume fractions th

accordance is striking. It must

a0z \\\\\\“ be emphasized that there is a

—— great uncertainty in the graphic

0 & 5 "hlw . 3 ally obtained points at low poly
mer concentrations, because in

Figure 2.21. Slopes of surface these cases the surface pressure

pressure curves. from curve was obtained by interpola-

equation 2.19 - 2.25. x, from tion between several curves in
figure 2.19. o, from the eight- figure 2.15.
component system c¢ in table 2.2.

In order to obtain more insight into the sensitivity of the
computed surface pressures to the choice of the parameters defining
the polymer mass distribution, we devised another eight-component
system. Bearing in mwind that the chain length transition region
determines the slope of the surface pressure curve most of the
fraqtions were chosen around the boundary chain length - In our
“® Then r, % 88. Again, we divided the
polymer into eight homodisperse fractions and attributed the weight

example we took ¢, = 10

averaged chain length to each fraction. The composition of the
system is presented in table 2-2, system c. The slope of the sur-
face pressure curve--obtained from two ¢, values close to ¢, =
10-6--much more closely corresponds with the value from the egua-



39

tion 2.19 to 2.25 than the graphically obtained one (see figure
2.21). The surface pressure is also very close to the interpolated
curve in figure 2.19.

We can conclude that the equations 2.19 to 2.25 describe the
behaviour of the surface pressure adegquately.

2.3.2.4 COMPARISON BETWEEN OUR THEORY AND THAT OF DE FEIJTER
AND BENJAMINS!®

De Feijter and Benjamins15 analyzed surface pressure curves of
polydisperse, i.e. Flory-type polymers theoretically and compared
these results with their experimental work. We shall compare their
theory with ours. We shall also reanalyze their experiments along
the lines described in section 2.3.2.3.

In their model adsorbed polymer molecules have the same concen-
tration profile irrespective of their chain length and occupy a
surface area proportional to their molecular weight. An affinity
parameter a, is defined, which is assumed to depend exponentially
on the chain length:

a, = s exp (gr} (2.26)

where s and g are positive constants, depending on the nature of
the polymer. A kinetic derivation of the adsorption isotherm is
given, leading to a polycomponent Langmuir-type isotherm. The high-
er the value of g the stronger the preference of longer over shorter
chains. When g approaches infinity, the model reduces to the simple
model of Cohen Stuart et 31.6, where all the polymer with a chain
length exceeding Ty is adsorbed and none of the shorter polymer.
This chain length Iy,
define the fraction of the polymer that is adsorbed. An equivalent
monolayer is defined as the amount of polymer that is adsorbed

is also used by de Feijter and Benjamins to

when the surface is fully occupied. M is the volume to surface
ratio expressed as the number of monolayers. The adsorbed amount
expressed in equivalent monolayers 1is given by a Langmuir-type
eguation:

8 =P / (1 +P) (2.27)
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with
[+
P = OI ar¢*,rm dr (2.28)
¢*,r is not a priori known, since the state of the system is de-
fined by 8 and .- P is approximated assuming that ¢ approaches
infinity, i.e. if r is greater than Ty ¢*,r is zero, whereas if

r is less than r, Ou p is 8 /M. Hence we get

sys,
b
P = OI arasys,r dr {2.29)
From equations 2.8 and 2.13 ssys,r is obtained from 8 and ry- The

dependence of the relative affinity Br/¢* ponr is given by

- _r (2.30)

To obtain more insight into the premisses of this theory, we ana-
lyzed to some extent a model corresponding with that of de Feijter

and Benjamins15

, but we used a thermodynamic derivation instead of
a kinetic one. We attribute the same area te all components, where-
as they define an area per molecule proportional te the chain lengt
In analogy to the affinity parameter a, of de Feijter and Benjaminsg

for each component c:

we define an adsorption energy parameter Xg o
I

X = 1n a. = In(s) + ¢c (2.31)

and a weight distribution analogous to equation 2.8:

£, = crn-2 exp (- ¢/r)) (2.32)

The adsorption isotherm of each of the components can he found

along the lines of the Roefs and Scheutjens14

theory for multi-
component adsorption, which has a firm thermodynamic base. Under
these conditions, where no solvent-solute interactions are involved
the Scheutjens-Fleer model reduces to the Langmuir model. The un-
normalized probability P, to find a molecule in the adsorbed layer

is defined as
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P = (1 - 8) exp (xg ) (2.33)
The probability p, to find a molecule in a solution layer is

Py = 05 (2.34)

where ¢2 is the volume fraction of solvent in the bulk. In order
to obtain a normalization factor, the chain probability Pc can be
defined as a sum over all layers.

P,=p, t (M - 1)p, {2.35)
So the total amount of each component present Bsys c is given by
9 = ¢y . P.p3t (2.36)
sys,C *,c “c Px ’

After some rearrangement, bearing in mind that ¢, = > ¢, c and
?

- . [
asys = 2 ssys,c we arrive at
foPg
O o0 = —S— 04 (2.37)
! z fCPC
[
and the adsorbed amount GC
8. =6, ppt (2.38)
c * o Fobx )

De Feljter and Benjamins15 give the ratio of the adsorbed to

the nonadsorbed amount ar/M¢*'r, for each r as a measure of

the preference. Except for a constant factor our model gives the
same ratio. Unlike de Feijter and Benjamins we have the volume
fractions ¢*,c at our disposal. Thus we can check the guality of
the approximation that had to be made to obtain equation 2.29 from
2.28. Equation 2.28 yields a value of P exceeding by several factors
that calculated from equation 2.29. Within a few percent the ratio
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between these P-values is equal to the ratio between 8r/M¢*,r from
the work of de Feijter and Benjamins and that from our model. The
small difference that remains might be caused by the fact that they
integrate their equations, whereas we use summations. The equivalep
of the outcomes of the two models shows that they are not fundamen-
tally different. Hence, we may conclude that also in the work of
de Feijter and Benjamins all molecular areas are taken egual impli=-
c¢itly. The alternative possibility, that the area per molecule is |
not important, can easily be rejected using the Roe theory. To
this end we envisage two systems, both having egual bulk volume
fractions of two components. The first consists of a mixture of
molecules with r = 1, having Xg = 7 and also of molecules with

r =1 and Xg = 14. This system corresponds with the model of equal
areas for all molecules and a Xg-Parameter proporticnal to the
"chain length". The second system consists of molecules with r = 1
and molecules of r = 2, both having Xg = 7 per segment. Flat adsorp
tion is imposed by choosing Ay = 0. This second mixture corresponds
with a system in which the area of the molecule is proportional to
the chain length of the adsorbed molecule. The total free energy of
adsorption is alsoc proportional to the chain length, since all
molecules adsorb flat. The results are presented in table 2-7.

Table 2-7. Comparison of adsorptions for the model using egual
areas per molecule and areas proportional to chain length.

X = 0, ¢* = 10_4; Al = 0.
equal areas proportional
areas to chain length
r 1 1 1 2
X 7 14 7 7
s -4 -3
Gr 8.035x10 0.9908 9.407x10 0.9037

The models show a strong difference in preference. The model using
equal areas for all molecules exhibits a much stronger preference
than the other model. Hence we conclude that the equations of de
Feijter and Benjamins are not in accordance with their model. Their
stated assumption of an area proportional to the chain length is
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nowhere used explicitly in their paper, but tacitly discarded.
0f course, the assumption of proportiocnality is much more reasonable

than that of constant area, which has been used implicitly,

since

molecules of different volume cannot have the same thickness and

area.

In spite of the doubtful model used, de Feijter and Benjamins
deduce gquite constant g values from their experimental surface
pressure curves for polymers of different length. However, in order
to bring their theoretical results in agreement with their experi-

mental work, de Feijter and Benjamins had to assume a very strong

preference of molecules of higher r over those of lower r, much

stronger than Roe's theory predicts. In figure 2.22 relative affi-

L 1

Q 5 10 rr, 15

Figure 2.22. Relative affinity
curves according to Roe's theory
{— ) and the theory of de
Feijter and Benjamins ( - - - ).
Parameters for the Roe theory:

X = 0.5; xg = 1; 6, = 107%;
M= 10% r_ =100 (a) and
r, = 1000 (b). Parameters for

the de Feijter and Benjamins
theory: q/rn = 41 (c) and
q/rn = 139 (d).

nearly nothing,
Stuart's work and our analysis.

nity curves are shown for typ-
ical examples. The much higher
slopes of the curves according
to de Feijter and Benjamins is
conspicuous. Another important
difference is the dependence of
the extent of preference on the
chain length. Since ¢ 1s a prop-
erty of the polymer and must
therefore be a constant, the
important quantity 74 SN varies
strongly with T, and so does the
preference. In figure 2.22 the
lines from the Roe theory are
nearly parallel, showing the
near independence of the re-
lative affinity of the guantity
r/rn. Cohen Stuart et a1.6 also
found the same relative affin-
ity for the same ratio of chain
lengths, using Roe's theory for

a two-component system. The chain
length interval, where adsorption
changes from almost complete to

embraces about a factor of two both in Cohen
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We also compared the experimental data of de Feijter and Benja-

mins15

with our formulas. Adsorption and surface pressure data were
read from their figures 1 and 3, and transformed to dimensionless+
quantities (table 2-8) using the following data: molecular weight |
of onel$egment 44, segmental area a, 0.2 nmz, monolayer thickness
0.4 nm

the viscometric molecular weight to estimate the weight averaged

. The weight averaged molecular weight was chosen equal to

number of segments per chain r,- All adsorptions were plateau

values. The slopes of the surface pressure curves did not vary in

5 2

the concentration range of 10~ < ¢, < 107 “,

sults are given in table 2-9.

The theoretical re- :

Table 2-8, Parameters from the experimental work of de Feijter
and Benjamins15

PVA-type 205 217 224

M, (g/mole) 42000 143000 200000

r, (segments) 1000 3200 4400
Adsorption (mg/m2) 3.0 3.5 3.7
Adsorption (eq. monolayers) 8.2 9.6 10.1
dn/d 1n ¢, (N / m) 0.006 0.006 0.00€
dnao/kT d In ¢, (=) 0.29 0.29 0.29
Volume-surface ratio (m) 0.02 0.02 0.02
Volume-surface ratio M 5x107 leo7 5x107

(eq. monclayers)

Table 2-9 Theoretical dnao/kT d ln ¢, values for the system
of de Feijter and Benjamins

T 1000 3200
1073 2.3x10™3 8.7x10"%
1074 3.7x10"3 -3
.7x10 1.4x10
1072 7.7x1073 3.0x1073
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The theoretical slopes of the surface pressure curves are in strong
contrast with those derived from the experiments. They are of the
wrong order of magnitude and are concentration and chain length
dependent, which is at variance with the experimental results. On
the other hand, the theoretical data are in line with the results
for the model system, studied with the Roe and Scheutjens-Fleer
theories. We must conclude that the high slopes of the experimental
surface pressure curves at high polymer concentrations cannot be
explained in a straightforward way by the heterodispersity of the
polymer. It must be noted that theoretically very high slopes
are obtained for the situation that a sizable fraction of the
total polymer is adsorbed. Until now we have not been able to show
this situation to be identical with the experimental situation at
high bulk volume fraction. On the other hand, we do not want to
conclude that thus the premiss of the applicability of equilibrium
thermodynamics does not apply to polymer adsorption, because for
that the experimental work is not unanimous enough. For instance,
de Feijter and Benjamins15 do not find a molecular weight depen-
dence of the slope of the surface pressure curve, whereas Glass
and Katchalskil? do find such an effect. Both de Feijter and Ben-
jamins and Katchalski used copolymers. This might well affect the
slopes of the curves, although it cannot be indicated clearly
yet in what direction. Glass' system was certainly not in equili-
brium, since he used a stalagmometer with too short a drop-time.
18 support the use of equilibrium thermodyna-

mics by showing a good fit of experimental work with the adsorption
19

Siow and Patterson

theory of Prigogine and Maréchal ~. These experiments concerned the
adsorption of short homodisperse polymers from organic solvents.
Although the Prigogine-Maréchal theory is a rather primitive one,
it can work rather well because errors that occur in the adsorbed
layer as well as in solution compensate.

2.4 CONCLUDING REMARKS

Although all problems with respect to the applicability of equi-~
librium thermodynamics to polymer adsorption have not been solved
yet, we consider them not too serious to deter us from pursuing
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the further development of the theory of polymer adsorption, based

on equilibrium thermodynamics. Therefore we shall use eguilibrium

thermodynamics in extending polymer adscrption theories with elec-

trostatic interactions to be described in the next chapter.
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3 THE THEORY OF THE ADSORPTION OF FLEXIBLE POLYELECTROLYTES*

3.1 INTRODUCTION

Polyelectrolytes used in adsorption studies can be divided in
two classes. One comprises compounds like proteins, having an
internal structure which dominates their behaviour in solution
as well as that at interfaces. On the other hand, there are flex-
ible polyelectrolytes. Some of these are of bioclogical origin,
like the highly charged polysaccharide heparine, while others
are obtained synthetically. In this way a wide variety of com-
pounds has become available.

The adsorption of flexible polyelectrolytes plays a role in
several fields of practical interest. Such polyelectrolytes are
often used as flocculants for particles charged oppositely to the
polymer, e.g. in water purification, in mineral separation proces-
ses and in the paper industry. Blood clotting is prevented by the
adsorption of heparin on the inner lining of arteries and veins.

In spite of the great importance for practice of the adsorption
of flexible polyelectrolytes little work has been done! on the
theoretical side.

As a starting point for the description of dissolved flexible
polyelectrolytes theories on nonionic polymers are usually taken,
in which electrostatic interactions are incorporated. To describe
the electrical expansion of a macromeolecular coil in solution due to

charging, 0dijk and Houwaart?

show that it is expedient to consider
the polymer as a Kuhn-type statistical chain. The electrostatic

repulsion between adjacent segments gives rise to an electrical

* A preliminary account of this theory has been given in J. Marra,
H.A. van der Schee, G.J. Fleer, J. Lyklema, "Polyelectrolyte
adsorption from saline solutions®, in "Adscorption from Solution"
(R.H. Ottewill, C.H. Rochester and A.L. Smith, Eds.), Academic
Press, London, 1983, p. 254.
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contribution tc the free energy of bending in addition to the
ubiquitous steric restraints. This effect leads to an increased
chain stiffness. Segments from different parts of the polymer |
cannot approcach each other too closely because of the electro- ‘
static repulsion, resulting in an additional excluded velume of
the entire molecule.

Hesselink>'*? incorporated electrostatic interactions in Hoeve's
theory for the adsorption of nonionic polymers. In Hoeve's pic-
ture®'®'7 a fraction of the adsorbed amount is directly bound to
the surface, the remainder forming loops protruding into the
solution. For the segment density profile in this loop layer
Hesselink assumes a step function. The segment concentration in
the loop layer is obtained from the theory cf Hermans and Overbeek$
for a polyelectrolyte in solution. They describe the polyelectro-
lyte molecule as a chain obeying Kuhn's statistics, where the dis-
tribution of end-to-end distances is modified due to an electro-
static term. Since the concentration of the polyelectrolyte in
the loop layer has a preset value, Hesselink's adsorption theory
gives no information about the influence of electrostatic inter-
actions on the shape of the concentration profile.

Silberberg9 modified his own adsorption theory for nonionic
poelymers with an electrical term. His model does not differ much
from that by Hesselink. Silberberg also chooses the concentration
of segments in the surface phase corresponding to that in an iso-~
lated chain in solution.

Below, we present a more ab Iinitio approach, which is an ex-

tension of the adsorption theories for uncharged polymers of Roel®

and of Scheutjens and Fleerll. In these theories the polymer con-
centration profile in the adsorbate layer is not chosen a priori.
First we will calculate the electrical free energy of the adsorbed

layer at any concentration profile, after which the equilibrium

profile, corresponding with the state of minimum free energy, is
obtained via an iteration procedure. The Scheutjens-Fleer theory
accounts better for the effects of tails protruding into the solu-
tion than Roe's theory and gives the possibility to separate the
distribution of trains, loops and tails. On the other hand, Roe's
theory gives fewer computational problems.

After the description of the model we will evaluate the potentia



49

distribution in sglution and in the adsorbate. From the potential
distribution the electrical free energy is derived. Using the
electrical free energy of the bulk solution some implications of
polyelectrolyte charge for phase separation phenomena will be
described. Having obtained the electrical free energy of the
adsorbed layer, the adsorption theories of Roe and Scheutjens-
Fleer can be extended. Theoretical results for polyelectrolytes
are compared with those for uncharged polymers. The conseguences
of the Debye-Hiickel linearization will be shown. We will compare
our results with those of Hesselink and in chapter 6 a comparison
with experimental data will be presented.

3.2 DESCRIPTION OF THE MODEL

As has been described in the second chapter, the adsorption

10 11 are lattice theories.

theories of Roe and Scheutjens-Fleer
Each site of the lattice is occupied either by a polymer segment or
by a solvent molecule. To each polymer segment a charge of magni-
tude zoe is attributed, where z denotes the valency, sign included,
¢ the degree of dissociation and e the elementary charge. The
restriction is made that o is independent of the potential and
identical to the bulk value. This approximation is, of course,
only important when weak polyelectrolytes are concerned. In prin-
ciple it is possible to incorporate the dependence of the degree
of dissociation in our numerical procedures. It can be anticipated
that the results will tend more in the direction of uncharged poly-
mers. In the evaluation of the electrical free energy these charges
are taken as if they are smeared out in a plane through the centres
of all unit cells equidistant to the surface. This is one of the
most serious approximations. Even if low plane charge densities,
originating from low volume fractions, are present, high local
charge densities can occur, since the charges are connected with
each other along the chains. New segments toc be placed in a layer
will tend to settle between those highly charged spots and will
feel a lower potential than the smeared-out averaged potential.
Thus our model will overestimate the electrostatic effects. In

chapter 6 we will pay scme more attention tc this approximation,
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when we will choose the parameters to compare theory and experiment
Hence, we define a plane charge o, in layer i parallel to the sur-
face

o; = zue¢i/ao (3.1)

where a, is the area of the unit cell and o4 the volume fraction
of polymer in layer i. Plane charges in bulk, o,, also obey eq.
3.1 with ¢, instead of by

Description of the charges as located on planes is not restric-
tive. An alternative model would have employed space charges, unifc
within each layer. These two models would have given very similar
results. The plane charge model has the advantage that it gives
simpler equations if the Debye-Hiickel linearization is used. In
appendix 3A we will derive expressions for the potential distri-
bution for space charges. For the description of the bulk sclution
the space charge model is to be preferred, since it is not elegant
to use an anisotropic model to describe an isotropic situation.

The bulk solution is electroneutral. Hence, an equivalent amount
of counterions compensates o,.

We have also indifferent electrolyte present in our system. Sinc
multivalent ions often display specific effects, we will restrict ¢
selves to a symmetrical univalent electrolyte.

The small ions will be considered as point charges. The volume
excluded by the polymer was neglected, which has only a minor in-

12 These two approximations

fluence on the potential distribution
can be avoided by defining the small ions as charged monomeric come
ponents in the system. This is possible since the Roe and the
Scheutjens-Fleer theories are also sultable for multicomponent
systems. Preliminary results for such a treatment are in accordance
with the present workls.

For the system, defined in this way, we have to evaluate the
electrical free energy and, prior to that, the potential distri-
bution.
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3.3 THE POTENTIAL DISTRIBUTION

Potentials are obtained by solving the Poisson-Boltzmann eguation.
This can be done analytically, if this equation may be linearized,
or numerically in the unlinearized form. From now on we will refer
to the linearized form as the Debye-Hiickel approach and to the full
Poisson-Boltzmann equation as the Gouy-Chapman approach.

3.3.1 THE POTENTIAL DISTRIBUTION IN THE BULK OF THE SOLUTION

In the bulk of the solution we have an infinite sequence of
identical plane charges which divide the space intc infinite cells
with a thickness equal to the distance between the lattice planes.
The solution for one cell suffices to describe the whole bulk.
Katchalski14 and Méller, wvan Os and Overbeek15 also developed
a cell model for polyelectrolyte solutions. They considered cylin-
drical and spherical cells respectively. Katchalski could obtain
an analytical solution for the case of no added salt only.

Following Moller et al. we define the stoichiometric concen-
trations expressed as numbers per unit volume of the positive ions
n, and of the negative ions h_. These concentration n, and n_ are
related to the salt concentraticn and the amount of polymer present
via the electroneutrality condition:

n

L = n_+ za¢,/a r = 0 {(3.2)

0

w%th r, being the distance between layers. By choosing ag unegual to
rj it is possible to define an anisotropic lattice. If z is 1, n _ is
equal to the number of salt molecules per unit volume. If 2z is -1,
the same holds for n_. Between the layers the small ions distribute
themselves according to the BolzZmann equation. The actual concentra-
tions of the positive (n,(x)) and the negative (n_(x)) ions at each
place x are related with respect to their stoichiometric concentra-

tions n, and n_ through

+
n, (x) = 0, exp[-e(u(x) = §,)/kT) (3.3)
and
n_(x) = n_ exp[e(y(x)} - §_)/KT] (3.4)
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The potentials $+ and $_ are the values at those places where the
small ion concentrations equal ﬁ+ and n respectively. T denotes
- |
the absolute temperature and k Boltzmann's constant. The Poisson
|

equation between two plane charges reads

2
a7p(x) _ - -
dx§ =-2 [ n, exp[-e(y(x) - §,)/kT] -
n_ exple(y(x) - §_)/kT] (3.5)

where & is the dielectric permittivity of the solvent. The charge
of the polymer does not occur in this equation, because it is con-
centrated in volumeless plane charges. These plane charges give
rise to a discontinuity in the field strength. Following Méller
et a1.15, we define the reciprocal shielding length «:

«? = (8, + &_)e? ekt (3.6)

Applying the Debye-Hiickel approximation and inserting equations
3.2 and 3.6 into eq. 3.5 gives:

a2y (x) = k2 | w(x) + zag,kT/a r e - ad, - ﬁ—$-]
2

dx n, + n_
k% (@(x) + b) (3.7)

Levine and Nealel® point out that for two layers this approach is
restricted to lower potentials than when there is only one single
plane charge in an infinite salt solution, I.e. the case where ﬁ+
and n_ are equal. In the latter case second order terms in the
expanded Poisson-Boltzmann equation cancel, which does not happen
in our system. However, at high salt concentrations these terms do
not play an important role. They suggest not to use the arithmetic
mean (ﬁ+ + n_)/2 in the definition of k, but the geometric mean
(ﬁ+ﬁ_)%. However, their expression cannot be used in the absence ol
salt, so we follow the route of Mdller et al. We are free to choose
a reference potential for our system. It is advantageous to do this
in such a way that b is zero, implying
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1 - ef_/kT

e

1 + ef /KT

The reference potentials $+ and $+ are determined by the ratio of
the polyelectrolyte to the small electrolyte concentration. If
equation 3.7 is solved for the space between the plane charge of
layer i at X5 and the plane charge of layer i + 1 at Xi417 the
potential distribution in the bulk solution is fully described.
The general solution of eg. 3.7 is

Pi{x) = Cl exp(=-xkx) + C2 exp(kx) (3.8)

where x goes from Xy to iy

mined by the following boundary conditions:

(i) Right in the middle of the planar cell the field strength
dp{x)/dx is zero.

{(ii) At the place X5 of the plane charge there is a discontinuity

1

in the field strength because of the plane charge a, (Gauss'
law):

dg{x) dj(x) Oy
( dx ) - ( dx ) ST e (3.9)

+X. :
X Kl XTXl

Since the potential decay is symmetrical with respect to the
plane charges, the slope of Y(x) is given by

(d¢(x)) D& (3.10)

The solution of equation 3.7 in the domain X <X <Ry is
Og exXp{-kXx)} + exp(kx - Kro)
bix) = 2 &K 1 - exp(-xro) (3.11)
or
L exp[K(ro/z - x)] + exp[k(x - ro/2)]
$(r) = (3.11a)

4 gk sinh (Kro/2)

The coefficients C, and C2 are deter-
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Using equations 3.11, 3.3 and the material balance

X.
) i+l n, (x) |
n, = dx {(3.12)
Io

the potential $+ can be determined. From the definition of b = 0
it appears that ﬁ_ is equal to $+:

b =¥, = ou/ex’r, (3.13)

The potentials %, at the plane charges are obtained from equation
3.11:

O, 1+ exp(—Kro)
= 3.14
W 2 eK 1 - exp(—KrD) ( )
—
i
= £
Rt =
o [
L on_ n
-/J S }{/ Pod \\ [ - "l~\
e e
e | e TTT T~ ———— N e e Q..
O e N e e e = DR 00
~ - w | . ”
N = ~
/n’ h 4 n. o
%4 % Xia

Figure 3.1. Potential and ion distribution in the bulk solution.
tgp=-0,/e. 2=+1.

The distribution of potentials and ions is illustrated in figure 3.
The negative small ions are attracted by the plane charges, the
positive ones are repelled. These icons have their stoichiometric
--i.e. averaged--concentration at those wvalues of x where $(xX) =

I, = ¥
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It must be noted that as a consequence of our definition of the
potentials nowhere in the system we have a zero potential. This has
no consequences for the description of the adscrbed layer, since
only potentials with respect to the bulk situation are involved.
Physically our choice is equivalent to defining the Donnan-potential.
For a polyelectrolyte in equilibrium with a dialysate this means
that at a given moment the sequence of plane charges ends, where-
by the potential drops to zero (the reference wvalue in the dialysate)
with a shielding length given by k1. The indifferent electrolyte
concentration in the dialysate is 2 ﬁ+ﬁ_/(ﬁ+ + n_), as follows from
equation 3.3 and 3.4, with ¥{x} = 0 and using the Debye-Hiickel
linearization.

3.3.2 THE POTENTIAL DISTRIBUTION IN THE ADSORBED LAYER

The adscorbed layer exists of M lattice layers, each with its
own polymer volume fraction ¢i. Qutside the M layers each layer i
has the polymer volume fraction ¢,. The potential in each layer |
contains a contribution originating from the M plane charges G
from the infinite sequence of plane charges o, outside the M i
lattice layers and from the surface charge o, of the adsorbent.
First we will describe the potential distribution using the Debye-
Hiickel approximation, then we will show how the full Poisson-
Boltzmann equation can be integrated numerically.

In the Debye-Hiickel approximation potentials originating from
different charges are independent and additive, hence only the
solution has to be found of the Poisson-Boltzmann eguation for
one single plane charge gy The total potential distribution is

then obtained by a summation of all contributions.

To obtain a solution of the Poisscon-Boltzmann equation in the
Debye-Hiickel approach (eq. 3.7) for a single plane charge we divide
the space in two domains, 0 < x < x5 and x > X . The coefficients
< and C2 in the general solution are found again from the boundary
conditions. Since we consider for the moment only one plane charge
o5, We have Oo and o, zero. Thus at the solution side of g;r X > Xi
we have the usual Debye-Hiickel double layer with the boundary
condition that dy({x)/dx and $(xX) approach zero for infinite =x.
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The derivative of the potential at the position x5 of the plane
charge at the solution side is

dy (x)
(), e

XV X,
1

where ¢i is the potential at the location of the plane charge ay-
Because of the charge localized at X, the derivative at the sur-

face side is

A (x) o5
(—ar) S5 Ty

Since we discuss now only a plane charge at Xy and no surface
charge, we have at the surface of the adsorbent

The solutions of the Poisson-Boltzmann equation for the two domains
can be generalized by

.

B(x) = 5

exp(-k|x - xil) + exp(-k{x + xi))l (3.18)

This potential can be interpreted as a sum of two contributions,
the first originating from the plane charge itself and the second
from the image charge, both decaving exponentially with the Debye-
Hiickel shielding length kL. Figure 3.2 illustrates the potential
distribution., As in figure 3.1, there is a discontinuity in the
field strength at X, amounting to 0;/¢. Because we consider only

a plane charge in sclution without any surface charge present, the
slope of the potential curve is zero at the surface. As there is
no space charge within the adsorbent the potential is constant
there, at a level different from the potential at infinite distance
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Figure 3.2. Debye-Hiickel potential distribution due to a single
plane charge at X, . Charge and image charge give contributions to
the potentials of Gi/ZEK( ----- } at X and -Xy respectively, which
decay with shielding length k™1 (====- }. For x > 0 the potential
{ ) is the sum of the two contributions. Within the adsorbent
the potential is constant.

from the surface.

Equation 3.18 is in accordance with the formulation of stillin=-
ger17. He gives the potential due to a fixed point charge in a
solution in the neighbourhood of a dielectric. He analyzes the
point charge in terms of a Fourier decomposition in a series of
two-dimensional vectors. The zeroth order term of this series
(which gives no contribution in the case of a point charge) cor-
respond to a plane charge. In this zeroth order case the solution
of the Poisson-Boltzmann equation shows to be invariant to the
dielectric constant of the substrate behind the surface. This is
the case as long as we smear out the charges in planes parallel
to the surface. As socon as other types of symmetry come in, the
difference in dielectric permittivity between solution and adsor-
bent has to be accounted for explicitly. The presence of a surface
restricts the shielding power of the small ions. This reduction of
the shielding is taken into account in the solution of the Poisson-
Boltzmann equation by the choice of the boundary condition at the
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surface. Thus this description of the potential distribution, as
originating from charge and image charge, is equivalent to that
obtained via the solution of the Poisson-Boltzmann equation for
one planar charge at distance Xy with the appropriate boundary4
conditions. For his polyelectrolyte adsorption theory Hesselink

also uses planarly smeared-out charges. So in his case image
charges have been acceounted for implicitly through the way in
which the Poisson-Boltzmann equation is solved, notwithstanding
Hesselink's statement that he does not take them into consideratior

From eq. 3.18 it can be seen, that when the plane charge coin-
cides with the surface (xi = 0), charge and image charge have the
same x-coordinate. Then the potential distribution reduces to the
usual Debye-Hiickel solution for a surface charge:

%i=0o
£K

$(x) = exXp(-kx) (3.19)

One of the potentials we are interested in is that at the centres
of the layers i. These potentials originate from all plane charges
j (i inclusive):

€ i
g = X — I exp(-Kroli - j1) + exp(—KrO{i + j))] (3.20)

The surface charge 9o also contributes to ¢i. Since the plane
charges are at the centres of the layers, the distance from the
surface to the plane charge i is ro(i—%).

Equation 3.20 provides an alternative derivation of the bulk
plane potentials {, (eq. 3.14). The bulk solution can be considere
as an infinite row of equal plane charges o,. They all give a con-
tribution decaying with k"1 to the potential ¢,:

(o 3% ® _
P = TS z exXp(- Krolli) {3.21)

1 —=o

The sum of this double gecometric progression is identical to eg. 3
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When the Debye-Hiickel approximation may not be applied, the
Poisson-Boltzmann eguation 3.5 must be solved numerically. This
can be done using a sixth order Runge-Kutte integration. In this
procedure eq. 3.5 is solved from one plane charge to the next one.
At the plane charges there is the discontinuity in the derivative

of the potential analogous to eq. 3.10. The potential is continuous.

At the surface we have a field strength

dx £ (3.22)

(dw(x)) ~ To

X=0

This is one boundary condition. Beyond the M layers considered in
the volume fraction iteration procedure, we. assume the Debye-Hickel
approximation to be wvalid. This leads to the other boundary con-
dition. The potential at that layer M, Yy contains a contribution
¢ﬁ and the field strength (dn];(x)/dx)M contains a contribution
(dw‘(x)/dx)M of the layers beyond M, originating from the semi-
infinite series of bulk plane charges o,. Bearing in mind that
now we only have to take the sum for i > 0, we find from eq. 3.21:

O, exp(-Kro)

¢ﬁ B EY: 1 - exp(_Kro) (3.23)

The potential decays exponentially with decreasing x, with a

shielding length k"1, so
du' (x)
(‘ai“—) = Ky (3-24)
X=Xy
The surface charge 0o and the plane charges oy contribute to the
field strength by an amount (dxlx"(x)/dx)}wXM at the solution side

of plane charge ¢ Since there the Debye-~Hiickel approximation is

M
assumed to be valid, we have
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dp' ' (x)
(_dx__) =<K (b - W) (3.25)
R4 Ky
Hence the total field strength at the solution side of plane
charge oM is
ag ' (x) dy' (%) ap’’(x)
(=), (=), =), -
KiXy X=Xy X4 Ky

- KwM + 2 K$ﬁ {3.26)

We have the two boundary conditions and the two unknowns, the sur-
face potential be and the potential by at the two ends of the
interval to be integrated. As they are not at one side, we need
an iteration procedure to obtain a solution satisfying the boundary
conditions. We used ¢M as the iteration variable, so that wo is
found as result.

3.4 THE ELECTRICAL FREE ENERGY

3.4.1 THE ELECTRICAL FREE ENERGY OF A FLAT DOUBLE LAYER

Cur model for an adsorbed polyelectrolyte consists of a series
of equidistant plane charges with low molecular weight ions in be-
tween. The derivation of an expression for the electrical free
energy of such a system is closely related to that for a single
double layer at a surface. Such a system has been studied in
detail beforele. The electrical free energy of a double layer

with a surface charge o_ is the isothermal reversible work to

o]
bring the charge g, from the reference state, the situation with
Oy = 0, to the surface. Several routes have been developed to per-:

form this processla. For instance, we can bring charge from infinit
to its place on the surface while all other constituents of the
system have their final charge. Alternatively, we can charge sur-
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face and other constituents concomitantly. In our system we have,
apart from the surface charge and indifferent electrolyte, poly-
electrolyte in the solution. We will first envisage the electrical
free energy of a surface charge in the absence of polyelectrolyte
and then introduce polyelectrolyte as a homogeneous soluticn. The
charging procedures we will discuss involve (i), the transfer of
the polyelectrolyte to its place in the polymer profile while the
small ions are already charged and (ii), the charging of a given
polymer profile and the small ions originating therefrom, with
the indifferent electrolyte charged.

3.4.1.1 CHARGING A SURFACE IN THE ABSENCE OF POLYELECTROLYTE

The two procedures to charge such a system, with already charged
indifferent electrolyte or with concomitant charging of the latter,
" have been described before by Verwey and Overbeek18. Casimir proved
the general equivalence of both procedureslg. We will verify the
equivalence of the two procedures under the simplifying conditions
of the Debye-Hiickel approximation in order to obtain a clear insight
in the charging processes before elaborating the polyelectrolyte
case.

3.4.1.1.1 CHARGING A SURFACE IN THE PRESENCE OF CHARGED
INDIFFERENT ELECTROLYTE

The electrical free energy dFel to bring a charge do' to the
surface is

dFel = ¢0(0')d0' (3.27)

where ¢°(o') is the surface potential at the value o' of the sur-
face charge. Alternmatively, when we introduce a charging para-
meter A, running from Q0 to 1 we find

dFel = oowo(l) da (3.28)
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where o is the final charge of the surface and b, (A) the surface
potential at a fractional charge Aoo. The values of wO(A) during
the charging process are obtained from the Poisson-Boltzmann
equation. For an indifferent electrolyte concentration of ﬁo
molecules per unit volume of bulk solution the linearized Poisson-

Boltzmann equaticn reads:
a®p(x,A) 2 fe? )
T = e (XA = Fu(xn) (3.29)

dx

where ¢(X,A) is the potential at place x at the moment of the
charging process where the charging parameter assumes the value A.
As boundary conditions we have:

(i1). ¢(x,A) and dy(x,r)/dx are zero when X approaches infinity.

dy (x=0,\) Ag
(ii) —f——=- 22 (3.30)

The solution for the surface potential is

Ao
b (A) = =2 (3.31)

Substitution into eqg. 3.28 and integration gives:

1
Acg Gg
Fel = [ £K dA = 2 &K (3.32)
o

3.4.1.1.2 SIMULTANEOUS CHARGING OF A SURFACE AND INDIFFERENT
ELECTROLYTE

Using the charging parameter A the electrical free energy of
charging a surface and i types of electrolyte ions, having a valen

z; and a concentration ni(x,h)r is

dFe1 = oowo(A) dr + ! ? zieni(x,A) P$(x,A) dx dA (3.33)

o
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The concentration ni(x,h) at place x depends on A, since the small
ions rearrange during the charging process. The total small ion con-
centration remains constant. For a 1 - 1 electrolyte solution the
Poisson-Boltzmann equation for partially charged ions reads

a2y (x, 1) ﬁer
3 = = exp(Aed({x,A)/kT) - exp(-Aey(x,A)/KT) (3.34)

dx

Application of the Debye-Hiickel approximation yields

Ay, Ay 2 ﬁOAZeZ -
= P{x,A) = ATRTP(X,A) {3.34a)

ekT

We have the same boundary conditions as in the previous section.

The solution for the surface potential is

Ao
bo(A) = =g =

K £

lo”

(3.35)

FS

So we see that this charging process 1is performed at constant
surface potential, which is equal to the final potential A The
potential in the double layer is

(x,A) = ¢ exp(-kAx) (3.36)

e}

Comparison of the potential distribution in the previous and this
section shows that in the former the surface potential rises with
A and that the shielding length is constant, whereas here the sur-
face potential remains constant while the shielding length ()u<)'1
decreases. Substituting eg. 3.35, eg. 3.36 and the Boltzmann dis-
tribution of the indifferent electrolyte into eg. 3.33 gives

O‘-lQ
o N

o
2
dF, = [—g / xp(- 2 kAx} dx ] aA (3.37)
[s]
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The electrical free energy Fo1 is obtained by integration over x
and A:

Fa1 = 3 (3.38) E

This result was also obtained in the previous section (eq. 3.32},
so that the equivalence has been proven.

3.4.1.2 CHARGING A SURFACE IN THE PRESENCE OF FOLYELECTROLYTE

In a system containing a surface charge, a homogeneous poly-
electrolyte solution and indifferent electrolyte, a variety of
charging procedures can be developed. Since we are interested in
charging plane charges and polyelectrolyte we consider the follow-
ing alternatives:

(1) Charging the surface, while the polyelectrolyte and the small
ions are charged. This procedure mimicks the procedure to bui
up an adsorbed layer of polyelectrolyte by transferring seg-
ments from the reference potential at infinity to their place
in the adsorbed layer. In this case an amount of segments
corresponding to the bulk volume fraction need not to be
transferred, i.e. charged.

{ii) Charging the surface with concomitant charging of the poly-
electrolyte while the indifferent electrolyte is charged.
This procedure mimicks the charging of the uncharged polymer
in a predetermined concentration profile, by which the ad-
sorbed layer as well as the bulk polyelectrolyte are being
charged.

We will now prove that both procedures lead to the same result.
For the sake of simplicity we assume that the polymer has a homo-
geneocus bulk concentration throughout the system. To arrive at
simple expressions it is convenient to apply the Debye-Hiickel
approximation and a smeared out space charge density p, here,
rather than the plane charges o,. In doing so we avoid a toothed
potential profile (figure 3.1). Instead, a potential decaying
exponentially to a constant bulk value is obtained.
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3.4.1.2.1 CHARGING A SURFACE IN THE PRESENCE OF CHARGED
POLYELECTROLYTE

In this case the derivation of the electrical free energy is
analogous to that in section 3.4.1.1.1. There is a slight differ-
ence: the Poisson-Boltmann equation has to be modified to account
for the space charge of the polyelectrolyte and its counterions.
Instead of a plane charge o, we introduce the space charge p,:

Pu = zue¢*/aoro (3.39)

Combining eq. 3.39 with the Poisson-Boltzmann equation (3.7)
yields

2 - -
d(x,A) g, + n_y
—_— - <2 l'“x'“ - = '] (3.40)
dx n,_ + n_
2

with k° defined as in eq. 3.6. Defining b zero in eq. 3.7 implies
that here $+ and §_ are zero. Far away from the surface ¢(X,A)
is zero and the small ions reach their stoichiometric concentra-
tions n, and n_. Following section 3.4.1.1.1 we obtain for F_,:

F = (3.41)

3.4.1.2.2 CHARGING A SURFACE WITH CONCOMITANT CHARGING OF THE
POLYELECTROLYTE

In this case we must count the contribution teo the electrical
free energy due to the charging of the surface, as well as that of
the polyelectrolyte and the small ions originating from this poly-
electrolyte. In the bulk solution there are ﬁp of such ions present
per unit volume:

np = u¢*/a0ro = pi/2e (3.42)



66

The electrical free energy to charge the polymer segments in an in-
finitesimal space shell with width dx by an amount zedr is, de=-
pending on the potential at the position of the unit volume: i

dF,, = PR¥(x,A) Qr dx (3.43)

In such a volume the concentration of counterions, originating
from the polymer and each bearing a charge Ae, is

n, = ﬁp exp(zhey (x,A)/KT) (3.44)

The electrical free energy of charging these ions in the space shel
by - zedA is

dFy = - zen, exp(zAey(x,A)/kT) G(x,A) dr dx (3.45)

or, applying the Debye~-Hiickel approximation

dar . = - zeﬁpw(x,h){1+zhew(x,h)/kT) dr dx (3.46)

el

Combining eg. 3.43 and 3.46 with the electrical free energy of
charging the surface (eqg. 3.28) gives
o

dFgy = I°o¢o(xf*) - f ﬁphezwix.h) dx]dh {(3.47)

w

Again the values of {(x,\A) are obtained from the Poisson-Boltzmann
equation. Herein the same components of charge are incorporated
as in the presence of already charged polyelectrolyte (see sectior
3.4.1.2.1). However, now the charge of the polymer and the counte-
rions originating from that polymer both depend on A:

Fuxy
__E;E___ = (2 n, o+ npA }y e“y(x,Ah)/ekT (3.48)
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1

In this model the shielding length « — depends on A:

k(M) = (2 A, + ﬁpxz)ez/skT (3.49)
Introducing the usual boundary conditions, the solution for the
surface potential is found to be

Aoo
bo(A) = ) (3.50)

From eguation 3.49 and 3.50 it can be seen that, as long as
(charged) indifferent electrolyte is present, neither ¢O(h) ner
kK{A) is constant during the charging process. In analeogy to the
charging of a double layer with simultaneous charging of surface
and indifferent electrolyte (see section 3.4.1.1.2}, ¢0(X,A) is
constant and k(A) is proportional to A, if noindifferent electrolyte
is present. If the polyelectrolyte concentration is zero, the
procedure described in this section converges with that of the
charging of a flat surface with the indifferent electrolyte charged.
Then ¢O(A) is proportional to A and k is constant. The value of
y{x,A) in the double layer is given by

Y A) = (A) exp(-k(A)x) (3.51)

Substitution of eq. 3.50 and 3.51 into 3.47 and integration with
respect to x gives:

2 L
o-{ekT)™*
ar_, = 2 A -
el - 2= L
ce (2 n, + A np)
(3.52)
2a
P d
A
= 2= .3/2
2(2 n, + A np)

Partial integration of the second term of the right hand side gives
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1 1
~ A3 2
j b7 o = A = % -
n n n n \
; 2(2 n,_ + A np) 2(2 n, + A np) ! ‘
1
[ —A & (3.53)
+
. (2 n, A np)

The second right hand term of eg. 3.53 just cancels against the
first right hand term of equation 3.52, so we end up with

2
G

- (o]
Fel = 750 (35T) (3.54)

This result was also obtained with pre-charged polyelectrolytes
(section 3.4.1.2.1). At A = 1 the definitions of the shielding
length k"L converge, since ﬁ+ +n_ =2 ﬁo + 1

We can conclude that in the case of a double layer of a planar
surface charge with polyelectrolyte at the bulk concentration
throughout the system, the same electrical free energy is obtained
in the Debye-Hiickel approach, when we bring charge to the surface
while charged polyelectrolyte is present or when we charge surface

and polyelectrolyte simultanecusly.
3.4.2 THE ELECTRICAL FREE ENERGY OF A CHARGED POLYELECTROLYTE
CONCENTRATION PROFILE
In section 3.4.1 we envisaged several charging procedures for a
Debye-Hiickel type double layer of a surface charge. These procedur:
can be generalized for a given series of plane charges near a surf
For such a system the equivalent of eqg. 3.27 is

dF_, = i y; do! (3.55)

In this case the integration over A to obtain the electrical free
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energy is not easily achieved analytically. However, if the Debye-
Hiickel approximation is applied, the results for a surface charge
can easily be generalized for a series of plane charges, because
the potentials originating from each charge are independent and
additive. Using the charging parameter A we can write

dFe1 = i ¢i(A)(Ui - o,) dAa (3.56)

As wi{A) is proportional to A integration yields

Fgp =% i by (oi - 0y) (3.57)

If the Debye-Hiickel approximation may not be used, only a numerical
evaluation of the electrical free energy is possible. We employed
both procedures of charging planes described in section 3.4.1.2 for
a predetermined exponential polymer concentration preofile with the
use of the full Poisson-Boltzmann equation. As could be anticipated,
the same electrical free energy is obtained. However, the build-up
during the charging process is different, as can be seen from
figure 3.3. When adsorbed and bulk polyelectrolyte are charged
simultaneously (case a), the shielding power of the counterions
of the polymer is small at low A because of their low charge.

So the potentials by show an initial steep rise and so does Fop-
At higher values of A shielding increases and at a not too high
indifferent electrolyte concentration the potentials even decrease.
On the other hand, when the bulk polyelectrolyte is already charged
and only the excess adsorbed polymer is to be charged, or for that
matter, when the polymer is charged by transferring charge from
infinity to its position in the double layer, the shielding power
is constant and the potentials rise monctonically. The levelling
off of dFel/dA in curve b stems from the fact that at high poten-
tials the potential rises less strongly than at low ones, if the
Debye-Hiickel approximation is not applied. The more gradual build-
up of the electrical free energy using this method facilitates
accurate numerical integration and hence our computations to. be
discussed below are mainly based on this second procedure.
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Figure 3.3. Change in electrical free energy during the charging
procedure. a. Simultaneous charging of adsorbed polyelectrolyte,
bulk polyelectrolyte and counterions originating from the poly-
electrolyte. b. Charging of the excess adsorbed amount by trans-
ferring charge from infinity to the adsorbed layer. c. as b,
but in the Debye-Hiickel approximation. In all cases the indif-
ferent electrelyte 1is already charged. Uncharged adsorbent,
electrolyte 107> M, « = 1, a, =1 mm?, r, = 1mm ¢, = 1072,

0; = 0.1 exp(- 0.4 i),

3.5 THE ELECTRICAL FREE ENERGY OF THE BULK SOLUTION AND CONSE-
QUENCES FOR PHASE SEPARATION

As the homogenecus bulk volume fraction is used as the reference
state in the polyelectrolyte adsorption theory, it is worthwhile to
pay some attention to the electrical free energy of the bulk solu-
tion and its consequences for phase separation.

Phase separation occurs in polymer solutions when the solvent is
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poor, I.e. when the Flory solvent quality parameter x is high. A
high x-value means that the polymer segments attract each other
preferentially over the solvent. Then it is thermodynamically
favourable for the sclution to separate into a polymer=-rich and
a polymer-poor phase. It is anticipated that, as compared with un-
charged macromolecules of the same molecular weight, pclyelectro-
lytes will give stable solutions up to higher y-values, since in
concentrated phases high potentials develop that oppose the non-
electrical attracting forces.

3.5.1 PHASE SEPARATION WITH UNCHARGED POLYMERS

Flory20 derived an expression for the free energy of mixing a

polymer and a solvent using a lattice model which was later used

11

by Roel? and Scheutjens and Fleer Since he describes the situ-

ation in the bulk solution, no layers had to be specified and a
homogeneous volume fraction was assumed. For the free energy of

mixing AFM for a system containing N, polymer molecules and N,

1
solvent molecules Flory obtained

AFy = KT (N; In ¢, + N In (1-p,) + x N_¢,) (3.58)

with ¢, the polymer bulk volume fraction. Differentiation of AFy

with respect to N, and Nj gives the thermodynamic potentials of

the polymer, My and that of the solvent, Hor regpectively. If

two phases can coexist, the eguilibrium criterion®l is

b=
© ° (3.59)
My = By

where the plus indicates the--arbitrarily chosen--reference phase.
When polymer and solvent are miscible in all proportions, Ho and
g, are monotonically decreasing and increasing functions of ¢,
respectively. The values of Po and of Mq at ¢, = 0 and ¢, =1
do not depend on the solvent quality parameter y. Conseguently, if

there are two polymer volume fractions with egual chemical poten-
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tials, Ho and B, must both have a maximum and a minimum as a func-
tion of ¢,. There is a certain value of x and of ¢,, which is calle
the critical peoint. In this point neither a minimum nor a maximum

is present, but just an inflection point. The following conditions
are met here:

dpo — o
de, =
2 (3.60)

d ”o 0

do?

If eq. 3.60 is satisfied, the first and second derivative of Hy
are also zero, since Hy is obtained from the same free energy of
mixing. However, this gives no additional information, since Mo

and W, are related through the
Gibbs-Duhem equation. Figure 3.4
gives a phase diagram containing
the so-called binodial as ob-
tained from eq. 3.58 and 3.59.
The minimum is the critical poin
determined by eq. 3.60. Below th
corresponding x-value the polyme
solvent system is completely mis

1.5

binodial

cible over the entire compositiol
o5F range. Figure 3.4 also presents
the so-called spinodial. It ap-
pears that solutions can exist

o . , . ) . , in a metastable state in the
€ S5 -4 -3 -ZMQ;i 0 domain between the binodial and
spinodial. If at some place in
Figure 3.4. Phase diagram for the solution the concentration
uncharged polymer. r = 100. rises to a value higher than the

boundary of the spinodial area,
phase separation occurs, and two phases with concentrations corres-
pending to the binodial ensue. The background of the spinodial is
illustrated by figure 3.5.
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Figure 3.5. Thermodynamic potential of the solvent as a function

of the polymer volume fraction ( ). The critical y-value is

1.05. Chain length r = 5. x: volume fractions from binodial at
X = 1.1. The points forming the spinodial are indicated (-~--).

pg is the chemical potential of the pure solvent.

Figure 3.5 gives the chemical potential of the solvent as a function

of the polymer fraction. At y-values exceeding the critical one
{here ¥ = 1.05) a minimum and a maximum are observed. Only in the
cases of the curves a and b there is full miscibility. In the case
of curve ¢ there is miscibility until the volume fraction of the
corresponding binodial (X) is reached. However one can imagine that
as long as the slope of the chemical potential curve is not wvery
different from that of a curve for a stable solution, no discon-
tinuity isg observed in reality either, i.e. metastable solutions
are possible. This situation persists until the maximum in

- (po— pg) is reached after increasing ¢,, or if the minimum is
reached after decreasing ¢,. At volume fractions higher than those
corresponding to the maximum or the minimum, phase separation must
occur. So the spinedial range is bound by the two concentrations
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where

dpo _ 6
a$; - {(3.61)

3.5.2 PHASE SEPARATION WITH POLYELECTROLYTES

To describe phase separation of polyelectrolyte solutions we
follow the Flory 1ine21.
AFM,el‘ is given and from this AFM,el the electrical part of the
chemical potential of the solvent, p and of the polymer,

The electrical free energy of mixing,

o,el’
P o1’ is obtained. The electrical free energy of mixing AF

is obtained from the potential difference between two polyﬂéil
phases. We will derive the potential difference by solving the
Poisson-Boltzmann equation in bhoth phases. An equivalent deriva-
tion is possible, i.e. considering the distribution of the small
ions and the potentials as a Donnan equilibrium. The description
of Donnan equilibria usually refers to one cclloid- or polymer-
containing phase in equilibrium with a phase only comprising in-
different electrolyte. Here we deal with two macromolecular phases,
but alsc then it is possible to follow the Donnan line. Of course,
there exists always an electrolyte solution of such a composition
as to be in equilibrium with both phases, the (eguilibrium) dia-
lysate.

As it is inconsistent to use a plane model for a homogeneous bul
solution, it is better to use smeared out polyelectrolyte charges.
The use of smeared out polyelectrolyte charges has been criticized
by Klaarenbeek23 and Overbeek24'25, since inhomogeneities occur,
because the segments are bound to each other. At low polymer concer
tration the polyelectrolyte charge is restricted to the individual
coils. As a consequence low activity coefficients are found for the
counterions, which is reflected by a reduced osmotic pressure. As w
only pay attention to the interaction between polymer segments and
solvent molecules, the classical Donnan picture will work better
in our case.

Oour analysis can be done both for the Debye-Hiickel and the
Gouy-Chapman approach of the Poisson-Boltzmann equation. Since the

potential difference between two phases can attain considerable
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values, the Gouy-Chapman approach will usually lead to better
results. However it is useful to elaborate the Debye~Hiickel case
as well, since then we arrive at equations that physically can be
interpreted more easily.

3.5.2.1 THE POTENTIAL DIFFERENCE BETWEEN THE TWO PHASES

For a polyelectrolyte solution with volume fraction ¢, we define
the space charge p, originating from the polyelectrolyte

Pr = zue¢*/vo {(3.62)

where Vo is the volume of a lattice cell. In analogy to eg. 3.5

we have the Poisson-Boltzmannh equation:

da et [ n, exp[-e($(x) - §,)/kT] -
X £

=] |

_ exple($(x) - $_)}/KT] + p,/e (3.63)

The potential is constant throughout such a polyelectrolyte solution
and the electroneutrality condition must be satisfied, so d2¢(x)/
dx2 = 0., We shall now work out the potential difference between the
two phases, first by using the Debye-Hiickel approximation of eq. 3.63

and then for the Gouy-Chapman approach.

3.5.2.1.1 THE DEBYE-HUCKEL APPROACH

Linearization of eq. 3.63 gives

(3.64)

(i, - D_)kT/e + A5, + 0_§_ + pkI/e” ]
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An obvious solutien is $+ = §_ = ¢(x) = 0 with ﬁ+ -n_+ py/e =0.
If we have two phases in equilibrium we can choose one of them as
the reference phase where $+ = $_ = ¢(x)+ = 0 and calculate the .
potential of the other phase with respect to the reference potentik
We will indicate the potential, the volume fraction and the poly-
lectrolyte space charge of the reference phase with a plus sign.
Here we encounter one of the more serious imperfections of the
Debye-Hiickel approximation. The fact is that the solution of
the linearized Poisson-Boltmann equation is not invariant with
respect to the choice of the reference potential. In other words,
it matters which phase is chogen as the reference phase. Attribu-
ting a space charge p: to the reference phase and a space charge
p, to the other, eqg. 3.64 can be transformed to the corresponding :
equation for the non-reference phase:

ex) oin) Py Pa 5.65)
= x X) + —5 = — .
dx2 €K2 sxz

Since this phase is also electroneutral, the potential with respect
to the reference phase is

d(x) = (py - pI)/sxz {3.66)

The asymmetry is in the definition of «?. This K2 contains the tots

number of small ions in the reference phase, but this number is
different for both phases,

3.5.2.1.2 THE GOUY-CHAPMAN APPROACH
Again we choose a reference phase with ¢ _ = {_ = w(x)* = 0 and

also n, - n_ + os/e = 0. The Poisson-Boltzmann equation for another
phase having a space charge density p, reads then

o,
o
]
I
|
“I®

[ n, exp(-e(x)/kT) - h_ exp(ey(x)/kT) +

pu/e ] = 0 (3.67)
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wWhen we substitute y for exp({ey(x)/kT) we obtain a gquadratic egua-

tion in y:

Ay® - puy/e - &, =0 (3.68)

The physically interesting solution is

2 e
/e + J{p,/e)” + 4n.,n
KT 15 ¢ P J pf t - (3.69)*%
2 n

p{x) =

The concentration of the small ions in the non-reference phase,
-1 . . R
n,, which corresponds to the indifferent electrolyte concentration
is given by

fi, = 0, exp(- ey(x)/KT)

If the phase having a polymer space charge p, and a salt concen:
tration egual to ﬁ+ is chosen as the reference phase--(i.e. ¢y(x) =
$+ = 5_ = 0)--, the same potential difference with the phase with
space charge pI and pesitive ion concentration ﬁ+ is found. So the
calculated potential difference between the two phases does not
depend on the choice of the reference potential. The salt concen-
tration difference between the two phases is given by the Donnan
membrane equilibrium condition. For example, for a polymer-free
solution in equilibrium with a reference polyelectrolyte solution
equations 3.67 and 3.69 give Jn, n_ for the salt concentration. This

is in agreement with the Donnan equilibirum24’25.

3.5.2.2 THE ELECTRICAL FREE ENERGY OF MIXING

The electrical free energy of mixing AF of a system con-

M, el
taining N, solvent and N, polymer molecules is found from the

* Obviously this equation cannot be used in the case of negative
polyelectrolyte without added salt. In that case we can choose
y = exp({~- ey(x)/kT) and derive a complementary set of equations.
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electrical free energy per lattice cell ﬁfel and the size of the
system. Flory derives the non-electrical free energy of mixing witl
respect to the pure components as the reference stateszo. For our
purpose these are not suitable reference states because of the ‘
above mentioned asymmetry due to the Debye-Hiickel linearization
and cumbersome definition of the salt concentration that would be
needed in the Gouy-Chapman approach. Since we are only interested
in differences in thermodynamic potentials we can in principle
choose the reference state freely. To bear out the implications
of this choice it is useful to choose one of the phases under
investigation as the reference phase.

In analogy to eq. 3.27 we can write for the change in electrica
free energy of a unit vplume, df_,, upon raising the space charge
density by an amount dp,

af, = w(x) dp, (3.70)

To obtain af 4 with respect to a reference phase we must integrate
the space charge from p: to p,. As before we will do this first fo
the Debye-Hiickel and then for the Gouy-Chapman approach.

3.5.2.2.1 THE DEBYE-HUCKEL APPROACH
Substitution of equation 3.66 into 3.70 and integration yields

P +.2
' (Px = Px)
Afel = .[ P(x) dpi = — (3.71)
N 2 EK

Px

The total electrical free energy of mixing is

ARy o1 = (Ng + NIV Af (3.72)
or
+
AF { ) e’ (e, - 0})° (3.73)
= {N_ + rN .
M,el 0 1 2 v 8K2

0
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3.5.2.2.2 THE GOUY~CHAPMAN APPROACH

Substitution of equation 3.69 into 3.70 and integration yields

Py

Afg = J (x) doy = pu(x) - KT (Howse)? + 4 RA. -
+
P

J(oi/e)? + 4 n,a_ ) (3.74)

The total electrical free energy of mixing is again

AT

M,el = (N0 + er) Vs Afel (3.72)

3.5.2.3 THE ELECTRICAL PART OF THE CHEMICAL POTENTIAL

Differentiation of AFy o1 with respect to N and Ny respectively
gives the electrical part of the chemical potential of the solvent
My 1 and of the polymer Ml e1° This differentiation can be applied

both for the linearized and full Poisson-Boltzmann eguation.

3.5.2.3.1 THE DEBYE-HUCKEL APPROACH

Bearing in mind that the bulk volume fraction is

rN;
by = 7740 (3.75)
* N0 + er
we obtain from eq. 3.72 for the chemical potentials:
2 +,2

po'el/kT == g [(¢* - (¢*) 1 (3.76)

and
2 2
Pl o1/KT = - TE [(1 - 0,0% - (1 - 9)°) (3.77)
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with

2 2 2
£ = —5— = 4 (3.78) !
2 v exk"kT 2 v, (n_ + n_})

3.5.2.3.2 THE GOUY-CHAPMAN APPROACH

From the equations 3.74 and 3.72 we obtain

Mo, el/KT = = v, (J(p,/e)® + & B, -
Jptre)> v 2 ah | (3.79)
and
By e1/KT = - Vor [{(pu/e)® + 2 B,n. -
J(pl/e)z + 4 nn_ ] + reey(x)/kT (3.80)

3.5.2.4 PHASE EQUILIBRIA

The electrical parts of the chemical potentials of solvent and'
polymer can be added to the non-electrical parts as given by Flory
Here we do not choose the pure bhulk polymer as the reference state

. . +
but a given volume fraction ¢,.

3.5.2.4.1 THE DEBYE-HUJCKEL APPROACH
Combining the non-electrical part (ref. 20 equations 26 and 32)

and the electrical part (equations 3.76 and 3.77) of the chemical
potential gives

(1 = ¢*) +
po/kT = 1ln F + (l - l/r)(¢* - ¢'*) +
(]— - ¢*)

(x - £)(02 - (651?) (3.81)
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and

O +
Pl/kT = 1ln < (r - 1) (¢* = ¢*) +
*

r(x - 8)[(L - 0,02 - (1 - 05)2 ] (3.82)

The result is that the expression for the chemical potential is
similar for charged and uncharged polymers. The difference is,
that the Flory polymer solvent parameter y is replaced by an ef-
fective interaction parameter y - £.

The critical point,--(i.e. the highest x-value, where solvent
and polymer are miscible in all proportions)--is given by the
criteria of eq. 3.60. They yield

Ox op = (1 # yoy™t (3.83)

and

= 1 5+ & (3.84)

2 (1= 0y o)

Xer

where ¢*,cr and Xop are the volume fraction and y-value at the
critical point respectively. These expressions show that the cri-
tical volume fraction is not changed by the presence of charges.
However, the critical x-value is increased, as anticipated.

The spinodial--(i.e. the curve that forms the boundary between
the region where metastable solutions can exist and the unstable
region)--is given by the criterion of equation 3.61. Differen-
tiating eg. 3.81 yields

dp /KT 1
d¢* = - (1 - ¢*) + (l - 1l/r) + 2 (X = g) ¢* =0 (3‘85)

Each combination of y and ¢, satisfying eq. 3.85 can be found
readily.
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The binodial--(i.e. the curve giving the stable phase composi-
tions)--is found by equating the thermodynamic potentials of the
two coexisting phases (eq. 3.59). These two equations contain two
unknowns, viz. the polymer concentrations in the two phases, ¢I ar
$,, which can be obtained numerically by using an iteration proce-
dure.

3.5.2.4.2 THE GOUY-CHAPMAN APPROACH

In this case, the introduction of an electrical contribution
into the thermodynamic potential cannot be formulated generally as
a modification in one of the terms in the non-electrical part. The
first and second derivatives of the electrical part of the thermo-
dynamic potential can be evaluated and added to the non-electrical
part. Proceeding this way we obtain two equations with two unknown:
for the critical point and a relation for the spinodial. These
equations can easily be solved numerically. The first and second
derivatives of the electrical part of the chemical potential read

as follows

d”o,el/kT _ P % (3.86)
d¢ - 2 - = .1/2 :
* e [{ps/e)” + 4 n,n_]
and
dzu /KT 4 o?a.n
oéel _ 2+ - s (3.87)
Ao’y Vo L(Pu/e)” = 4 nyn ]

Only in the case of the absence of salt the expressions can be sim
plified. For the potential difference between the two phases we
have then:

KT D+
e

p(x) = 1n — (3.88)
%

and for the electrical parts of the chemical potentials
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(3.89)

Ho,er/KT = = a (84 = 63)

and
(3.90)

”l,el/kT = - ra (¢, - ¢I) + ra 1n ¢+
*

Combination with the non-electrical part gives for the thermo-

dynamic potential of the solvent

(1 - ¢*)

——— 4+ (L= 1/t - a)(0y - 03) +
(1 - ¢*)

M, /KT = 1n

x[62 - (49)?) (3.91)

and for the polymer, expressed per segment

¢* +
(1/r + a¢) 1In -5 - (1 - 1/r = a)(d, = b)) +

pl/rkT = ]
%

xI(L = 0,02 = (1 - eD)? (3.92)

Comparison with the equations 3.81 and 3.82 shows that we can
interpret the influence of the electrostatic interactions as a

reduction in the effective chain length roff

(3.93)

As is the case with the Debye-Hiickel approach, the phase compo-
sition is found by combining the electrical and non-electrical con-
tributions to the chemical potentials and equating them for both

phases.
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3.5.3 RESULTS AND DISCUSSIONS

3.5.3.1 THE BEHAVIOUR OF POLYMER ADSORPTION THEORIES NEAR THE

PHASE SEPARATION DOMAIN

The two polymer adsorption theories that we will employ, namelﬂ
the Roe theory and the Scheutjens-Fleer theory, both assume a pre-
determined polymer bhulk volume fraction and thus a fixed chemical

potential.

So they assume an open system. The total amount of

polymer in the concentration profile is a result of the computa-

tions. If the bulk volume fraction is outside the phase separation
domain, the polymer concentration profile decays to the bulk volume

fraction. If a chemical potential is chosen in the phase separatior

domain, the computer programme gives a profile that decays to a

Fopee ¥ (monolayers)

-log{X-X )

Figure 3.6. Adsorbed amount §
(- - -) and excess adsorbed

amount 8, . (—) as a function
of log(x - Xcr)' a: Xgp = 0.7,
Xg = 1, ¢, = 0.0015014430,

r = 100; b: Xer = 1, Xg = 1,

o, = 0.0427971, r = 10.

volume fraction corresponding tc
the given chemical potential but
in the stable domain. Because of
iteration problems it is diffi-
cult to obtain results under the
conditions with the Scheutjens-
Fleer theory. 1f the chemical
potential is in the metastable
domain, a disturbance of the
polymer concentration profile
must ensue to bring the concen-
tration within the spincdial.
Such a disturbance can be causex
by an adsorbing surface. As lom
as the macromolecules remain un-
charged, the results of both ad-
sorption theories appear to be
very sensitive to super-critica
conditions. However, for poly-
electrolytes the results show

a less sharp reaction to critic:
conditions. In this case, possi
bly due to long-range electrica
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interaction forces, oscillating volume fraction profiles are cal=-
culated, which depend very much on the starting estimation of the
profile.

With uncharged polymers very thick adsorbed layers develop, when
at a given volume fraction the critical y is approached. Only part
of the adsorbed polymer molecules is directly attached to the sur-
face. A considerable part is only present by virtue of the polymer-
polymer attraction. Figure 3.6 gives the directly adsorbed amount,

9, and the excess amount adsorbed, 8ex as a function of the q4if-

C r
ference between x and the critical x, as calculated with the

Scheutjens-Fleer theory. The near-linear relationship between 8 oxc

and log(yx - xcr) is striking. At very small differences between

Figure 3.7. Polymer concentration profile near the critical ¥ cal-
culated by using the Scheutjens-Fleer theory. y = 0.9999, Xg = 1,
¢y, = 0.0427971, r = 10.
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x and x_. considerable iteration problems are encountered. There-
fore we cannot decide whether or not the relationship remains
linear. At very high Boxe @ rather flat region in the wvolume
fraction profile exists (figure 3.7). There the polymer concen- !
tration corresponds with the volume fraction of the concentrated
phase, which is in equilibrium with the dilute critical phase. This
suggests incipient phase separation with the adsorbate being the
polymer-rich phase.

22

Silberberg concluded that the ratio between aex and 8 can

never exceed two. Here we see that in the case of rc= 10 even a
ratio as high as 3.5 is attained. At r = 100 we did not come to
such a high value, but here we could not appreoach the critical
X as near as in the case of the short chain. Possibly Silberberg's

statement can be applied to infinitely long chains.

3.5.3.2 PHASE SEPARATION OF POLYELECTROLYTES

As has already been pointed out in sections 3.5.2.4.1 and
3.5.2.4.2, the phase separation domains can be obtained by using
the electrical part of the chemical potential. It has heen noted,
that care must be taken in the choice of the reference polymer
concentration. In the Gouy-Chapman apprcach the choice of the
reference concentration influences the salt concentration in
the two phases, since the salt concentration is also involved in
the definition of the reference polymer concentration. Of course,
the salt concentrations can readily be converted into another re-
ference state, since the potential difference between the phases
and the reference polymer concentration are known, but special at-
tention must be paid to the conditions that are compared. The same
problem crops up, when the Debye-Hiickel approximation is applied,
but then the situation is even more complicated, since the solu-
tion of the linearized Poisson~Boltzmann equation is not invariant
with respect to the choice of the reference state.

We will consider three cases:

(1) In the first case the reference state is either the phase,
where the volume fraction is the lower one (for coexisting
phases), or the homogeneocus phase {for complete miscibility).
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The same salt concentration is chosen in the reference state
when different polymer volume fractions are considered.

(ii) The second case resembles the first one, but the same total
ionic strength--the small ions originating from the pelyelectro-
lyte included--is chosen in the reference state, when different
polymer fractions are considered.

{iii) The third case has the volume fraction of the critical point
for the Debye-Hiickel approximation as the reference state and
the salt concentration is defined at that volume fraction. This

volume fraction, (DH), only depends on the chain length

¢*,cr
{see eq. 3.83).

The first case is interesting from a practical point of view. When
we investigate binodial situations, we usually have an extensive
dilute phase and a small amount of concentrated phase. For example,
this is the case at cloud point determinations. For situations near
the spinodial curve this homogenecus phase would also be a logical
reference. The disadvantage is that with a given salt concentration
each volume fraction has another ionic strength.

Electrostatic effects are strongly influenced by salt effects.
when electrostatic and non-electrostatic effects must be separated,
it is probably the best way to choose the same ionic strength in
the reference state. This is done in cases (i1i) and {(iii). For the
Debye-Hiickel situation this means that systems with the same shiel-
ding length K-l are compared. So here the value of the reference
volume fraction is not important, because we can choose any combina-
tion of polymer and electrolyte concentrations, provided that the
same total small ion concentration is maintained. Thus, in the
Debye-Hiickel approach the cases of constant ionic strength (ii)
and that of fixed reference polymer concentration {(iii) ceincide.
0Of course the concentration of small ions originating from the
polymer may not exceed the total ion concentration as defined by «x.

3.5.3.2.1 THE SPINODIAL

The spincdial is the boundary between the unstable and the meta-
stable domain. For this curve we consider only one homogeneous phase
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log @,

Figure 3.8. Spinodial curves. At each point the corresponding ¢,
is chosen as the reference state. r = 100. -+=+-- ¢*,cr(DH)'

a: electrolyte (cs) 0.1 M, « = 0.1; b: in the absence of electro-
lyte, a = 0.1; c: Cg = 0.1 M ,a =1.

and find out whether or not this phase can be stable.

Figure 3.8 presents spincdial curves in the case of this phase
being chosen as the reference phase, with the same indifferent
electrolyte concentration present at all polyelectrolyte volume
fractions. Below the curves (meta)stable solutions are possible,
above the curves phase separation always occurs. The Debye-Hiickel
and the Gouy-Chapman approach give the same curves, although the
interpretation is different. In the Debye-Hiickel case the minima
of the curves do not correspond with the critical points. Instead,
those points are on the dot and dash line at the critical concen-
tration obtained from eg. 3.83. The curves are collections of spi-
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nodial points, each having another reference state. In the case of
the Gouy-Chapman approach the minima are veritable critical points,
i.e. both the first and second derivatives of the chemical potential
are zero. Again the curves are collections of spinodial points
having different reference states.

The curves a, b and ¢ in figure 3.9 are spincdials in the case
of constant ionic strength at all volume fractions. The volume frac-
tions themselves are chosen as references. Again the Debye-Hiickel
and the Gouy-~Chapman approach give the same results. The curves

log @,

Figure 3.9. Spinodial curves, (i) at constant ionic strength (a, b,
¢} and (ii) with ¢, cr(DH) as the reference using the Debye-Hiickel
approach (also a, b, ¢) and the Gouy-Chapman approach (a', b', c'}.
a, a': cg = 0.1 M, « =0.1; b, b': in the absence of salt, ¢ = 0.1;
€, c': ¢, = 0.1, « = 1. The values of c¢_ are defined at ¢*,cr(DH)'
r = 100.
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are only meaningful at volume fractions lower than those indicated
with x. At those polymer concentrations all small ions originate
from the polymer. As the points of one curve have the same value
of ¢, the curves have the same shape and are only shifted along
the y~axis with respect to each other.

If the wolume fraction ¢*'cr(DH} is chosen as the reference
state, we also obtain the curves a, b and c using the Debye-Hiickel
approach. As we have again a fixed ionic strength in the reference
state, k and hence { are constant too. Along the curves the in-
different electrolyte concentration varies, governed by the theore
tical potential difference with respect to the reference phase. As
the linearization of exp(-x), Z.e. (1 - x), leads to erroneous re~
sults at high x, the dashed part of the curves have no physical
meaning, because negative salt concentrations are involved.

With the choice of ¢*,cr(DH) as the reference state, the
Gouy-Chapman approach no longer gives the same result as the
Debye-Hiickel approach, because different potentials with respect
to the reference phase are calculated. At a low value of o and
0.1 M electrolyte (curves a and a'), the differences remain within
drawing accuracy. The Debye-Hiickel approximation overestimates the
potential difference, thus too much salt attraction is calculated
at volume fractions lower than the critical one and too little
at a higher one. So the curves cross over at ¢*,cr(DH)' The curves
b of figure 3.8 and b' of figure 3.9 are identical since a differe
choice of the reference state only affects the indifferent electro
lyte concentration, which is zero.

It is illustrative to pay some extra attention to the curves b!
and b of figure 3.9 which refer to the case of the absence of salt
with a fixed reference state. These are especially suited to demon
strate the consequence of the Debye-Hiickel linearization. Curve b
the Gouy-Chapman curve is independent of the choice of the referen
state, since there salt is absent. If the abscissae axis value of
the volume fraction is chosen as the reference state, curve b' is
obtained for the Debye-Hiickel approximation too (i.e. figure 3.8,
curve b). Curve b can be interpreted in two ways: (i) representing
the case of constant ionic strength with the abscissae axis value
of the volume fraction as the reference, both in the Gouy-Chapman
and Debye-Hiickel approach and (ii) representing the case of ab-
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sence of salt in the Debye-Hiickel approach with ¢*,cr(DH) as the
reference. In the first interpretation there is also indifferent
electrolyte present at any volume fraction except for that in-
dicated with the X, which coincides with ¢*,cr(DH)‘ Considering
the second interpretation of b, we can conclude that the difference
between the curves b and b' is a consequence of the iwmproper ac-
counting for the indifferent electrolyte concentration in the
Debye-Hiickel approximation.

3.5.3.2.2 THE BINODIAL

From a practical point of view, the binodial curves are more
interesting than the spinodial curves, since they present the
physically stable and unstable regions. The metastable regions be-
tween the spinodial and binodial are hardly ever important, since
phase separation occurs readily, for example by concentration fluc-
tuations induced by adsorption on a surface or particle anywhere in
solution. Figure 3.10 collects results for systems with ¢ = 0.1 and
electrolyte concentrations 0.1 or 0 M. Figure 3.11 presents the cor-
responding data for systems with o = 1 and 0.1 M electrolyte.

3k ——— Debye -Hiickel \ | |
X Gouy-Chapman \ .
\b |
\ i
v
AL ]
!
1=
A i
¢ 1 1 1 L L Il ¢
-7 -6 -5 -4 -3 -2 ! °

log
Figure 3.10. Binodial curves; a« = 0.1, r = 100. A: electrolyte 0.1 M.
B, B', b: abscissae axis value is reference (B, b in the absence of
electrolyte, B' constant ionic strength at reference). b': ¢*,cr(DH)
{(—=-~-- ) is reference. b' can also be interpreted as if at constant

ionic strength.
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In the case of ¢ = 0.1 and 0.1 M salt the amount of counterions
originating from the polyelectreolyte is vanishingly low compared
with that from the salt, so that the choice of the reference state
is immaterial. Because of the low charge and the high indifferenti
electrolyte concentration the potentials between the two phases
remain low, so that the Debye-Hiickel linearization does not greatly
affect the results. Within drawing accuracy the same curve is obh-
tained as with the Gouy-Chapman approach.

Curve B of figure 3.10 gives the phase diagram for the Gouy-
Chapman approach in the case of absence of salt. The curve is
independent of the choice of the reference state, just as it
was the case with the gpinodial. The y-value of incipient phase
separation rises rapidly when a lower concentration of the dilute
phase is considered, because this dilute phase has a very low ion
concentration, Then very high potential differences develop betweer
the two phases, e.qg. at y = 2 the value of ey(X)/kT is 10.6. This
value can also be obtained from the velume fraction ratio using
Nernst's law.

Curve B' relates to the case of constant ionic strength in the
dilute phase, which is also the reference phase. For this aim the
ionic strength of the salt-free polymer solution at ¢*,cr(DH) was
chosen. The low concentration branch only goes as far as this vol-
ume fraction ¢*,cr(DH)' At higher volume fractions negative salt
concentrations would be needed to maintain constant ionic strength.
The y-value of incipient phase separation rises less steeply with
decreasing polymer volume fraction than in the case of the absence
of indifferent electrolyte. The electrolyte added to maintain con-
stant icnic strength destabilizes the polyelectrolyte solution. The
high volume fraction branch is at higher volume fractions than that
of curve B, because the electrolyte added reduces the potential
difference between the two phases that opposes the concentration
of the polyelectrolyte.

Curves b and b' of figure 3.10 represent Debye-Hiickel results.
For curve b the lower volume fraction of the coexisting phases is
chosen as the reference state and no electrolyte is added. The
x-value of incipient phase separation rises even more steeply than
that according to the Gouy-Chapman approach. The concentration in
the concentrated phase is much lower than the one predicted by
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means of the full Poisson-Boltzmann eguation. The Debye-Hiickel
approximation overestimates the stability and restricts the volume
fraction of the concentrated phase too much because it overesti-
mates the potential in this phase that hinders polyelectrolyte
accumulation. The minimum of the curve is at the critical point
at volume fraction ¢*,cr(DH)‘ As each point has another reference
state~~the abscissae axis wvalue of the volume fraction--, the slope
of curve b is not zero at this point. So the minimum is a singular-
ity. If a constant ionic strength in the reference phase is assumed,
curve b' is obtained. Qualitatively the same trend is observed as
is shown by the Gouy-Chapman approach. The low volume fraction
branch has a much lower slope than curve b and the concentrations
of the high volume fraction branch are higher.

Again curve b' can be interpreted in two ways: (i) the wvolume
fraction ¢*,cr(DH) in the absence of electrolyte is chosen as the
reference state and (ii) the abscissae axis wvalue of the volume
fraction is chosen as the reference state and electrolyte is added
to main constant ionic strength. Considering the first interpre-
tation, curve b' must be compared with curve B, the Gouy-Chapman
curve, to see the influence of the Debye-Hiickel approximation. The
only difference between b and b' is a different choice of reference
state. This illustrates very clearly what erroneous results the
Debye-Hiickel approximation may lead to. Considering the second
interpretation of curve b', this curve must be compared with the
Gouy-Chapman curve B'. As electrolyte is present, potentials
occur, which are less high than those of the case of curve b.
Thus the Debye-Hiickel results diverge less from those obtained
by means of the full Poisson-Boltzmann equation in the case of
constant ionic strength (curve B').

Figure 3.11 (curves for o = 1 and 0.1 M electrolyte) shows again
how the Debye-Hiickel results do depend on the reference state chosen.
These results are in line with the difference between the curves b
and b' of figure 3.10. Curve b' of figure 3.11 refers to a curve at
a constant ionic strength in the reference state. Since the curves
a and b' in figure 3.10 and b' in figure 3.11 only differ with re-
spect to the values of k, and thus of £, they have the same shape,
the only difference being that they are shifted along the y-axis
with respect to each other and the curve for uncharged polymer.



94

] Sk
X T~
. : /
~—=—— Dehye -Hickel \\ /
4 Gouy -Chapman \b . If
\\ /
v |
e e b. \ I
3 —————————
2+
1 I L '
-7 -6 -8 -4

log ¥,

Figure 3.11. Binodial curves; « = 1, r = 100. a, a", b: abscissae
axis value is reference (a, b: electrolyte 0.1 M at reference,
a": constant ionic strength at reference). a', b’': ¢*‘cr(DH) is
reference. b' can also be interpreted as if at constant ionic
strength.

In the case of the full Poisson-Boltzmann equation different
curves are also obtained when different reference states are chose
and salt is present. In curve a (figure 3.11) the lower concen-
tration is chosen as the reference state, whereas for curve a'
the critical concentration of the Debye-Hiickel case ¢*,cr(DH) was
selected. The salt concentration is defined at the reference volum
fraction, so along the lower volume fractjon branch of curve a the
salt concentration is constant, but along curve a' it varies depen
ing on the potential difference between the dilute phase and the
reference state. The ion concentrations distribute according to
the Boltzmann-factor. wWith positive polyelectrolyte the potentials
at low ¢, are more negative than the reference, so coions are '
attracted by the dilute phase. As the indifferent electrolyte
concentration is equal to the concentration of coions, the dilute
phase has a higher salt concentration than the reference phase,
such in accordance with the Donnan equilibrium conditions. This
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higher ionic strength lowers the y-value of incipient phase sepa-
ration of curve a' with respect to curve a at volume fractions
lower than ¢*,cr(DH)'

A curve at constant ionic strength is also given {(figure 3.1la").
The remarkably flat path of this curve, as well as that of curve B
in figure 3.10, indicates that the total ionic strength is an im-
portant factor in the description of polyelectrolyte solution sta-
bility. At a volume fraction of the dilute phase slightly exceeding
0.1 there is a minimum in curve a". At one value of y two pairs of
phase compositions can exist with the same total ionic strength in
the dilute phase, one with a high polyelectrolyte and a low salt
concentration and the other with these concentrations the other
way round. The high concentration branch is not connected with the
low concentration branch, since the given total ion concentration
restricts the viable range of the dilute phase volume fractions.
The highest possible polymer concentration is that obtainable in the
absence of salt.

Summarizing we can conclude that the y-value of incipient phase
separation is largely determined by the total small ion concen-
tration. For instance, the differences between the curves a, a' and
a" in figure 3.11 originate form the different wvariation of the
total ionic strength along the curves. As could be expected, the
stability against phase separation is decreased by raising the
salt concentration and increased by higher degrees of dissociation.
The Debye-Hiickel results are very sensitive to the choice of the
reference state. Because of the overestimation of the potentials
much toc high x-values of incipient phase separation are found.

In spite of the elegant formulation of the charge effect on poly=-
mer stability by means of the Debye-Hijckel approximation, this
formulation should not be used to describe practical systems.
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3.6 EXTENSION OF POLYMER ADSORPTION THEOQORIES WITH ELECTROSTATIC
INTERACTIONS

3.6.1 THE ROE THEORY

The model used by Roe10 has already been described in section 2.
Here it suffices that Roe derives an expression for the grand par-
tition function =. Then that polymer concentration profile is sough
that corresponds to the maximum term of =, or, what is equivalent,
the characteristic function has to be minimized. For uncharged

polymer the characteristic function is -na:

-na, = = kT 1n 2/2, (3.94)

vhere the asterisk refers to the reference state. Since in a grand
canonical ensemble the characteristic function equals the sum of
all reversible work, we must add the electrical work, i.e. the
electrical free energy to -na, in order to extend the theory to
charged polymers. Again the volume fractions L of the lavers 1
are iterated, so that the characteristic function is minimized.

3.6.2 THE SCHEUTJENS-FLEER THEORY

The model of Scheutjens and Fleerll, as described in section 2.2
closely resembles Roe's model. For polyelectrolytes, the free energ
term has to be incorporated in the energy term of the canonical par
tition function, eq. 15 of ref. 11. In fact this term is not an
energy but a free energy term, containing all entropic contribu-
tions except those due to the conformation of the polymer. The
equilibrium polymer concentration profile is given by the number
of molecules in each possible conformation. A conformation is
defined by the distribution of segments over the layers of the
system. The distribution of conformations is governed by the
conformational entropy and a weighting factor Py being the
probability to find a segment in layer i if it were not con-
strained by the fact it is part of a chain. This factor contains
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the excluded volume and the derivative of the energy term with
respect tc the number of segments of polymer in layer i. In our
polyelectrolyte case we have to subtract the derivative of the
electrical free energy, I.e. aey,/kT, from ln p..

3.6.3 RESULTS AND DISCUSSION

In this section we will compare the adsorption behaviour of
polyelectrolytes with that of uncharged polymers. Numerical re-
sults for the full Poisson-Boltzmann equation are compared with
Debye-Hiickel data. Furthermore we will show the differences be-
tween Hesgelink's theory and our work. Because Roe's theory gives
less computational problems than the Scheutjens-Fleer theory with-
ocut undue loss of detail, it is used as the nonionic basis unless
stated otherwise.

3.6.3.1 COMPARISON WITH NONIONIC POLYMERS

When the non-electrostatic free energy of adsorption exceeds
the critical valuell, adsorption takes place both with ionic and
nonionic polymers. In the case of nonionic polymers part of the
polymer is attached to the surface while the remainder is accom-
modated in loops and tails protruding into the solution. Hence
the amount adsorbed can easily go beyond that ¢f a monolayer. When
a charged polymer adsorbs, a potential of the same sign as that
of the polymer is generated near the surface. This potential ex-
pels polyelectrolyte segments from the adsorption layer, which
in the segment density profile (figure 3.12) shows up as a minimum.
Consequently, nearly all adsorbed polymer is present in the first
layer, iI.e., the adsorbed layers are very flat and the adsorbed
amount corresponds to less than a monolayer. Only at low X (xs < 1),
where only low potentials build up and a small amount of polymer is
adsorbed and at high salt concentrations (> 0.1 M), a significant
amount can be adsorbed in the second and following layer. Longer
chains show a higher adsorption in the first layer. This gives
rise to a higher potential near the surface and a deeper minimum
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Fiqure 3.12. Polymer concentration profile for uncharged and charge
polymers. % = 0.5, Xg = 4, monovalent electrolyte 0.01 M, Oy =
-— - 2 =

¢G.1 e/ao, a, 1 nm2, r, 1 nm.

in the concentration profile. Although there is some chain length
dependence of the adsorption, this dependence is much less pro-
nounced than with uncharged polymers (figure 3.13). Above a certain
chain length the adsorption becomes virtually independent of chain
length, unlike the uncharged case. For long chains the adsorption
isotherms are of the high affinity typeé, with a very distinct
plateau (figure 3.,14).
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Figure 3.13. Chain length dependence of the adsorption for charged

(¢ = 1) and uncharged (a0 = 0) polymer. x = 0.5, Xg = 4, electrolyte

0.01 M, g, = - 0.1 e/ao, a, = 1l nm™, r, = 1 nm.
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Figure 3.14. Adsorption isotherms of polyelectrolytes. y = 0.5,
Xg = 4, a = 1, electrolyte 0.01 M, 0y = = 0.1 e/ao, a, = 1 nmz,
r, = 1 nm. The chain length, expressed as the number of segments r

is indicated.
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Nonionic peolymers also show high affinity adsorption, but have
much less pronounced plateaus. These features can be understood o
the basis of the fact that in the polyelectrolyte case the occurjl
rence of loops and tails is greatly suppressed. In the nonionic |
case the rise of the adsorption with molecular weight and bulk
concentration is due to segments accommcdated in loops and tails.
For nonionic polymers the adsorption in the first layer hardly
depends on chain length and bulk volume fraction (see ref. 11,
figures 5b and 9b). In this respect the adscrption of polyelectro4
lytes strongly resembles the behaviour of nonionic polymers. As id
the case of uncharged polymers the plateau value of first layer
coverage for ionic polymers is very sensitive to the nonionic ad-
sorption energy, Xq- However, for polyelectrolytes, much higher
Xg values are needed to obtain the same adsorption as for uncharge«
polymers. The segments in the first layer all undergo the attrac-
tion of the surface, expressed through Xgr and the repulsion due t«
the potential in that layer, ¢l. Hence we can define an effective

adsorption energy Xg eff’

Xs,eff = Xg - ae¢1/kT (3.95)

In those circumstances in which there is no significant adsorption
in the seccond layer, the adsorption in the first layer only depend:

on Xg aff irrespective of o salt concentration and, in the case
r

of long chains, o©f chain leggth and bulk volume fraction (figure
3.15). The occupancy ¢y of the first layer is always less than the
corresponding value for nonionic polymers. This stems from the fact
that the formation of loops and tails facilitates the adsorption il
the first layer entropically. wWhen, in nonionic polymer adsorptiori
theory, we suppress the formation of loops and tails artificially
by setting the volume fraction of polymer equal to that in the
bulk in all but the first layer, the same curve of ¢, versus X id
obtained as in the polyelectrolyte case at low indifferent electro
lyte concentration. At low Xs,eff there is only a low amount of
polyelectrolyte adscorbed. Then the potential in the second layer
will be low and some loop formation may occur. At high salt con-
centrations (>0.1 M) the potential drops very steeply with distanc
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Figure 3.15. First layer volume fraction as a function of yx efE"
polyelectrolyte, cg = 0.05 M; --- polyelectrolyte, g 0.1 M;
—— nonionic polymer. y = 0.5, ¢, = 10'3, ¢ = 1. The chain length

7]

r is indicated.

and loop and tail formation is less effectively suppressed. In
those cases the curve is more similar to the nonionic polymer
curve.

In poor solvents nonionic polymers can give phase separation.
For infinitely long chains the critical value of the Flory-Huggins
parameter y for phase separation is 0.5. When supercritical con-
ditions are considered, the computer programmes can react in two
ways: in some cases convergence of the polymer concentration profile
iteration is not obtained; in other cases the calculated profile
does not decay to the bulk walue far away from the surface. However,
in the case of polyelectrolytes profiles are obtained which do
converge towards their bulk value (figure 3.16) at y-values that
would have given rise to phase separation in the case of absence
of charge.
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Figure 3.16. Polymer concentration profile for a poor solvent;
influence of the Debye-Hiickel approximation. Xg = 5, ¥ = 100,

a = 1, electrolyte 0.01 M, g, = - 0.1 e/ao, a =1 nmz, r =1 nm.

(o) o]

As for nonionic polymers, considerable discrepancies exist be=

of Scheutjens and Fleer on the other hand. This can be explained
in the light of Roe's approximation that all segments of a chain
have the same density distribution, an approximation which does
not hold for the long tails. Tail segments tend to be in layers

tween the results of the theory of Roe on the one hand and those
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farther away from the surface than segments from the central part
of the chain. In our polyelectrolyte case the influence of the
tails is greatly suppressed, so that the two theories yield
very similar results (figure 3.17)}. Note that, if the logarithmic
volume fraction axis is replaced by a linear one, the difference
in the region of the minimum will become invisible.

0. 5 10 15 20
-'_L'. T T 1 T
!
ey ——— uncharged a=0
wF —— charged a=1
g
v,
4
6k
o
g
1
a -
—+-—— Roe
——-—— Scheutjens -Fleer

Figure 3.17. Comparison of the polymer concentration profile for
charged and uncharged polymers for the theories of Roe and of

Scheutjens and Fleer. ¥ = 0.5, Xg = 4, r = 200, cg = 0.01 M, o, =
- 2 _
O.Ie/ao, ao—lmn, ro—lnm.
The theory of Scheutjens and Fleer enables us to calculate the
contributions of loops and tails to the segment density. It is a

typical feature of nonionic polymers that the volume fraction of
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loop segments decays exponentially with the distance from the
surface, as Hoeve~’ 877 predicted for infinitely long chains. This
feature can be ascribed to a Gaussian distribution of locp lengths.
In the case of polyelectrolytes there is a much steeper density 1
decay over the first layers (figure 3.18). The distribution of
loop lengths is not Gaussian but very short loops dominate. Far
away from the surface, where the potentials are low, the density
decay becomes less steep. The volume fraction of loops is very low!
then. Quantitatively, they do not play a role of any consequence.

1 1
0 0 20 30

~ T T

~ ——— uncharged =0

"“--..‘ r— charged a=1

Figure 3.18. Volume fraction of loops for charged and uncharged

polymers. x = 0.5, X = 4, 6, = 107, r = 1000, electrolyte 0.01 M,

g ==0.1 e/ao, a =1nm, r = 1 nm.

o] (o] o)
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At high polymer concentration we meet with an interesting phe-
nomenon: the volume fraction of tails shows a maximum after a
minimum near the surface (figure 3.19). The high potential in the
first layers expels tail segments from the surface. Farther away
from the surface the potential is low and the tails can curl up.
Just like the loops the tails constitute a very small part of the
total volume fraction and as far as the physical properties of
the adsorbed layer are concerned they can be neglected. There is
only one tail at about ten chains and they comprise only a very
small fraction (f 0.3%) of the segments.

Figure 3.19. Total polymer volume fraction (a) and volume fracticn
of tails (b). x = 0.5, Xg = 4, r = 1000, @« = 1, in the absence of
2

electrolyte, o6, == 0.1 e/ao, a, =1 mm”, r, =1 nm.

3.6.3.2 INFLUENCE OF THE DEBYE-HUCKEL LINEARIZATION

In the Debye-Hiickel approximation the potential is linearly pro-
portional to the charge, whereas in the Gouy=-Chapman double layer
picture the potential levels off with increasing charge. Therefore
the use of the Debye-Hiickel approximation will overestimate the
potential and hence underestimate the amount adsorbed. Over the
whole region the Debye-Hiickel polymer concentration profile
(figure 3.16) is below that obtained with the Gouy-Chapman ap-
proach. Under the conditions indicated in figure 3.16 the Debye-
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Hiickel approximation gives only 42% of the amcunt adscrbed as pre-
dicted by the complete Poisson-Boltzmann equation. The difference
in adsorbed amount that the two theories produce, depends strong—i
ly on the potential in the first layer $,- As long as this po-
tential remains below 2 kT/e, the Debye-Hiickel approximation
corresponds with the full Poisson-Boltzmann equation. In the
Debye-Hiickel approximation, both ¢1 and q:l are almost proportional
to Xg- BY contrast, in a Gouy-Chapman double layer the potential

levels off at high Xg whereas the adsorbed amount continues to
rise (figure 3.20).

08

\
e, kT

Qa 4 -
———— e [kT -

‘auc

Yy (monolayers)

0.4F

03r

02

(Al

Figure 3.20. Potential in the first layer (----) and excess adsorbe
amount ( ) as a function of the non-electrostatic adsorption

energy for the Debye-Hiickel (a) and the Gouy-Chapman approach (b).
X = 0.5, ¢, = 10"4, r=100, a =1, ¢, = 0.01 M, o, = - 0.1 e/a_,

2 o]
a, = 1 nm“, r, = 1 nm.

3.6.3.3 COMPARISON WITH HESSELINK'S THEORY

It is difficult to compare our theory with that of Hesselink>'?
directly. Hesselink used Hoeve's treatment for uncharged polymers,
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assuming a fixed polymer concentration in the loop layer, which

was obtained from the theory of Overbeek and Hermans8 for poly-

electrolytes in solution. So the influence of the surface on the

polyelectrolyte conformation is neglected. The concentration in

the loop layer is taken identical to that in the bulk coils and

hence no change in the free energy of mixing occurs for the locp

layer during the adsorption process. In this respect the theory

is inconsistent because it does give such a contribution. The as-

sumption of a fixed loop layer concentration is the greatest dif-

ference between our theory and Hesselink's. Both theories have

other approximations in common:

a. The assumption that electrostatic and non-electrostatic effects
are separable.

k. The smearing out of charges parallel to the surface.

c. The neglect of chain stiffness effects.

d. The neglect of the influence of the potential on the dielectric
constant and degree of dissociation.

e. The neglect of the volume that is excluded for the small ions
by the polymer and the small ions present.

Hesselink only gives results for the Debye-Hiickel approximation.
His choice of Xg (< 1) justifies this agsumption, but this was
not explicitly stated. Especially those results which refer to
the conformation of the adsorbed layer are very different from
ours. Compared with the situation of uncharged polymers we pre-
dict a high fraction p of segments attached to the surface. At
not too high salt concentrations (< 0.2 M) p exceeds 95%. The
adsorbed layer is very thin. By contrast, Hesselink's theory gives
nearly the same p for charged and uncharged polymers. He computes
very extended adsorbed layers up to the micrometer range, although
he states that such values might be overestimated. Between the two
theories a number of trends concerning the total amount adsorbed
are usually similar. This does not mean much, as regards dis-
crimination between the two approaches, since most of them can
also be anticipated intuitively. Examples of such trends are:
a. Polyelectrolyte adsorption increases when the surface is charged
oppositely to the polyelectrolyte and decreases by a charge of
the same sign.
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b. The adserption increases by salt addition when the nonionic ad-
sorption energy is the driving force for adsorption, but it
decreases when the driving force is of electrostatic origin
(figure 3.21).

0.4

0.3

Vexc {manolayers}

03

0 :l’ L
- - =}
2 log {cg/M)

Figure 3.21. Excess adsorbed amount as a function of the indif-
ferent electrolyte concentration. a: electrostatic driving force

of adsorption (xs = 0, 0y = = 0.4 e/ao); b: non-electrostatic
driving force of adsorption (xs = 2, uncharged surface). y = 0.5,
65 = 107%, r = 1000, « = 1, a_ = 1 nmn?, r_ = 1 om.

3.6.4 CONCLUDING REMARKS

The conformation of adsorbed polyelectrolytes is strongly in-
fluenced by the polymer charge. The mutual repulsion between seg-
ments inhibits to a large extent the formation of loops and tails
When a non-electrostatic adsorption energy is present, charge
reversal of the double layer takes place. As a potential of the
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same sign as that of the polymer builds up, segments not directly
attached to the surface are repelled from the surface and dips
in the polymer volume fraction profile can occur. Thus very flat
adsorbed layers are found.

Because loops and tails play a minor role when pelyelectrolyte
adsorption is concerned, the Roe theory of polymer adsorption gives
results similar to those of the Scheutjens-Fleer theory.

The Debye-Hiickel approximation yields overestimated potentials.
So lower amounts adsorbed are obtained than in the case of the ap-
plication of the full Poisson-Boltzmann equation. At low potentials
{< 2 kT/e) the differences are of minor importance.
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Appendix 34 THE POTENTIAL DISTRIBUTION ORIGINATING FROM SPACE
CHARGES

In section 3.3 we described the potential distribution origina-
ting from polyelectrolyte charge which was assumed to be present
concentrated in plane charges through the centre of the lattice
layers. Instead of plane charges we can also assume the polymer
charge to be smeared out within each lattice layer to form homo-
geneous space charges. Again, analytical expressions can be given
for the Debye-Hiickel case, whereas using the Gouy-Chapman approach
we will have to rely on numerical procedures.

In the plane charge model the polyelectrolyte charges give rise
to a discontinuity in the field strength. In the solution of the
Poisson-Boltzmann equation they are accounted for via the boundary
conditions at the positions of the plane charges. Uniform space
charges within each layer give discontinuities in the second de-
rivative of the potential at the boundaries of the lattice layers,
but the potential and field strength are continuous thfoughout the
system. The polyelectrolyte charges are accounted via an extra
term in the Poisson-Boltzmann equation.

For the derivation of the potential distribution in the Debye-
Hiickel approximation it suffices again to solve the Poisson-
Boltzmann equation for one homogeneous space charge in an isolated
lattice layer. In section 3.3.2 we found that the potential near
an interface is obtained as a contribution ¢f charge and image-charge.
Using this result we only have to find the symmetrical potential
distribution originating from a space charge in an infinitely
large salt solution. This situation is illustrated by fiqure 3A.1.
Because of the symmetry the Poisson-Boltzmann equation is to be
solved in two domains, (i) the polymer charge containing space from
X to X, + ro/2, and (1i) the indifferent electrolyte solution,
where x > x5 + ro/z. In analogy to eqg. 3.62 we define the space
charge Py within the lattice layer:

(3A.1)

. = Zaed.
pl q)l/aOrO
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N

t
Xig  X-Rlz X Xerly Xy distance

Figure 3A.1. Potential ¢(x) and polyelectrolyte space charge
{shaded) around an isolated lattice layer containing polyelec-
trolyte. Because of symmetry around xy the dashed part of the
figure is not needed to describe the system.

The Poisson-Boltzmann egquation reads

{1}
N
E
I
]
(L1

I n, exp(-ey(x)/kT) -

n_ exp(ey(x)/KT) + p/e] (34.2)

where p is the polyelectrolyte charge. Within layer i the value of

p is equal to Py outside the layer p is zero. The ion concentrati

+

n,_ and n_-are both eqgual to the indifferent electrolyte concentrat

at infinite distance from x,. The Debye-Hiickel approximation yield

1
2
i—w_%.x_)_ = KZ ( w(x) - _Lz ) (3A-3)
dx £K

with k defined as in eq. 3.6. The general solution of eqg. 3A.3



113
is

G(x) = C1 exp(-kx) + C2 exp(kx) + —95 (3A.4)
EX

The boundary conditions are:

(i} Because of the symmetry the field strength is zero at X .

(ii) At X, + r./2 both the potential and the field strength are
continuous.

(iii) At infinity the potential approaches zero and the field
strength is given by

Q%i&l = = ky(x) (3A.5)

Elimination of c, and C2 in the two domains leads to

(i) within the lattice layer i:

p.
$(x) = -&5 ll - exp(- kr /2) cosh(k|x - xil)l (34.6)
EK

and (ii) outside lattice layer i:

. ) (3A.7)

p .
${x) = ——% sinh(kr_/2) exp(- kix - X
£K

In the polymer adsorption part of the theory we use the potentials
at the centres of the lattice layers, Yy again. Here an incon-
sistency develops as the space charge feels the local potential.
This approximation results in an overestimation of the contribution
to the potential y; of the charge in layer i, and an underestimation
of all other contributions. The contribution of the charge p; to
the potential ¥y is:

p N
by = ;ii [ 1 - exp(-Kro/Z)] (3A.8)
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The contribution of p; to the potential ¢j at all layers j (j # 1)
is

¥ = =5 sinh(kr,/2) exp(~ x| %5 = %;1) (38.9)

The potential distribution originating from a given polyelectrolyt
concentration profile is obtained as a sum of all contributions of
all layers and their image charges.

For the Gouy-Chapman approach it is convenient to define the
potential at an infinite distance from the surface as zero. Out-
side the M layers taken in the iteration procedure we assume the
Debye-Hiickel approximation to be valid. The homogeneous electro-
neutral bulk sclution does not contribute to the field strength
at layer M. The Poisson-Boltzmann equation can be soclved numeric-
ally within each layer by using a sixth order Runge-Kutte inte-
gration. The boundary conditions are
(i) at layer M we have

%’9—= — KU(X) (3A.5)

{(ii) at the layer boundaries the potentials and the field strengt
are continuous.

(iii) at the surface of the adsorbent the field strength is deter-
mined by the surface charge:

(dw(X)) = - 22 {3A.10)
dx =0 £ .

Figure 3A.2 gives a comparison of the adsorbed amount between
the space and the plane charge model. The lower the salt concen-
tration the better the accordance between both models. Using the
Debye-Huckel approximation this can be seen readily. We have to
realize that Pile is equivalent to ;- When the linearization of
exp(—Kro/z) can be applied, eq. 3A.8 reduces to the first term
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Figure 3A.2. Adsorbed amount as a function of the electrolyte

concentration for the plane charge (a} and the space charge (b)
moedel. Absence of surface charge, x = 0.5, x_ = 4, ¢, = 10'4,
r=200,a=1,a =1m’ r,=1nm.

s

of 3.18. Eg. 3A.9 also reduces to the first term of 3.18 for

X = X;. At high salt concentrations lower potentials are obtained
by means of the space charge model, as some shielding already oc-
curs within each layer. Because of the lower potentials higher
adsorbed amounts are found. The differences between the results
of the two models are minor at all salt concentration in both the
Debye-Hiickel and the Gouy-Chapman approach. Because of computational
problems no Gouy-Chapman results are available at very high salt
concentrations. The Debye-Hlickel results remain similar for both
models even at three molar electrolyte. The shielding length K—l
is then only 0.175 times the lattice layer thickness, so most of
the poclymer charge is compensated within each layer.
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4 SYNTHETICALLY DEFINED OLIGOMERS OF L-LYSINE AS MODEL COMPOUNDS
IN ADSORPTION STUDIES*

4.1 INTRODUCTION

It is now well recognized, that it is very important to have
available homodisperse polymers in studies on polymer adsorption.
The shape of the adsorption isotherm, one of the most easily ac-
cessible characteristics of polymer adsorption, depends strongly
on the heterodispersityl. The exchange of shorter chains for longer
ones whilst increasing the polymer concentration causes the ad-
sorption to increase, whereas adsorption theories for homodisperse
polymers predict a distinct plateau value2’3'4. Conversely, adsorp-
tion isotherms of homodisperse polymers of high molecular weight
give little information about the adsorption process, since the
plateau-value is virtually independent of the polymer concentration
and is already reached at extremely low concentrations. Oligomeric
compounds have a lower affinity for the sorbent than polymers and
will therefore give more information from the slope of the adsorp-
tion isotherm.

In this study the synthesis of defined oligomers of L-lysine
is reported. From theoretical? as well as from practical studiess
the free ends of adsorbed chains appear to contribute strongly to
the properties of the adsorbed layer. Therefore the structure of
the end groups of the polymer should not differ too much from the
chain groups. The latter consist of a peptide bond and an aliphatic
chain containing an amino group, and such components were chosen
as end groups. The carboxyl end of the peptide chain was converted
into the N-methylamide and an e-aminocaproyl group was attached to
the terminal e¢-nitrogen.

Homodisperse oligomers of L-lysine have been prepared previ-

* Published in coauthorship with G.I. Tesser in Colloid Polymer
Sci. 261, 461 (1983) except for some minor modifications.
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& synthesized sequences containing four

7 separated homo-

ously. Waley and Watson
residues, using classical methods. Yaron et al.
disperse oligo-L-lysines from a mixture obtained from the partial
hydrolysis of poly-L-lysine by means of ion exchange chromatograph:
It is difficult to convert specifically the o-amino group of an
oligo-L-lysine peptide into the e¢-aminocaproyl group, therefore
classical methods were used.

Yaron et a1.8 have reported that the optical rotation of fully
charged oligo-L-lysines depends strongly on chain length. They
ascribe this behaviour to end effects and give support to the pro-
posal that fully charged poly-L-lysine possesses the random coil

9,10 11-14

conformation (cf. ref. ), whereas others claim a cooperatis

structure, e.g. a 3; helixti™13
oligo-L-lysines and their e-tert.butyloxycarbonyl (Boc)-derivative:

with suppressed end effects, should provide additional information

. Optical rotation measurements on

Monomeric lysine is not suitable for direct comparison with
poly-L-lysine since its behaviour is determined to a large extent
by its dipolar nature; s-aminocaproic acid N-methylamide was con-
sidered to be a better choice.

4.2 EXPERIMENTAL

General procedures

Reaction progression was monitored by thin-layer chromato-
graphy using Merck silicagel plates. Rp values are given for the
following systems: A, chloroform: methanol = 9:1, and B, chloroforr
methanol: acetic acid = 95:30:3.

Optical rotations were measured with an automatic polarimeter
{(Perkin Elmer 241). Acetic acid was used as the solvent unless
otherwise stated. NMR-spectra were recorded with a Brucker 90 MHz
spectrometer, operating in the Fourier Transform mode. Melting
points were determined in open capillaries, using a Tottoli

apparatus.

Synthetic procedures
The synthesis of peptide chains of considerable length is
readily achieved by coupling peptide derivatives of the same lengtl
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using standard methods of peptide synthesis. In the synthesig of
oligopeptide derivatives the solubility of the reaction components
can be a limiting factor. It is difficult to anticipate up to what
length oligomers of N®-tert.butyloxycarbonyl-L-lysine would remain

Z-Lys(Boc)-ONp +
)] !
Z-{Lys{Boc)},-OMe

(I1ty
z'{LYS(BOC)}z'NzHJ

{1v) l
Z-{Lys(Boc)},-OMe
VD
Z-{Lys(Boc)},-N,H, +
(VII) !
Z-{Lys{Boc)},-OMe
(IX3
H-{Lys(Boc)},-OMe Boc-éAcp-ONp
XD (X11)
Boc-eAcp-{Lys(Boc)} ,,-OMe
' (XV) (XD
Boc-eAcp-{Lys(Boc)},,-N;H,
(XVI) {(XX)

X + N,H, —+ Z-{Lys{Boc}}y-N;H,
(X)
H-{Lys(Bo¢)},,-NHMe «——— Z-(Lys{Boc)},,-NHMe
(XX) (XIX)
XIV + XVIII. ——- Boc-cAcp-{Lys{Boc}},,-NHMe
(XXI1)
XII + XVIITT ———— Boc-£Acp-{Lys{Boc)};-NHMe
CXXIT
NH,M
Vi ;’} x:l- £ Boc-£Acp-{Lys(Boc}},- NHMe
(XXIV)
v 2) NH,Me Boc-sAcp-{Lys{Boc}},-NHMe
by X XXV
Xil
T L -eAcp- .
b) NH.Me Bo{ux;ﬂt\fr) Lys{Boc)-NHMe
. NH Me
Xl NHMe, Boc-rAcp-NHMe
(XXXVID
Scheme 4.1 oOutline of the synthesis*

H-Lvs(Boc)-OMe
(n

H-{Lys(Boc)},-OMe
V)

H-{Lys(Boc}},-OMe
(VI

Boc-eAcp-{Lys(Boc)};-OMe
(Xmy | I

Boc-gAcp-{Lys(Boc)}s-N,H,
(XIV)

Boc-gAcp-{Lys{Boc}};,- NHMe
(XXIy

NHMs, 7 {Lys(Boc))s-NHMe
(xviy - |

+——— H-{Lys(Boc)},-NHMe
(XVIII)

* Reprinted with permission of Steinkopff Verlag, Darmstadt.
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tractable, therefore the appropriate end group was introduced at
the octapeptide stage of the synthesis. The outline of the syn-
thesis is given in scheme 4.1%,

In the description of the synthesis of compound VI all
standard reactions which lead from the protected aminocesters (I
and II) to the protected tetrapeptide ester (VI) are given as an
example for the synthesis of longer oligomers. Hydrazides were
obtained by the hydrazineclysis of the corresponding methyl esters,
using excess hydrazine hydrate with methanol as the solvent. They
serve as starting materials for the preparation of azides, which
are required as non-racemizing acylating agents. The hydrazides
were converted to azides by reaction with No' ions which, in turn
were produced in situ by the interaction of tert.butyl nitrite
with H' ions at low temperature (-10 °C) in a water-free medium.
This procedure is known as the Honzl and Rudinger modification of
the Curtius method'®:17.

a-amino compounds were obtained from the corresponding benzyl-
oxycarbonyl (Z) compounds by hydrogenation in the presence of
Pd-catalyst. Free amines of more than eight residues were purified
by chromatography on silicagel with system B as the eluant.

Tert.butyloxycarbonyl-g-aminocaproyl (Boc-tAcp) droups were
introduced by the reaction of the corresponding p-nitrophenyl
ester18 with e¢-amino compoundslg. N-methylamides were prepared
by aminolysis of the p-nitrophenyl ester (XII), the methyl esters
(VI) and Boc-tAcp-Lys(Boc)-OMe, and the acyl azide obtained from
IV and X.

Sequences shorter than tetramers were purified by washing an
extract in ethylacetate with aqueous solutions of sodium carbeonate,
potassium hydrogen sulfate and sodium chloride respectively. After
drying (sodium sulfate) and evaporation of the solvent the products
were recrystallized.

Tetramers and longer chain products were precipitated from a
solution in dimethylformamide (DMF) by the addition of water and
were purified by repeated precipitation in a similar manner.

Deprotection of the peptide derivatives was performed by treat-
ment with 6 M aqueous hydrochloric acid. The solutions did not beca

* Abbrevations are in accordance with the IUPAC-recommendationslS.
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clear; they were diluted with tert.butanol t¢ remove hydrochloric
acid and this resulted in complete dissolution. The solutions were
evaporated in vacuo and the deprotected products were lyophilized
twice from acetic acid.

Boc-eAcp-NHMe was deblocked by dissolving the compound in
ethyl acetate that was 4 M with respect to hydrogen chloride; the
HCl-salt crystallized directly from the solution.

H-Lys(Boc}-OMe-HCI (II)

This compound was synthesized by the method of Pannemanzo.
The procedure was modified in such a way, that an excess Boc-azide
was used. Thus, tert.butyloxycarbonyl azide (0.65 mole) was added
to a suspension of L-lysine methyl ester dihydrochloride (93 g,
0.39 mole) in ethyl acetate (100 ml). This was followed by tri-
ethylamine (168 ml, 1.2 moles). The reaction mixture was stirred
overnight. The precipitated triethylammonium chloride and unreacted
L-lysine methyl ester dihydrochloride were removed by filtration,
and the filtrate was acidified with hydrogen chloride in ethyl
acetate. to remove excess of triethylamine and to precipitate the
product. The latter was dissolved in hot dioxane, triethylammonium
chloride was removed by filtration and cooling yielded the title
compound (45 g, 39%) m.p. 150-153 °C, [0’]%2 = +18° (c = 2.08 in
methanol) (Lit.2%2l; n.p. 158-159 °c, [a]22 = +19° (c = 1.09
methanol).

Z-Lys(Boc)-Lys{Boc)-OMe (III)

Z-Lys(Boc)-ONP%1 (56.7 g, 0.11 mole) and H-Lys(Boc)-OMe-HCL
(37.7 g, 0.13 mole) were dissolved in dimethylformamide (200 ml)
containing triethylamine {(17.6 ml, 0.13 mole). After 15 h at room
temperature triethylammonium chloride was removed by filtration
and the solvent was evaporated in vacuo. The oily residue was dis-
solved in ethyl acetate and the extract was washed with 10% agueous
sodium carbonate until the yellow colour disappeared. Unreacted
B-Lys(Boc)-0OMe was then removed by washing with 1 M agueous potassium
hydrogen sulfate. After washing with water to remove traces of acid
the extract was dried over sodium sulfate and the solvent was eva-
porated in vacuo.
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The dipeptide derivative crystallized from ether/petroleum ether
and was recrystallized from 99% ether and 1% methanol. Yield
63.8 g (93%), m.p. 69=-73 °C, [a]g2 = «4.8° (¢ = 1.15 in acetone),
= =-6° {(c = 1.00 in acetic acid), RF = 0.60 (A}, = 0.79 (B),
(lit.zl: m.p. 78-84 °C, [u]g2 = «5.3 + 1° (c = 2.006 in acetone)).

Z=Lys(Boc)-Lys(Boc)-NoHy (IV)

The dipeptide ester 111 (10% solution in methancl) was treated
with hydrazine hydrate (5 equiv.). After 20 h at room temperature
the reaction mixture was concentrated in vacuo to about one fifth
of the original volume and diluted with an equal volume of water,
which induced the product to crystallize. Recrystallization from
methancl: water (1:1) gave the hydrazide IV in 92% yield.

H-Lys{Boc}-Lys(Boc}-OMe (V)

Compound III (0.625 g, 1 mmole) was dissclved in methanol
(12.5 ml) and subjected to catalytic hydrogenolysis. Almost 1
equivalent of hydrogen was absorbed within 15 min. The catalyst
was removed by filtration and the filtrate concentrated in vacuo
to the thick, almost colourless oil. Thin layer chromatography 4did
not indicate the presence of any III and the crude product was
used immediately in the following stage.

Z-Lys(Boc)~Lys{Boc}-Lys{Boc)=-(Lys(Boc)-0Ne (VI)

The hydrazide IV (0.621 ¢, 1 mmole) in DMF (10 ml) was cooled
to =25 °C and the solution was treated with ethylacetate (1 ml)
containing dry hydrogen chloride (2.77 M). There was a slight evo-
lution of heat causing the temperature to rise to about -15 °C. At
this temperature, tert.butyl nitrite (0.137 ml, 1.2 mmole) was
added and stirring was continued for 30 min. The reaction mixture
was subsequently neutralized by the addition of diisopropylethyl-
amine (0.46 ml, 2.77 mmole) and added to freshly prepared V, dis-
solved in DMF (1 ml). The reaction mixture was stored in the re-
frigerator for 48 h, concentrated in vacuo and processed as in-
dicated.
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4.3 RESULTS AND DISCUSSION

Peptide sequences up to a length of 33 aminoacyl residues
{inclusive the N-terminal &-aminocaproyl residue) were synthesized
by the condensation of acyl azides obtained from hydrazides
{table 4-1) and free amino components of the same length, obtained
by hydrogenation (Pd-Carbon) of the corresponding benzyloxycarbonyl
compounds. In this way sequences of double length are obtained
readily (table 4-2). This procedure is limited by the fact that at
a certain stage the separation of the product from unreacted pre-
cursor becomes difficult. In the above this happened when the
peptide chain reached a length of 33 amino acids. This component
could not be obtained so pure as the other oligomers. The prepared
N-methylamides are presented in table 4-3. The compounds listed in
table 4-4 were formed following the introduction of the z-amino-
caproyl group.

In the NMR-spectra of deblocked tetra- and longer peptides
were no signals that were not attributable to the oligomer but the
CHy-peak of acetic acid originating from the lyophilization proce-
dure. The integral intensity ratio of the e-methylene and the
N-methyl group were compared (table 4-5); they were in agreement
with the calculated values within experimental error.

The optical rotations of the final precducts, before and after
deblocking, are given in table 4-6. The optical rotations of the
deblocked oligo-L-lysines increase strongly with chain length,
confirming the observation of Yaron et al.a. In the case of the
blocked peptide derivatives, however, there is hardly any change
up to the octamer. The lower optical rotations of the longer oligo-
peptide derivatives can be ascribed to the formation of the a-helix,
which has been reported previously for uncharged poly-L-lysine at
high pH and for poly-L—Lys(Z)zz. The experiments of Yaron et a1.8
show the onset of a-helix formation at a length of about twelve
amincacyl residues. The pronounced increase in optical rotation
with chain length of fully charged oligo-L-lysines indicates that
a highly ordered structure exists, not only at high pH but alsc at
neutral pH. The fact that this increase manifests itself with the
second L-lysine residue, indicates that no specific interactions
are involved with residues that are more distant along the chain.




Table 4-1 Hydrazides
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Name mp. (°c) c (%) lalZZ () RF, RF,
2-{Lys(Bocc)}.,-N H 118-115 1.39 - 10.4 0.31 0.67
{1V} 272"
2-{Lys(Boc)},-N H, 175=-178 0.87 =~ 16.2 0.27 0.68
{VII)
Z={Lys{BoC)}g~N,H, 223-230 1.0 - 17.5 0.36 0.68
(X)
Boc-cAcp-{Lys{Boc) ]} -N,H, > 260 1.10 - 17.9 0.30 0.68
(XIV}
Boc-eAcp-{Lys(Boc)}16-N2H3 > 260 1.12 - 12.4 0.31 0.69
(XVI)
Table 4-2 Products of azide condensations
2]
Kame Precursors m.p. (°C) c (%) [aly, (°) RF, RFp
2-{Lys(Boc)} ,-OMe v, ¥ 120-122 1.02 - 15.3 0.50 0.80
(VI}
Z-{I).ys(Bo:)}s-OMe VIii, VIII > 260 1.20 - 16.4 0.54 0.74
{IX
Z=-{Lys{Boc)},.-NHMe X, XVIII > 260 1.01 - 14.6 0.40 0.73
16
(XIX)
Boc-cAcp- XI, XIV > 260 1.65 - 16.2 4.37 0.73
{Lys(Boc)}le-OHe
(xv)
Bec=cAcp- KIV, XVIII > 260 1.01 - 11.6 ¢.34 0.72
{Lys(Boc)}lé-NHHe
(XXI1)
Boc-tAcp- XVI, XX > 260 1.07 - 11.9 0.21 0.72
[Lys(Boc)}32-NHHe
(XKI)
Table 4-3 N-methylamides
22

Nane Precursors m. p. (°C) c (%) [ulp” (°) RF, RFB
Boc=-¢ Acp«NHMe XIII 119-121 - - 0.36 0.73
(XXVII)
Boc-¢Acp-Lys (BOC )~ 127-128 1.0 - 16.1 0.43 0.69
NHMe
(XXVI)
Z-{Lys(Boc)}4-N}Dle VI 169-179 1.32 - 16.8 ¢.45 0.73
(VIa}
Z-[Lys(Boc)iz-NHMe v 128-130 1.02 - 14.4 0.61 0.7
(Iva}

> 260 1.00 - 18.¢ 0.42 0.75

2-{Lys{Boc)],-NHMe X
(XVII)
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Table 4-4 Boc-ehcp derivatives

Name mp. (°C) ¢ (%) [a]gz (°) RF, RFB
Boc-c Acp-Ly={ BOC }~OMe oil - - -
(IIa)
Boc-sAcp~§Lys(Boc)]z-NHMe i40-144 1.11 - 15.2 .42 0.7
(XxV)
Boc-ahcp-{bys(Boc)]4-NHMe 207=-209 (.96 - 18.1 .42 0.73
(XHIV)
Boc-sncp-{Lys(Boc}]e-NHHe > 260 1.03 = 19.2 .41 0.73
(XXIIT)
Boc-t Acp-{Lys (Boc )] g-OMe > 260 1.00 - 17.3 .45 0.76
(XXII)
Table 4«5 NMR intensity ratios
eAcp-Lgsn-NWWe-(n+1} HC1 Teon /Tyoon
2 3

calc. found*
n=4a 3.3 3.2
n=2=8 6.0 6.24
n = 16 11.3 11.6

* Solvent DzO.

Table 4-6 Optical rotation cf Boc-ylated and deBec-ylated

final products

sAcp-Lgsn-NHHe.(nfll Hel c* (%)}

= 16
= 32

39 o A 8B
]
LT N VI

aAcp-(Boc)-[Lgs{ﬁoc)}n-wﬂue ckE (%)

n= 1 1.0
n= 2 1.1
ns= 4 0.96
ns 8 1.0
n =16 1.0
n = 32 1.1

la12%c®)

(w122 (=}

0
24
37
49
58
59

16
15
18
19
12
12

* solvent: water
** golvent: acetic acid
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5 ADSORPTION OF OLIGO- AND POLYPEPTIDES ON SILVER IQDIDE, THEIR
EFFECTS ON DOUBLE LAYER AND COLLOID STABILITY®

5.1 INTRODUCTION

The stability of colloids, if due to the combined action of
electrostatic and steric factors, is one of the more complex cases
to describe. At the same time, it is of great practical importance.

One of the problems is that steric- and double layer interaction
are not independent. Adsorbed polymers, even if uncharged, consider-
ably modify the charge and potential distribution.in an electrical
double layer. Polymer adsorption is affected by the presence of a
double layer, although this is a minor effect if the polymer is
uncharged. With respect to the double layer, the main question
is: how are the distributions of charge and potential and how do
they change upon particle interaction? Concerning the polymer,
the main problem is to establish its conformation in the adsorbed
state (flat or expanded?, with or without tails? etc.) and the
effect of this conformation on steric interaction.

Making a virtue of need, we have undertaken a systematic study
of the modification of double layers on dispersed particles by
the adsorption of molecules. From such studies, using available
corresponding data for monomers, it was possible to obtain some
insight in the segment distribution, for instance in the relatively
simple case of poly(vinyl alcohol) (PVA) on silver iodide (Koopal
and Lyklemal, Lyklemaz). In the present study, this work is ex-
tended to oligo- and polypeptides. As compared with PVA, these
adsorbates introduce three new features:

X part of this chapter has been published in coauthorship with

J. Lyklema in "The Effect of Polymers on Dispersion Properties"
{T.F. Tadros, Ed.), Academic Press, London, 1982, p. 82
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{1) Depending on pH, they can bear a charge which affects their
adsorption behaviour.

(ii) Under suitable conditions, some of them assume a helical
conformation in bulk, and the interesting question is if this heli
cal structure is retained in the adsorbed state.

(iii) Working with oligomers helps to bridge the gap between :
monomer and polymer adsorption. Monomers act primarily as modifier
of the van der Waals attraction and double layer repulsion, wherea
polymers confer their own additional stability factor, provided
the adsorbed layer is sufficiently thick.

From the adsorption point of view, monomers usually adsorb in
a monomolecular layer; the isotherms are often of the Langmuir or
Freundlich type and in many cases desorption upon dilution is pos-
sible. In contradistinction, polymers tend to adsorb in thicker
layers, the isotherms are of the high-affinity type, and desorp-
tion upon dilution is usually not observed. In all these respects,
oligomers are expected to exhibit intermediate behaviour.

The emphasis of this chapter is on the adsorption of oligo-
and polylysines on silver iodide, whereas some attention will be
given to a number of additional adsorbates for comparison purposes
One of the great advantages of the chosen system is that the surfa

charge o_. on silver iodide, which is due to the adsorption of

potentiafidetermining ions (Ag+, 1”) is measurable and can be vari
as a function of pAg. The proton titration charge of the polypepti
depends on pH but not on pAg. In other words, the charges of adsor
bate and adsorbent can be separately measured. If a change of pH
at fixed pAg leads to a change of Oyt this must be a capacitative
effect due to the variation in the screening power of the peptide.

All double layer measurements are conducted in 10"1 M electroly
to suppress the diffuse part of the double layer. Consequently,
any information on the adsorption of the various substances obtain
from double layer measurements only refers to that part of the
molecule residing in the inner or Stern layer. In other words, in
our double layer measurements we "see" only the train segments.
On the other hand, the adsorbed amount is the sum of train-, loop-
and tail contributions.
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5.2 EXPERIMENTAL

5.2.1 MATERIALS

5.2.1.1 SILVER IODIDE

Silver iodide sols and suspensions were prepared by conden-
sation from potassium iodide and silver nitrate solution as des-
cribed by de wit3. The specific area was determined using the
methylene blue method as described by Koopa14. The determination
of the specific area of silver iodide has been a bone of contention

3:4:5:6 The areas found by means of adsorp-

for several authors
tion measurements for several adsorbates, from solution as well

as from a gaseous phase, show a rather good correspondence. However,
the area obtained from the double layer capacitance near the point
of zero charge is usually 3 to 4 times larger. Koopal4 uses the
Yadsorption area" for his polymer adsorption studies and the “"capa-
citance area" for his double layer experiments. This procedure was
strongly critisized by de Keizer5, who indicated the inconsistency
of Koopal's choice and recommended to choose the capacitance surface
area in all cases. However, in that case no justice is done to
polymer adsorption experiments. If we had used the large capacitance
area, very low adsorbed amounts would have been calculated. This
would have been in clear conflict with the experimentally always
found thick adsorbed layers4 and would not have been able to ac-
count for the steric stabilization found with poly(vinyl alcohol)
by Fleer' either. Therefore we used the adsorption surface area.
Many of the less recent results of silver iodide double layer work,
as compiled by Bijsterbosch and LyklemaS, were analyzed by using
the capacitance surface area. As we chose the adsorption area some
of their conclusions must be reenvisaged. For instance, their com-
ponents of charge analysis shows the absence of specific adsorp-'
tion near the point of zero charge, whereas using the adsorption
area specific adsorption must be assumed.
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5.2.1.2 ADSORBATES

The monomeric and polymeric compounds used in the adsorption
studies are listed in table 5.1. The oligo-L-lysines were synthe-
sized (see chapter 4). To suppress the influence of the end groups
the o-amino end of the oligo-L-lysine peptides was blocked with
the e-aminocaproyl group, resembling the amino-terminated aliphatic
chain of lysine. The carboxyl end was converted into the N-methyl
amide, resembling the peptide entity. These compounds were cbtaine
as chloride salts. The polylysines were purchased in the bromide
form. To. prevent interference with AgI these chloride and bromide
ions were exchanged for fluoride or nitrate by precipitation with;
a slight exess of AgF or AgNO respectlvely The silver halogenid:
was removed by centrifugation. The excess Ag was removed by addin
iodide till the pAg was about 8. Again silver iodide was removed
by centrifugation. In this way stock solutions were obtained, whicl
were diluted before use.

NAP and NEP were used for comparison with polyproline and PVP
respectively. NEP was distilled prior to use. Poly-DL-proline was
synthesized.

5.2.1.2.1 SYNTHESIS OF POLY-DL-PROLINE

Poly-DL-proline was obtained by polymerizaton of the DL-proline:
N-carboxyanhydride (DL-proline NCA).

DL-proline NCA

DL-proline NCA was synthesized, using the method developed by
Randall® for L-proline NCA, with slight modifications. To a sus-
pension of DL-proline (5.7 g, 0.05 mole) in dry tetrahydrofurane
(20 ml} a solution of 5.5 g phosgene in tetrahydrofurane (25 ml) |
was added. The mixture was stirred until a clear seoluticn was ob-‘
tained. The solution was degassed in vacuo at 35°. Then the
N-chloroformyl-DL-proline was cyclised to DL-proline NCA by adding
triethylamine (6.37 ml, 0.045 mole). Triethylammonium chloride
precipitated and was removed by filtration. The solvent was eva-
porated in vacuo. The o0ily residue was dissolved in ethyl acetate
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{10 ml) and petroleum ether was added to such an amount that at
-30°¢ no phase separation occurred. The DL-proline NCA crystallized
and was recrystallized in the same way. M.p. 20°c, yvield 2.3 g (33%).

Poly=-DL=-proline

DL-proline NCA (1.15 g, 8 mmole) was dissolved in dimethylforma-
mide (50 ml). Diethylamine (16 pl, ¢.16 mmole) was added to initiate
the polymerization. The solution was allowed to stand overnight,
after which it was concentrated in vacuo. The polymer was preci-
pitated by successive addition of ether, diisopropyl ether and
petroleum ether. Only the third fraction was strongly positive to
the TDM (4.4'-tetramethyldiaminodiphenyl-methane) test10 on N-H
- groups, showing that a considerable amount of monomer or short
polymer was present. The second fraction (0.4 g) was used for the
adsorption experiments. The shape of the UV-peptide bond was the
same as that of poly-L-proline. The polymeric character was also
clear from the shape of the adsorption isotherm.

5.2.2 METHODS
5.2.2.1 SILVER IODIDE CHARGE POTENTIAL CURVES

The AgI-charge-potential curves were measured in an electro-
chemical cell, in which an Agl suspension was titrated with KI
or AgNOS. I° and Ag+ concentrations were measured with AgIl-ion-
selective electrodes using a calomel electrode as the reference.
The procedure has been described extensively elsewhere (Bijster-

boschll, de wit3, de Keizer5).

5.2.2.2 ELECTROPHORETIC MOBILITIES

Electrophoretic mebilities were measured with a Rank Bros. MKII
microelectrophoresis apparatus. Samples were prepared as follows:
to 0.9 ml sol (380 mz/l) 0.5 ml poly~L-lysine solution was added
and shaken vigorously, using a Vortex whirler. The mixture was
rotated end over end overnight. Of this mixture 1.25 ml was diluted
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with 10”3 M nitric acid to 500 ml. The mobility of the sol particl
was measured as described by Koopal4.

5.2.2.3 CRITICAL COAGULATION CONCENTRATIONS

Critical coagulation concentrations were determined by the
kinetic method described by Reerink and Overbeeklz, using a
Vitatron visible light coleorimeter. Sols covered with polylysine
were prepared as follows: 0.1 ml nitric acid (0.014 M) and 0.1 ml
water were added to 1.1 ml sol (10.5 g/1, 145 m%/l). To this mix-
ture 0.1 ml polylysine solution 1400 mg/l) was added, correspondin
to about twice the plateau value of the adsorption isotherm, to
guarantee rapid adsorption and suppress flocculation during the
adsorption process. After shaking vigourously the mixture was ro-
tated overnight. The sol was then 1:50 diluted. This sc¢l was left
for two hours to allow flocs that might have been formed during
the adsorption process to settle. The extinction of different
samples wvaried about 10%, due to, for instance, differences in
mixing rate. 1 ml of this sol was mixed with 0.5 ml potassium
nitrate sclution in the colorimeter and the change in extinction
at 660 nm was recorded. Sols covered with PVP were prepared as
follows: to 1 ml of sol (10.5 g/1, 145 m2/l) the required amount
of PVP was added. After vigorous shaking the sol was rotated over-
night. 1 ml of this sol was diluted 1:25. Of this sol 0.5 ml was
mixed with 1 ml of sodium sulphate solution in the colorimeter.
This ratio was chosen to attain sufficiently high salt concentra-
tions in the final mixture to ensure coagulation.

5.2.2.4 ADSORPTION MEASUREMENTS

Adsorption measurements were done through depletion methods.
Most of the adsorptions of oligo- and polylysine were measured on
suspensions, since it was difficult to obtain reproducible results
on sols because of flocculaticn during the adsorption process.
All adsorptions were measured at pH £ 3. Under these conditions
pelylysine is fully charged. At neutral pH considerably more floc-
culation occurs when polylysine is added to the sol than at pH = 3
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In solution at pH = 7 polylysine is still highly charged. Apparent-
ly strong interactions are operative between only a few uncharged
amino groups that are present and the silver jodide surface. At

pH = 10 (maintained using an ammonia/ammonium nitrate buffer) high
adsorptions are found (2 mg/mz). At pH = 12 nearly all added polyly-
sine is removed from the solution. This is an indication that phase
separation takes place.

The amount of AgI-suspension present was determined by weighing
after drying. Samples for adsorption isotherms were prepared as
follows: to 0.9 ml sol (380 m2/l) Oor suspension (> 300 g/l,

0.19 mz/g) the desired amount of electrolyte was added, followed
by the peoly- or oligolysine. The suspensions had been brought to
the desired surface charge before. Since the amount of charge on
the surface was large with respect to the Ag' or I~ charge in solu-
tion, the surface charge remained virtually constant during the
adsorption process, whereas the pAg changed. Adsorption took place
at constant surface charge rather than at constant potential. The
mixture was shaken vigorously and rotated overnight. Then the ad-
sorbent was removed by centrifugation and the concentration of the
adsorbate in the supernatant was determined. Adsorbed amounts of
oligo- and polylysine are expressed as mg of neutral peptide per m’.

The electrolyte dependence of adsorption was determined using
a series of short adsorption isotherms on suspension, consisting
of three points in the low concentration part of the plateau region.

The influence of pAg on the adsorption was measured by titrating
a silver iodide suspension in the presence of oligo- or polylysine.
After half an hour of equilibration a sample cf the supernatant
was taken and the concentration of the adsorbate was determined.

Adsorption isotherms of polyproline and PVP were measured on
sols. Here ne flocculation occurred.

Concentrations of poly- and oligolysines

Concentrations of poly- and oligolysines were determined using
a polyelectrolyte complex titration procedure, analogous to that

13 and Hornl4. Horn used this method for

described by Terayama
the titration of positively charged polyethylenimines. We used

the same titrant, poly(vinyl sulphonate) and indicateor, toluidine
blue. In contradistinction to Horn, who used a spectrophotometer

for the establishment of the eguivalence point, we determined it
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visually. A typical calibration curve is given in'figure 5.1. For
the reaction with polyethylenimine Horn found a nearly exact
stoichiometric ratio. In our case the ratio of the numbers of
vinylsulphonate per lysine residue varied from 0.8 to 1, depend-
ing on salt concentration and molecular weight.

40

Hg PYS
I

1 Fl 1 ] 1
0 10 20 30 40 50
pl {mg/l)

Figure 5.1. Calibration curve for the concentration determination
of polylysine: amount of poly(vinyl sulphonate) (PVS) per ml of
polylysine solution versus polylysine concentration ( pl ). Electrc

lyte 1072 M KF; pH = 3; DP = 300.

For oligomers shorter than the pentamer the titrimetric concen-
tration determination method does not work. Apparently sufficiently
stable complexes are not formed. However, the adsorption for one
point of the adsorption isotherm can be estimated. At a certain
adsorbed amount the negative surface charge of the Agl sol is com-
pensated by the positive charge of the substrate, leading to coagu-
lation. The procedure was as follows: to 7.5 ml of an Agl sol
(48 mz/l) at pI = 4 and pH = 4 aliquots (50 pl) of adsorbate solu-
tion were added at intervals of fifteen seconds. When the equiva-
lence point was reached the so0l coagulated within fifteen seconds.
Part of the adsorbate adsorbs on the silver iodide, the remainder
is left in solution. To estimate the amount adsorbed the experiment
was repeated with polylysine. As the equivalence point lies on the
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rising part of the high affinity adsorption isotherm, all added
polylysine adsorbs. The same amount adsorbed was taken for the

oligomers at the coagulation concentration. The concentration of
the adsorbate solution was chosen such that 20-60 aliquots of

solutions had to be added.

The concentrations of polyproline and PVP

The concentrations of polyproline and PVP were measured from
the absorbance from the peptide bond. Using a Beckmann 3600 spec-
trophotometer a residual molar extinction coefficient of 6260 dm3-

1 1 was measured at 205 nm for poly-L-proline; for poly-DL-
-1

mole ~cm~
proline we found 5680 dm’mole lcm™!. The residual molar extinction
coefficient of PVP was 5850 dm3m01e-1cm-l, which is slightly higher
than the one reported by Cohen Stuartls, probably because of less

stray light from a better spectrophotometer.
5.3 RESULTS AND DISCUSSION
5.3.1 POLY-L-LYSINE
The adsorption of this substance on AgIl follows a simple pattern

and allows a straightforward interpretation. Isotherms at low elec-
trolyte concentration (10_2 M) are given in figure 5.2. They are

+ *
NE 0-3-0 % % X0 o %, % ’“‘ % )
g *
02}
0
1 | 1 1
0 100 200 300 400

mg/l

Figure 5.2. Adsorption of poly-lysines on silver icdide, x poly-
L-1lysine, DP = 300; o idem, DP = 2000; + poly-DL-lysine, DP = 250.

o = =0.03 C/mz, electrolyte 10"% M HNO,, T = 293 K.

o] 3
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of the high affinity type, with a well-defined plateau of about
0.30 mg m'z. This plateau is independent of molecular mass and not
different from that for poly-DL-lysine. Insensitivity of plateau
adsorption to molecular weight indicates adsorption in a flat con-

formation, i.e. with trains only.

Figure 5.3
tion, b) compact configuration.

Figures 5.3 are Stuart models of poly-L-lysine. In the upper
picture the molecule is fully extended, the lower one is the more
compact confiquration. Because of entrepical reasons, an interme-
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diate situation seems the most probable. Maximum monclayer coverage
for these two configurations would amount to 0.41 and 0.61 mg m_z,
respectively. Comparison with the experimental value suggests that
the molecule adsorbs in a rather extended fashion, i.e. with a
relatively large contact area with the AgI.

~
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Figure 5.4. Electrophoretic mobility of Agl sol particles covered
with poly-L-lysine at plateau adsorption; a) without poly-L-lysine,
b) with poly-L-lysine, DP 100, c) idem, DP 300, d) idem, DP 2000.
T = 293 K, electrolyte 107> M HNO,.

Electrophoretic studies (figure 5.4) support this picture: mo-
bility versus pAg curves in the presence of adsorbed poly-L-lysine
are independent of meclecular weight. If the molecules had adsorbed
with loops and/or tails, the slipping plane would have moved outwards
with increasing molecular weight, leading to a concomitant change
of mobility.

The electrokinetic charge reversal occurring at pAg > 6 indi-
cates superequivalent adsorption (more positive charge due to poly-
lysine in the Stern layer than negative charge on the surface).

The near-independence of the mobility of pAg evidences the complete
screening of the surface charge by countercharge.
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Figure 5.5. Stability curves for Agl sols covered with polylysines:
rate of change of extinction E versus the logarithm of the indif-
ferent electrolyte concentration (cs). Electrolyte, KNO3; PH = 3;
Poly-L-lysine: +, DP = 100; A DP = 300; x, DP = 1000; Poly-DL~-
lysine: o, DP = 300.

Table 5-2. Critical coagulation concentrations {ccc) for poly-L-
lysines (PLL) and poly-DL-lysine (PDLL).

compound DP ccc (mmole/1)
PLL 100 209
PLL 300 ' 209
PLL 1000 207

FDLL 200 221

Stability and adsorption behaviour are closely related. Figure %
presents the stability curves for some polylysines used. Table 5=2-
gives the critical coagulation concentrations. No more than the
electrophoretic mobilities do these concentrations vary system-
atically with chain length. Concentrations of about 200 mmole
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are typical for electrostatic stabilization and interaction of the
DLVO-type. If steric stability had occurred, much higher critical
coagulation concentrations would have been found. The absence of
steric stability confirms the absence of loops and tails. The
stability of the sol was not particularly sensitive to lanthanum
nitrate, supporting the charge reversal of the diffuse double layer
part.
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Figure 5.6. Surface charge on Agl particles in the presence of
adsorbed poly-L-lysine. pH = 3, T = 293 K, electrolyte 107! M KNO, .
The amount of polypeptide added is expressed per unit area of the

adsorbent.

Charge-pAg curves for AgI in the presence of adscrbed high
molecular weight poly-L-lysine at an electrolyte concentration of
1071 ¥ are given in figure 5.6. Qualitatively, the following three
features are observed upon addition of the adsorptive:

(1) the point of zero charge shifts to the left, 7.e.: in a
more positive direction;

(ii) the slope of the curves changes;

(iii) there is a tendency of the curves to converge to the left
of the range of pAg that is experimentally accessible.

These three features, or variants of them, are usually also
encountered for low molecular weight and high molecular weight un-
charged adsorbates. Physically the interpretations are as follows.



142

Ad (i). The occurrence cof superequivalent adsorption points to
a non-electrostatic contribution to the interaction energy. Because
of this, there is also some adsorption at the point of zero chargﬂ.
The positively charged poly-L-lysine facilitates adsorption of
I” ions, hence a higher concentration of Ag* ions is needed to
reach the new point of zero charge, i.e. this point shifts to the%
left. '

Ad (ii). The slope of these curves or, for that matter, -Fdoo/
RTdpAg is identical to the differential double layer capacitance,
C. It is a measure of the extent of screening of the surface charge
and determined by the adsorbate laver thickness (more precisely:
by the Stern layer thickness &§, because in 107! M KNO, ¢ is domi-

3
nated by its non-diffuse part), its dielectric permittivity e_,

and by specific adsorption. Without further information these ELreE
contributions cannot be unravelled. As a rule, C decreases upon
adsorption of organic molecules, because (a) the Stern layer become
thicker, (b) £g tends to decrease, and (c¢) specifically adsorbed
ions are displaced. Polyv-L-lysine does not follow this trend.
Around the pecint of zero charge the capacitance clearly increases,
whereas on negative surfaces (high pag) C remains roughly constant.
The increase of C in the pAg range 6-8 with respect to uncovered
Agl is probably dominated by the specific adsorption of poly-L-lysi
countercharge. The decrease of C with increasing pAg is perhaps
attributable to dielectric saturation, as in the case of the absen-
ce of poly-L-lysine. It follows alsc from figure 5.6 that polymer

2

dosage above 0.4 mg m “ leads to no further change in o_; at this

dosage the surface is apparently saturated. This amouné)added is
in good agreement with the direct estimation of the monolayer capa-
city for a loosely packed adsorbed layer. At a salt concentration
of 0.1 M KNO, the plateau value of the adsorption isotherm is 0.55
mg/mz, 80 a certain amount of the polyelectrolyte is not accommodat
ed in direct contact with the surface but in loops and tails, the
formation of which being less unfavourable than at low salt concens
tration due to the strong shielding.

Ad (iii). Polylysine being positively charged, it will be de- i
sorbed if the Agl surface is made sufficiently positive. If no :
peptide adsorbs, %% becomes independent of the polymer dosage.
Figure 5.6 suggests that this situation prevails at about 1 pAg uni
to the left of the experimentally accessible range. This informatio
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serves two purposes that we shall not pursue here: (1) it gives
information on the binding strength, and (2) it allows the direct
calculation of the adsorbed amount FA through:

PAg
RT 3,
[,(PAg) = -2.303 =% I ( 5, )pag,T IPAY (5.1)
PAG

2. Eg. 5.1 follows

calculated in

where PAg, is the pAg of the merging point
from Gibbs' law. For tetraalkylammonium ions, Fa
this way agrees within experimental error with directly measured

data (De Keizer and Lyklema16

). In our case this equation only
supports the qualitative insight that the adsorption must increase
with rising pAg. We obtain no guantitative results, since the re-
gion where the shape of the oo(pAg) curves changes is the steep
ascending part of the adsorption isotherms (fig. 5.2), where the
concentrations of the polymer are vanishingly low. Hence, Hp is

not defined.

5.3.2 POLY-L-PROLINE, POLY-DL-PROLINE AND PYRROLIDONE DERIVATIVES

Before discussing other lysines it is useful to consider the
counterpart of poly-L-lysine, namely poly-L-proline, which is un-
charged in solution and forms a helix. It follows from ocur studies
that the helix persists in the adserbed state as we shall proceed
to prove. Figures 5.7a and 5.7b give the oo(pAg) curves for two
molecular masses.

Again, the following features are observed:

(i) the point of zerc charge becomes more positive upon adsorp-
tion, and more strongly sc than with poly-L-lysine;

{(ii) wupon adsorption of the peptide the capacitance decreases
throughout, due to the compounded action of counterion dis-
placement by uncharged groups and a reduction of ss/ﬁ.

(iii1) all curves pass through a very sharp common intersection
point at o = -5.2 x 1072 cn™? and pAg = 7.55. This is not

a desorption point (as with poly-L-lysine) but an adsorption

maximum as a function of pAg or O
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Figure 5.7. Surface charge on AgI particles in the presence of ad-
sorbed poly-L-proline (a. DP = 60, b. DP = 500), pH = 6, T = 293 K,
electrolyte 10"l m KNO .
The counterpart of equation 5.1 reads for this case:
PAg
RT %
TalpAg) - T,(pAg ) = 2.303 =5 f { T )

PAg,

pAg, T dpAg (5.2}

if PAg refers to the intersection point. It is easily verified
that the righthand side of 5.2 is always negative, implying that
I p(PAG) is always lower than FA(pAgm).
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The explanation of the occurrence of this maximum is relatively
subtle. Basically, competition occurs between water dipoles and seg-
ments of the polyproline. The dipole moment of water is relatively
high, so that in strong Stern layer fields water is preferred over
apolar or less polar groups or molecules. (The binding energy is
(p.E) plus guadrupeole and peolarisation contributions including lat-
eral interactions). It follows that the water binding increases to
the left and to the right, so that it must be a minimum somewhere
near the centre. This minimum is obviously the maximum of the pep-
tide adsorption.

Two features are clear (i) the unsurpassed sharpness of the
common intersection point and (ii) its independence of molecular
weight (compare fig. 5.7a and b). The former observation indicates
that the mode of adsorption of the polypeptide is exactly the same
from the first to the very last molecule, the latter one is evidence
for the same mechanism irrespective of the length of the molecule.
These considerations prove that poly-L-proline adsorbs as a rather
rigid entity; this rigid entity might well be a helix.
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Figure 5.8. Adsorption isotherms for polyprolines on AgIl. Poly=-
L-proline: x, DP = 60; o, DP = 500; Poly~DL-proline: +, DP » 50.

Additional infermation is obtained from the adsorption isotherm.
Although the titration curves of AgI, covered with the longer and
shorter polypeptide, do not differ, these two polymers have different
plateau values of the adsorption isotherm (figure 5.8), viz. 1.1
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and 0.9 mq/mz, respectively. Especially in the case of the longer
polypeptide, the amount of adsorbed polymer continues to rise when
no further change in the titration curves is observed anymore. It
can be deduced that the molecule is not so stiff that nc protruding
tails or loops can occur, since part of the polymer is not accomo-
dated in the Stern layer. This is also confirmed by the fact that
an Agl sol can be stabilized sterically by adscorption of poly~L-
preline.

It is instructive to compare poly-L-proline with poly-DL-proline
because the latter molecule is not a helix but a random coil. Poly-
DL-proline also shows high affinity adsorption, although the isothe
(figure 5.8) is more rounded than that of poly-L-proline. This
effect might be attributed to the presence of non-adsorbing oligo-
mers, originating from incomplete polymerization.
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Figure 5.9. Surface charge on Agl particles in the presence of
adsorbed poly-DL-proline (A) and NAP (V); 0O, blank. pH = 6;
T = 293 K; electrolyte 0.1 M KNOS.
The oo(pAg) curves for poly-DL-proline and NAP are given in
figure 5.9, where only saturation curves are presented (i.e. curves
corresponding to the plateau adsorption). The curves for poly-L-
proline and poly-DL-proline differ substantially, the most striking
difference being the much more negative surface charge at the inter
gsection point (i.e. the adsorption maximum) for the coiled modifi-
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cation. At a highly negative surface charge the DL-product is less
easily displaced by water dipoles. The place of the common inter-
section point does not only depend on the binding of water dipoles
but also on that of the dipoles of the adsorbate and the changes in
thickness and dielectric constant of the Stern laver upon adsorption.
De Keizer® derived a formula for the surface charge o in the commecn
intersection point, using a simple model of patchwise adsorption.
The double layer is considered to consist of a covered and an unco-
vered part, each with its own potential difference across the Stern
layer, originating from dipolar effects (Xg and Xy respectively),
its own Stern layer thickness (6, and 5u respectively) and Stern
layer relative dielectric permittivity (sc and £u respectively}. Xy
is assumed to vary linearly with the surface charge. In the absence

of adsorbate, there is a certain wvalue of O where the net

o
Rl’
dipeclar contribution of the water molecules is zero. The value of
Xu

at the point of zero charge is denoted xﬁ. According to de
Keizers) o is given by

XO = XO
o= — u c (5.3)
Xy/Op ~ 0 8y T 0/

It is difficult to unravel the influence of the various parameters

5,8,11 it was concluded

in this equation. From several studies
that at the point of zero charge water mclecules are oriented with
their negative sides to the surface, thus giving a negative contri-
butiocn to xo, which is estimated to be about -0.2 V. The adsorption
of organic matter tends to increase the Stern layer thickness and
to lower its dielectric constant. When the adsorbed organic molecu-
les have no net dipole momentum, i.e. xg = (0, the surface charge
for maximum adsorption is less negative than the charge of random
water orientation, OR- wWhen adsorbed molecules have a dipole point=

ing to the surface with the negative side, i.e. x°

G < 0, o, 1S still

less negative.

Using a molecular medel {(fig. 5.10) we can see that in poly-L-pro-
line the aliphatic rings are attached to the surface, in contra-
distinction to the more polar parts that remain inside the helix.
Hence it is likely that hydrophobic bonding is responsible for
the adsorption. The dipelar carbonyl group that is nearest to the
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Figure 5.10. Model of helical poly-L-proline.

surface points to the surface with the negative oXygen atom. This
carbonyl group dominates xo since the dielectric constant in the
region near the surface is lower than further away. 5o we expect
a negative X In the case of NAP we expect the planar molecule
to adsorb flat on the surface with no net dipele momentum per-
pendicular to the surface. Then x is nearly zero. For poly-DL-pro-
line it is difficult to indicate a most probable orientation, al-
though one can imagine that the more flexible structure will allow
the aliphatic ring to make more contact with the surface. A more
flat orientation might give a less negative x . Poly=-DL-proline
and NAP lower the slope of the o (pAg) curve less than poly-L-pro-
line does. Because of the strong shielding of the diffuse layer
by the 0.1 M indifferent electrolyte, this slope is directly relat-
ed to the Stern layer capacitance /6 if changes with %5 in
specific adsorptlon of counterions do not contribute. Both the
less negative xc and the higher Stern layer capacitance point to

a higher value of O for poly-DL-proline and NAP, as is observed
experimentally.

Since the segments are identical for the L= and DL-form, this
observation can only mean that in the DL-product the chain is more
fiexible than it is in the L-modification. All this supports the
view that poly-L-proline is a helix, in solution as well as in
the adsorbed state, whereas poly-DL-proline is a random coil in
both situations.
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Figure 5.11. Surface charge of AgI particles in the presence of

adsorbed PVP and NEP. PVP: a, DP = 60; b, DP = 6000, NEP:
T = 293 K; electrolyte 0.1 M KN03.
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A number of observations with other adsorptives are in line witk
this. Qualitatively the oo(pAg) curve for poly(vinyl pyrrolidone)
(figure 5.11) better resembles the one of poly-DL-proline than the
curve of poly-L-proline. gQuantitatively, PVP has a stronger influ-
ence on o, than poly-DL-proline. The common intersection point of
the lower moecular weight PVP (figure 5.1la) is much sharper than
that of the longer polymer (figure S.11b). This might be attributed
to slower equilibration of the polymer conformation at the surface,
which might lead to incomplete eguilibration on the time scale of
the experiment. It must be noted that at such high pAg values comme
intersection points are difficult to establish accurately. Figure
5.11c contains the 0,(PAg) curve for N-ethyl pyrrolidone. This
substance mimicks the mcnomer of PVP. Again a gqualitatively similar
curve is obtained, although a much higher capacitance is observed
near the point of zero charge. High capacitances are often observed
when desorption or recrientation occurs. In view of these considera
tions, the experiments indicate that with increasing positive charg
the monomers recrient (or even desorb?), whereas the polymer segmen
cannot adjust themselves because of steric restrictions.

1 i | |

50 100 150 200
mg/l

L= R, T— LY

Figure 5.12. Adsorption isotherms for PVP on AgI. x, DP = 60;
o, DP = £000.
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We also see with PVP that long and short polymers have about the
same maximum change of the oo(pAg) curve with respect to the blank

curve, whereas they have different plateau values of the adsorption

isotherm (figure 5.12). Again, increasing amounts of polymer with in-

creasing chain length indicate accommodation in loops and tails. This
feature is also reflected in stability data. Silver iodide covered
with high molecular weight PVP in the plateau region of the adsorp-

—

-log dE I dt

L
T

x
P W
D\____u____..o-—-a

I
-08 -08

e 02

log cg/MI™!
Figure 5.13. Stability curves
for Agl sols covered with PVP.
Electrolyte (cs), Na2804.

10% excess PVP with respect to
plateau value: o, DP = 60;

X, DP = 6000. 500% excess PVP
with respect to plateau value:

+, DP = 6000.

Flory's work17

tion isotherm cannot be coagulated
by simple electrolytes in the con-
centration range, typical for
DLVO-type electrostatic stabili-
zation. At much higher salt con-
centrations the polymer can be
salted out. For example, 0.56 M
sodium sulphate solution is a
8-solvent (Flory parameter x=0.5}.
At higher salt concentrations
phase separation occurs for in-
finitely long chains. Then the
adsorbed layers collapse and
stick together when two particles
In figure 5.13 we see sta-
bility curves for sols covered
with PVP, which was added in 10%
excess with respect to the plateau
value of the adscrpticn isotherm.
So in the sclution the polymer

meet.

concentration is very low. The
coagulation rate increases with
the Na, S0, concentration over the
whole salt ceoncentration range.
The maximum cocagulation rate is
obtained at salt concentrations
somewhat higher than the value

corresponding to x = 0.5. From

it can be derived that even for rather iong chains

polymer solutions can be stable at low concentrations above the

critical yx. The coagulation at salt concentrations lower than the
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critical one can be understood from the fact, that the adsorbed

amount increases when the solvent becomes poorer because of the

increase of the salt concentration. Since only little polymer is]
present in solutjon, adsorbed chains will form bridges between paL
ticles and cause coagulation. At higher polymer concentration (ca.
100 ppm) additional adsorption takes place from solution and no co
ulation occurs at Na,SO, concentrations lower than 0.56 M. At high

Nazso4 concentrationi é%e coagulation rate increases rapidly with
the salt concentration. The low molecular weight PVP gives much
less steric stabilization. Already at Na, 50, concentrations mwmuch
lower than the one corresponding to the critical y, the maximum
coagulation rate is reached. This concentration still considerably

exceeds that predicted by the DLVO-theory.

5.3.3 POLY-L-LYSINE AND POLY-DL-~LYSINE

The adsorption isotherms of these two compounds are very simila:
(figure 5.2), as would be anticipated from the fact that both poly-
mers are known to be in the random coil conformation at acidic pH
(Applequist and Dotyla). At negatively charged AgI the titration
curves (figures 5.6 and 5.14a) also show the same behaviocur. The
same holds for the stability measurements (figure 5.5), which were
also done at a high surface charge. The critical coagulation con-
centration for poly-DL-lysine was similar to that of poly-L-lysine.

However, near the point of zero charge we observe a difference:
the curve of poly-DL-lysine does not merge with the curve of un-
covered Agl. Apparently poly-DL-lysine has a lower tendency to
desorb. Probably, this behaviour can be attributed to a higher
flexibility of the poly-DL-lysine chain, which allows the hydro-
phobic parts of the molecule to come in contact with the surface
when electrostatic interactions lose their power. That poly-
merization into an L-lysine chain confers some additional stiff-
ness can also be inferred from optical rotation measurements of
oligo=lysines {see section 4.3). Since all asymmetric carbon
atoms have the same chemical environment, we expect nearly the
same contribution to the optical rotation by each monomer unit.
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The strong rise of the optical rotation with chain length shows
that a certain structure builds up to lengths of more than ten
residues.
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Figure 5.14. Surface charge on Agl particles in the presence of
saturation adsorption of poly-DL-lysine of DP = 250 (a), and
eAcp-Lys,-NHMe (b). pH = 3, T = 293 K, electrolyte 107l m KNO,, .



154
5.3.4 OLIGO-L-LYSINE AND POLY-L=-LYSINE

The Agl-titration curve of eAcp-Lys, -NiMe (figure 5.14b) is ane
ogous to the one of poly-L-lysine, also showing desorption at a prt
gsitive surface charge. The maximum deviation from the curve of the
blank is also the same for both compounds. This indicates that the
Stern layer is covered in the same fashion, I.e. again as a loosel
packed monolayer. The plateau value of the adsorption isotherm
(figure 5.15) for cAcp-Lys, -NHMe at highly charged Agl (pI = 6,
On = -0.15 C/m ) is 0.42 mg/m at a salt concentration of 0.1 M,
corresponding to a loosely packed monolayer coverage. So we can
conclude that also for oligomers at high salt concentrations near]
all adsorbed material is accommodated in the first layer. The oct:
and hexadecamers, having plateau values of about 0.54 mg/mz, show
an intermediate behaviour. The shapes of the adsorption isotherms
of the cligomers are of the high affinity type like those of the
polymers under these conditions.
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Figure 5.15. Adsorption isotherms for oligo-L-lysines on AgI.
gACp=- Lys -NHMe: X, n = 4; o, n=8; +, n = 16. Electreclyte 0.1 M
HNO3, a, = =0.15 C/m . Accuracy as indicated.
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For the very short oligomers we could not measure adsorption
isotherms, because these compcunds do not form stable enough com-
plexes with poly(vinyl sulphonate). Another concentration determi-
nation method, wvia the UV-absorption of the peptide bond is not
accurate enough to establish small adsorbed amounts in the pre-
sence of high bulk concentratjons. As these oligomers are so short,
the tendency to adsorb is low and high concentrations are needed
to get adsorption. For these compounds we only can determine that
concentration that gives such an adsorbed amount that just compen-
sates the surface charge. This adsorbed amount was estimated by
performing the same experiment with poly-L-lysine. Here the charge
equivalence takes place at negligibly low polyelectrolyte concen-
tration. Hence, all added adsorbate can be considered as adsorbed.
As the double layer experiments do not show differences between
the structure of the adsorbed layer of poly-L-lysine and the pen-
tamer, the same adsorbed amount at the equivalence point is assumed
for the short oligomers as is found for poly-L-lysine. The results
are compiled in table 5-3. '

Table 5-3. Adsorption data at the charge equivalence point for
oligo- and poly=-L-lysine.

compound eAcp-Lys -NHMe poly-L-lysine
n 0 1 2 DP = 300
concentration of ad- 4000 168 56 43

sorbate solution (mg/1)

amount of adsorbate 11.5 0.49 0.089 0.038
added (mg)

amount of adsorbate 0.1% 0.1% 0.1% 0.1
adsorbed (mg/mz)

concentration after 1100 43 5.6 -

adsorption (mg/1)

x Data taken from the experiment with poly-L-lysine.

Longer chains show lower bulk concentrations, which cause adsorbed
amounts compensating the surface charge. As flat adsorption occurs,
nearly all segments of the adsorbed molecules are in contact with
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the surface. Thus the non-electrical free energy of adsorption vari
linearly with the chain length. Especially with very short chains
each added segment gives a considerable contribution to the affinir

to the surface.

5.3.4.1 INFLUENCE QF THE ELECTROLYTE CONCENTRATION

Since electrostatic interactions play an important role in the
adsorption of poly- and oligo-L-lysines, a considerable influence
of the electrolyte concentration is expected. For several lengths
of the polymer adsorption data are presented in figure 5.16. For
all lengths the adsorption increases with ionic strength. This
trend is to be anticipated, because the electrostatic repulsion
between segments tends to lower the adsorption and electrolytes
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Figure 5.16. Dependence of adsorption of poly- and oligo-L-lysine
on Agl on the indifferent electrolyte (HNO ) concentration (c ).
o, N o=0.1 C/m ; poly-L-lysine: x, DP = 2000, o, DP = 300; sAcp-
LyslG-NHMe, +.
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reduce this repulsion. The isotherms of the two polymeric compounds
closely resemble each other. Especially at a high electrolyte con-
centration the adsorption of the longer polymer is higher. Because
of the then occurring strong shielding formation of loops and tails

becomes less unfavourable. The adsorption of the oligomer rises less

because here no long loops and tails can be formed.
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Figure 5.17. Dependence of ad-
sorption of poly-L~lysine on the
salt concentration for several
electrolytes. X, HNO,; o, KF
+ 107 M mNO,; +, KNO5 + 107
M HNO3; A, HZSO4.. )
DP = 300; o_ % -0.1 C/m“.
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By using different kinds of
electrolytes it is possible to
see whether the salt effect is
a non=-specific double layer
effect or whether it is due to
some specific interaction.
Figure 5.17 shows the adsorp-
tion of poly-L-lysine in the
presence of different electro-
lytes. Interchanging monovalent
ions gives no change in curves
within experimental error. Ap-
parently double layer effects
can mostly account for the in-
crease in adsorption. However,
the divalent ion sulphate leads
to substantially higher adsorp-
tion, especially at low electro-
lyte concentrations. Strong inter-
actions between this ion and the

positive g-aminogroup of the lysyl residue are.the probable cause

of this behaviour.

5.3.4.2

INFLUENCE OF THE SURFACE CHARGE

Since a positive surface charge repels the positive poly-L-lysine

and a negative surface attracts the polymer,

a dependence of the

adsorption on the surface charge is expected. Figure 5.18 gives the

dependence of the adsorption on pAg at several electrolyte concen-

trations.

In all cases the adsorption increases with rising pAg.

At a low salt concentration there is virtually no adsorption at
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positive AgI, because of the strong electrostatic repulsion. At
a high electrolyte concentration this repulsion is reduced. Then
adsorption also occurs at low pAg.
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Figure 5.18. Dependence of ad- Figure 5.19. Dependence of ad-
sorption of poly-L-lysine (DP = sorption of eAcp—Lysls-NHMe on

2000) on pAg. Electrolyte (HNOS): pAg. Electrolyte (HN03): X, 0.1
X, 0.1 M; o, 0.01 M; +, 0.001 M. +, 0.01 M, o, 5.107% M.

A similar picture is obtained in the case of the heptadecapepti
(figure 5.19). Here the adsorbed amount at a high surface charge
and electrolyte concentraticn does not much exceed the amount at
low ionic strength, since only short loops and tails can form.

To see whether the dependence of the adsorption on the surface
charge is reversible, this experiment was also performed by changi
the pAg from a high to a low value for the heptadeca- and pentamer
(figqure 5.20). Both oligomers show hysteresis, the longer one more
so than the shorter one. We also measured the time dependence of t
desorption by adding AgNO, in one portion to a sample equilibrated
at pAg = 12 till pAg = 4. Then the tetra peptide was fully desorbe
within one hour. During this period the heptadecapeptide was also
desorbed to a large extent. Within one hour the adsorbed amount
decreased from 0.48 to 0.06 mg/mz. Then the adsorption remained
constant within experimental error on a time scale of days. The
same desorption experiment was done for poly-L-lysine (figure 5.21
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Figure 5.20. Adsorption and de-
sorption of oligo-L-lysines as
a function of pAg. Filled sym-
bols: adsorption; open symbols:
desorption. eAcp-Lys, -NHMe:

o, n=16; A, n = 4. Electro-

lyte, 0.001 M HNO3.

After a rapid decrease during

the first few hours the desorp-
tion slowed down, but even after
a few days some desorption still
occurred. The level of the ad-
sorbed amount was then much higher
than that of the heptadecapeptide
after the same amount of time.
There seems to be no sharp dis-
tinction between the behaviour

of the poly- and the oligo-
peptide; rather a gradual trans-
ition is observed. These experi-
ments give no conclusive evidence
whether equilibrium in desorp-
tion experiments for the poly-
peptide is reached very slowly
or whether the adsorption is
really irreversible. The gradual

transition in the behaviour of short to long chains is an argument

in favour of slow equilibration.
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Figure 5.21.

days

Desorption as a function of time of poly-L-lysine
{DP = 2000) due to addition of AgNO

Electrolyte, 0.001 M HN03.

3



160
5.4 CONCLUDING REMARKS

In this study double layer experiments prove to be good instru-
ments to obtain insight into adsorption processes. Charge-potentiaﬂ
curves appear to be sensitive to changes in the structure of the
adsorbed layer. For instance, the helical shape of poly-L-proline
adsorbed on AgI could be inferred. Combination of these measurement
with other colloid-chemical and/or surface-chemical techniques
like electrophoresis, coagulation kinetics and adsorption isotherms
yielded a rather complete picture of the adsorption behaviour of
oligo- and polylysine which, under the chosen conditions (pH < 3)
can be considered models for highly charged polyelectrolytes. These
compounds have some features in common with uncharged polymers
like the high affinity-type isotherms and the increasing affinity
with increasing chain length. The main difference is that, due to
the electrostatic repulsion between segments, it is not favourable
to form leoops and tails like uncharged polyvmers do. Hence adsorbed
amounts do not greatly exceed that of a monolayer. As a consegquence
adsorption of this polyelectrolyte will not lead to steric stabili=-
sation.
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6 COMPARISON BETWEEN EXPERIMENTAL WORK AND THEORETICAL RESULTS

6.1 COMPARISON WITH LITERATURE DATA

It is not yet possible to apply the theory developed in the
third chapter to many results published in literature quantita-
tively, because only few studies deal with polyelectrolyte adsorp-
tion in sufficient detail and under sufficiently characterised con-
ditions. Hence, it is impossible to estimate the parameters used
in the present theory from those results in a discriminative way.
However, some general trends can be dealt with.

One of the most notable features of our theory is the independen-
ce of the adsorption of the molecular weight. This is at variance
with Hesselink's theoryl, which predicts a dependence similar
to that of Hoeve's theory. Horn2 measured the adsorptien of poly-
ethylenimines on polystyrene latex. Neither for the adsorption
nor for the electropheoretic mobility he found molecular weight
dependence at low pH values, where this polyelectrolyte is highly
charged. He concluded that flat adsorption occurs. Williams et
a1.3
(carboxymethyl cellulose) to barium sulphate. At high ionic strength
they find a considerable part of the adsorbed material, up to 25%,

found the same for the adsorption of highly charged poly-

in loops and tails, where our theory gives only a few percent. As
is usually observed for uncharged polymers, the adsorption rises
with chain length at pH = 2, when the carboxyl groups are uncharged.
Mabire et al.% investigated the adsorption of polyelectrolytes on
silica and did not find any molecular weight dependence either. In
the studies mentioned above adscrbed amounts do not greatly exceed
monolayer coverage. This also backs up our model of flat adsorption.
In the case of the adsorption of poly-L-lysine and poly-L-glutamic
acid at the mercury electrode surface Pavlovic and Miller5 also claim
that monclayer adsorption takes place. Flat adsorption can also

be inferred from the fact that no steric stabilization has been
reported. For example. Bﬁhm6 could not stabilize oil/water emul-
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sions with highly charged poly(methacrylic acid) and poly(acrylic
acid), whereas low charged polymer gave much higher adsorptions
and stabilization.

In conclusion we might say that these literature data are in
general agreement with our prediction.

6.2 CHOICE OF THE PARAMETERS

In our study we are able to assign values to most of the parame
used, based on model assumptions. So only few parameters are left

1

to be fit to experimental results.

6.2.1 COORDINATION NUMBER OF THE LATTICE

our model uses a lattice where segments and solvent molecules
are each placed on a site. Several lattice types are possible, e.g
a hexragonal or a cubic one. Following Roe7 and Scheutjens and
Fleer8 we chose a hexagonal lattice, where the coordination
number is twelve. It has been shown that the results are in-
sensitive to this parameters.

6.2.2 THE AREA OF A LATTICE SITE a, AND THE DISTANCE BETWEEN THE

LATTICE LAYERS r,

The parameters used in the polymer adsorption theories of Roe7

and Scheutjens8 are essentially dimensionless. However, to relate
such theories to experimental results and to electric quantities

like the unit charge, the system has to be scaled. From the speci-
fic volume9 of the lysyl group, 0.82 ml/g, and its molecular weigh
128, the volume of a lysyl residue is found as 0.17 nm3. Choosing
the lattice cell to be isotropic, a, is 0.3 nm2 and r. is 0.55 nm.
This leads to a saturated monolayer coverage of ¢.67 mg/m2 based o

lysyl residues.
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6.2.3 THE DEGREE OF DISSOCIATION

In studies on the behaviour of polyelectrolytes in solution
attention has been paid to a phenomencn called counterion conden-
sation. For an infinite, straight chain in a dilute solution
Manning10 derived that the line charge density never exceeds e/R,
where B is the Bjerrum length, defined as

B = (e?/ekT) "% (6.1)

For aqueocus solutions B = 0.71 nm. Smearing out charges in planes
involves the assumption that charges are further away from each
other than the segment length. So the role of countericn conden-
sation will be underestimated. As a correction we assigned such an
effective value to a, that the line charge on a poly-lysine chain
did not exceed e/p. Although the condition of an infinite, straight
line charge is contradictory with the flexible polymer concept, es-
pecially sc in the adsorbed layer, where we have no dilute solution
either, we assume this theory approximately applicable. In our sys-
tem the charges are 0.55 nm apart. Counterion condensation is there-
fore assumed to occur, to such an extent that the effective line
charge density is e/p. The effective o is then 0.78. As is the case
with the free small ions, we assume the condensation counterions to
fit volumelessly into the lattice.

In the case of the monomer the residues are of course not con-
nected at a distance of 0.55 nm, so here no counterion condensation
will occur. Hence, o can be set 1.

6.2.4 THE FLORY-HUGGINS SOLVENT QUALITY PARAMETER

This parameter contains the excess interaction energy origina-
ting from direct contacts between solvent and segment. As only
direct contacts are invoived, the y-parameter is not suitable to
describe long range electrostatic interactions. Hence, only non-
electrostatic interactions are included in the y-parameter. The
usual methods to obtain x (e.g. viscosimetry and osmometry) are
based on theories in which electrical interactions are absent. As



166

the charge on the chains influences the viscosimetric and osmotic
behaviour, these methods cannot be applied here. Such kind of
experiments cannot be done with uncharged poly-L-lysine at high
pH either, because phase separation or precipitation will occur
then. From this effect it can be concluded that y exceeds 0.5,
the critical value for infinitely long chains. Although the cri-
tical x-value for oligomers is greater than 0.5, the fact that

oligomers show no phase separation at any concentration at pH = 12,
indicates that y will not be very high.
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Figure 6.1. Theoretical dependence of the amount adsorbed on the
solvent gquality parameter y. a: electrolyte 0.1 M; b: electrolyte
0.01 M. x, = 4.85, ¢, = 107>, r = 300, o = 0.78, r, = 0.55 mm,

uncharged adsorbent.
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The theoretical adsorption isotherms are not very sensitive to
the value of y chosen. A typical plot of the y-dependence is given
in figure 6.1. The adsorption varies by not more than 30% over the
range of y from 0 to 1.

For charged polylysine we chose y = 0.6, slightly exceeding 0.5,
assuming that the non-electrostatic interaction energy of the sol-
vent with the polymer is not greatly affected by the field strength
due to the charge of the lysyl group.

6.2.5 THE NON-ELECTRICAL FREE ENERGY OF ADSORPTION PARAMETER Xg

To estimate the value of Xg We used data obtained from coagulation
experiments with the monomer and the short oligomers (see table 5-3).
At bulk concentrations where coagulation of the sols takes place, the
potential outside the adsorbed layer is very low. We adjusted the Xg~
parameter in such a way, that at the experimentally determined ad-
sorbate concentration the theoretical potential ocutside the first
layer was very low. The concentrations (mg/l}) were converted into
the volume fractions using the specific volume of pely-L-lysine.
Table 6-1 presents the values found for Xg

Table 6-1. Xg Values yielding theoretical cocagulation conditions
for silver iodide sols covered with aAcp-Lysn-NHMe.

n 0 1 2
04 9.1 x 1074 3.5 x 107° 4.6 x 1070
Xe 5.4 4.9 4.2

Throughout our calculations we used the arithmetic average of
the values in table 6-1, being 4.8%. Cohen Stuartll, whe studied
the adsorption of poly(vinyl pyrreclidone) on silica from water and
dioxane, obtained a value for Xg also based on studies with small
molecules. His xs-ValueS are subject to considerable scatter, mcre
than in our case, probably because he used monomeric compounds of
more variable structure.
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6.3 RESULTS AND DISCUSSICN

Some general features of the polyelectrolyte adsorption theory
are readily recognized in the adsorption characteristics of poly-
lysine on silver iodide (chapter 5). Most striking are both the
independence of the adsorption of the molecular weight for long
chains and the flat adsorbed layers with little contribution of
loops and tails. Both theory and experiments show isotherms with
a very distinct plateau value. A more quantitative comparison will
new be given for the adsorption isotherms of the oligomers, the
dependence on the electrolyte concentration and on the surface
charge.

6.3.1 ADSORPTION ISOTHERMS

Calculated adsorption isotherms and experimental points for
oligomers are given in figure 6.2. For oligomers shorter than

M
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Figure 6.2. Theoretical adsorption isotherms and experimental
points. O, a: r = 17; A, b: r = 9; o, c: r = 5; d: r = 3;
e: r = 2. x = 0.6, x, = 4.85, a = 0.78, electrolyte 0.1 M HNO |

31’
0, = ~0.22 e/ao, r, = 0.55 nm.
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r = 5 no experimental isotherms can be measured, because then
the concentration determination method fails. Both theory and
experiments give high affinity adsorption. The thecretical curves
have lower slopes in the plateau region of the isotherm with in=-
creasing chain length. This effect is not visible within the ex-
perimental error of the measured isotherms. Otherwise, the calcu-
lated and measured amounts adsorbed show a very good agreement.

€.3.2 DEPENDENCE ON ELECTROLYTE CONCENTRATION

Since electrical interactions are strongly dependent on the
concentration of indifferent electrolyte, the salt concentration
is an important variable in the evalution,of the theory. Results
are given in figure 6.3. The general trend is similar for theory
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Figure 6.3. Dependence of the amount adsorbed on the indifferent
electrolyte (HNO3) concentration {cs). Drawn curves: theoretical
values: a, r = 300; b, r = 17. Experimental points: o, r = 300;
X, ¥ = 17. x = 0.6, x, = 4.85, ¢, = 107%, o = 0.78, o_ = -0.22

8
e/ao, r, = 0.55 nm.



170

and experiments. Especially for the cligomer the quantitative
agreement is also good. The lower experimental adsorbed amocunts
of poly-L-lysine at low ionic strength might be attributed to
uncertainty in surface charge, which is difficult to contrel in
small samples. The theory predicts a slightly stronger increase
of adsorption with rising electrolyte concentration for the poly-
mer than for the oligomer, but in practice this difference is much
greater. A reason can be, that at high salt concentrations more
loops and tails are formed than is predicted by theory. In chap-
ter 5 we concluded that at 0.1 M electroclyte concentration part
of the poly-L-lysine adsorbed is present in loops and tails. The
underestimation of the amount adsorbed in the outer layers may
be due to the approximation, that charges are smeared out in planes
As a consequence, the potential in each plane is uniform. Actually
this is not true. Between two charges the potential is lower than
at the place of the charges. Segments brought to the surface in the
charging process tend te go to the places with a lower potential,
i.e. to those between the charges. S0 higher adsorbed amounts will
be found than calculated. This argument also holds for the first
layer, but here the same error is made in the procedure of esti-
mating Xg: In literature about the use of the Poisson-Boltzmann

12,13

equation this problem is often described as the difference

between the mean potential and the potential of the mean force.

6.3.3 INFLUENCE OF THE SURFACE CHARGE

From the dependence of the adsorption on the pAg (figure 5.18)
and the 0,(PAg) curve {(figure 5.6) the adsorption of poly-L-lysine
as a function of the surface charge can be constructed in the case
of 0.1 M electrolyte (figure 6.4). Since we have no co(pAg) curves
at other salt concentrations, this procedure cannot be applied thet

For bare silver iodide Lijklema14 showed that o _(pAg) curves at
low electrolyte concentrations can be constructed from the 0.1 M
curve and the diffuse double layer capacitance. From the 0.1 M cur
the Stern layer capacitance Cg is found by neglecting the diffuse
contribution. The diffuse double layer capacitance Cq is obtained
from the surface charge by neglecting specific adsorption. The tot:
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capacitance € is then found using

-1 -1

C = CS + Cd (6.2)

The ¢_(pAg) curve is then calculated by integration of the capaci-
tance. Curves obtained in this way coincide with curves measured
experimentally.

We devised an analogous method to construct oo(pAg) curves at
lower electrolyte concentrations than 0.1 M. However, we cannct
assume the absence of specific adscrption, because of the high
charge of poly-L-lysine which is present in the S5tern layer. We
will estimate the diffuse double layer capacitance from electro-
phoresis experiments. At 1073 m HNO,
ities at our disposal (figure 5.4). Using the computer programme

we have electrophoretic mobil-

of O'Brien and White15 these mobilities were converted into -
potentials. Their programme is based on the work of Wiersema

et 31.16 and Overbeek et a1.17, but gives better convergence of
the iteration procedure. The diffuse layer potential 1P} is assumed
to be equal to the {-potential. This approximation is reasonable,
since poly-L-lysine is adsorbed as a flat layer. Cd is then ob-

tained using eqg. 6.3 (see, for instance, Bijsterbosch and Lyklema14

y:

Cd = K cosh(zewd/ZkT) (6.3)

Values for g at 0.01 M electrolyte were estimated by interpolation

between the wd-value at 0.001 M and that at 0.1 M. For the latter

a low value, 1 kT/e, was chosen arbitrarily. The interpolation was

performed assuming wdlgo vary linearly with Jcs, as has been reported
. The value of CS was assumed to be the same

at all salt concentrations and was estimated using the oo(pAg) curve

before in some cases

at 0.1 M electrolyte. This curve gives the total capacitance C,
which, in 0.1 M electrolyte, is dominated by Cs‘ The value of C
obtained this way was combined with the Caq
to give Cq (see eq. 6.2). Cd does not vary strongly with LY at low
potential. We used by = 1 kT/e arbitrarily.

Integration of the capacitance gives only relative surface char-

-value at low potential

ges. The point of zero charge in the presence of poly-L-lysine
shifts to lower pAg as compared with the blank curve, which has
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the same point of zero charge at all electrolyte concentrations
(pAg = 5.65). Therefore we made the ao(pAg) curves for poly-L-
lysine at lower ionic strength cross the axis between the point
of zero charge of the 0.1 M curve of covered Agl and that of bare
Agl. Figure 6.5 presents the set of curves thus obtained. From
these curves and the dependence of the adsorption on the pAg the
8(00) curves for 0.01 and 0.001 M electrolyte in figure 6.4 are

derived.
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Figure 6.4. Dependence on the surface charge of the amount adsorb
ed. Electrolyte 0.1 M (a), 0.01 M (b) and 0.001 M. Experimental
curves obtained by combining fiqures 5.18 and 6.5. x = 0.6, Xg =
4.85, ¢, = 107%, r = 300, @« = 0.78, r_ = 0.55 nm.

Qualitatively the same picture emerges from the theoretically
and the experimentally obtained curves. Both are nearly linear
and the effect of o, is relatively stronger at lower salt concen-
trations. Quantitatively, the experimentally acquired curves have
higher slopes, especially the curve for 0.001 M electrolyte. At
lower electrolyte concentrations the experimentally obtained curve
are also less linear, but tend to level off at higher surface i
charges. As can be seen from figure 6.5 the maximum attainable |
surface charges at low ionic strength are lower than at 0.1 M
electrolyte. The guantitative difference is difficult to explain.
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Figure 6.5. Surface charge on silver iodide covered with poly-L-
lysine. a: electrolyte 0.1 M (experimental, see figure 5.6);

b and ¢: calculated from a and the diffuse layer capacitance,
electrolyte 0.01 M (b) and 0.001 M (c}).

However, some problems can be indicated. There is a considerable
uncertainty in the constructed oo(pAg) curves at low ionic strength.
As our system is much more complex than the bare silver icdide
systeml4, it is not sure that the capacity of the Stern layer in
our case is the same at all ionic strengths. However, at low elec-
trolyte concentration the total capacity of the double layer is
predominantly determined by the diffuse double layer capacitance.

In the present theory only electrostatic changes due to vari-
ation of the surface charge are accounted for. From several investi-
gationslg'20 it has been concluded that surface properties, like
the hydration state, specific adsorption and the local dielectric
permittivity, vary with the surface charge. The influence of these

changes on the adsorption is difficult to unravel.
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6.4 CONCLUDING REMARKS AND SUGGESTIONS FOR FURTHER INVESTIGATIONS

Generally good agreement is found between theoretical and expe=-
rimental results for the adsorption of oligomers and polymers of
lysine. This is gratifying, considering that virtually a combina-
tion of two new types of theories had to be tested simultaneously.
Theories of uncharged polymer adsorption, which are applicable to
oligomers, I.e. the Roe and Scheutjens-Fleer theory, had not yet
been subjected to experimental tests in the cligomer range. In-
corperating electrostatic interactions in these theories, we can-
not discriminate, whether differences between theoretical and ex-
perimental results stem from the polymer theory part or from the
electrostatic part. If there is good accordance between theory and
practice, it must always be realized that errors in the two parts
of the theory might compensate each other.

Two rather serious approximations work in the same direction.
First, both theoretical parts invoke a smearing-out in each layer,
the so-called mean field or Bragg-Williams approximation, which
tends to overestimate the non-conformational free energy. For the
electrostatic part this will be a more serious approximation than
for the polymer part, because the potential shows much stronger
variation within each layer than the solvent guality does. Second,
the flexibility of the polymer chain is overestimated in the poly-
mer adscrption theories, because backfolding is allowed. This is a
relatively poorer approximation in the polyelectrolyte case, since
it is well known, that polymer chains become much stiffer when
they are charged21. We expect, that chain stiffness effects will
especially be reflected in the behaviour of loops and tails. Since
these are hardly present, we presume that in this respect the pre-«
sent treatment is satisfactory.

Another approximation in the non-electrostatic part of the theo
is the assumption of equal size for both polymer segments and sol-
vent molecules. A first start to solve this "bulkiness" problem ha
been made by Cohen Stuartll. Difficulties arise especially in
counting lattice-cell contacts. Because of the strong influence
of electrostatic effects in our case, we assume this approximation
to be rather unimportant here.

The influence of other approximations in the electrostatic part
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of the theory is difficult to assess. The presence of highly charged
matter very near to the surface changes the dielectric constant in
that region. Specifically, adsorption of organic matter and high
field strengths lower the dielectric constant. This lowering leads
to higher potentials due to surface charge and adsorbed polyelectro-
lyte. Thus, if the dependence of the dielectric constant on & is
neglected, the adsorbed amount tends to be overestimated. This
effect is partly compensated by the lowering of the effective de=-
gree of dissociation. A lower dielectric constant increases the
counterion condensation and thus diminishes the build-up of

high potentials.

Assuming the small ions to be point charges we will obtain too
low potentials, because we overestimate their screening, especially
in the layers very near to the surface, where the potentials are
high. The neglect of the volume excluded by the polymer segments
for the small ions works in the same direction. As in reality the
small ions cannot enter intoc the volume occupied by the polymer
segments, less volume is available for the electrolyte to perform
its shielding action than we assume. However, model calculations

22

of Brooks show that this assumption only leads to minor modifi-

cation of the potential distribution.

We can conclude that there is a satisfying concordance between
theory and experiment, although we must bear in mind that some se-
rious approximations have been made and that alsc some experimental
uncertainty exists.

Some theoretical improvements are rather easy to perform. As we
have a numerical procedure at our disposal to integrate the Poisscn-
Boltzmann equation, modifications that only involve this eguation
can be incorporated readily. Such extensions are the dependence of
the dielectric constant on the field strength and polymer volume
fraction, the dependence of the degree of dissociation of the
polyelectrolyte on the potential and polymer volume fraction, and
the volume excluded for the small ions by the polymer and electro-
lyte.

More complex are modifications that take into account the chain
stiffness and no longer accept the smearing out charges in layers
parallel tc the surface. In the polyelectrolyte case these approxi-
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mations have a higher weight than with uncharged polymers. Ash et
a1.23 worked cut a polymer adsorption theory, that forbids backfol
ing of the chains. Their formalism can be extended to more chain |
stiffness than just forbidding backfolding. However, because of
computational problems they could not handle chains longer than
tetramers. These problems will increase, if more chain stiffness
is accounted for.

The problems to evaluate the potential distribution in a polyme:
solvent lattice without applying the Bragg-Williams approximation
are very great. Segments to be placed in a layer will preferably
go to a place between two segments already in that layer. There
they will feel a lower than averaged potential. A possible improve:
ment of our theory might be the evaluation of the potential just
between two segments, after distributing the segments equidistantl:
in each layer.

As specific adsorption of small ions and the surface charge
depend on the adsorption of polyelectrolyte and confuse a clear
picture, interesting experiments can be performed using an unchargs
surface. When the theory is extended with a variable degree of dis-
sociation, the dependence of the adsorption of poly-L-lysine on the
pH must be correctly predicted. Silver iodide is not a suitable
adsorbent for such studies, since chemical interactions seem to
occur between the surface and uncharged amino groups. A possible
suitable adsorbent might be a suspension of poly(methylene oxide)
crystals, which have well-defined crystal plane surfaces bearing
no charge. At high pH (» 12) the synthesized oligomers are un-
charged and can be used to test the theories of Roe and of Scheut-
jens and Fleer for uncharged polymers. Polylysine cannot be used
at high pH, since precipitation {poly-L-lysine) or phase separatior
occurs (poly-DL-lysine). The pH and indifferent electrolyte concen-
tration dependence of the phase separation of poly-DL-lysine might
be used to test the theoretical work on this phenomenon in chapter

6.5 REFERENCES

1 F.Th. Hesselink, J. Colleoid Interface Sci. 60, 448 (1977).
2 D. Horn, in "Polymeric Amines and Ammonhium Salts" (E.J. Goet-



0~ ;N

10
11

12

13

14
15

16

17

18
19

20
21

22
23

177

hals, Ed.}. Pergamon Press, Oxford, New York, 1980, p. 333.
P.A. Willems, R. Harrop, G.O. Phillips, L.D. Robb and G. Pass,
in "The Effect of Polymers on Dispersion Properties" (T.F. Ta-
dros, Ed.), Academic Press, London, 1982.

F. Mabire et al., personal communication, Strasbourg (1981).

0. Pavlovic and I.R. Miller, J. Polymer Sci. C 34, 181 (1971).
J.Th.C. Béhm, Thesis, Agricultural University, Wageningen (1974}.
R.-J. Roe, J. Chem. Phys. 60, 4192 (1974).

J.M.H.M. Scheutjens and G.J. Fleer, J. Phys. Chem. 83, 1619
(1979).

J. Applequist and P. Doty, in "Polyaminoacids, Polypeptides and
Proteins" (M.A. Stahmann, Ed.), Univ. Wisconsin Press, Madison,
1962, p. 161.

G.S. Manning, Quarterly Reviews of Biophysics 11, 179 (1978).
M.A. Cohen Stuart, Thesis, Agricultural University, Wageningen
(1980}.

J.Th.G. Overbeek, in "Colloid Science" (H.R. Kruyt, Ed.),
Elsevier, Amsterdam, 1952, p. 129.

D.A. McQuarrie, "Statistical Mechanics", Ch. X111, Harper and
Row, New York, London, 1976.

J. Lijklema, Thesis, State University, Utrecht (1%957}.

R.W. O'Brien and L.R. White, J. Chem. Soc Faraday 11 74, 1607
(1978).

P.H. Wiersema, A.L. Loeb and J.Th.G. Overbeek, J. Colloid Inter-
face Sci. 22, 78 (1966).

J.Th.G. Overbeek and P.H. Wiersema, in "Electrophoresis", Vol. 1II
(M. Bier, Ed.), Academic Press, New York, London, 1966, p. 1.
J. Lyklema, private communication.

B.H. Bijsterbosch and J. Lyklema, Advan. Colleid Interface Sci.
9, 147 (1978).

A. de Keizer and J. Lyklema, Can. J. Chem. 5%, 1969 (1981).

T. Odijk and A.C. Houwaart, J. Polymer Sc¢i. Polymer Physics Ed.
16, 627 (1978).

D.E. Brooks, J. Colloid Interface Sci. 43, 687 (1973}.

5.G. Ash, D.H. Everett and G.H. Findenegg, Trans. Faraday Soc.
66, 708 (1970).



179

LIST OF SYMBOLS

f(r), £

exch

AF
AFM,el
el

AF
i, j

Area of lattice site

Affinity parameter cf component with chain length r
or number c, respectively

Integration constant (eq. 3.7)

Numerical constants

Indifferent electrolyte concentration (mole/l)
Component number

Field strength

Elementary charge

Faraday constant

Fraction of polymer with chain length r or compcnent
number ¢, respectively

Free energy of exchanging a chain of r, segments for
one of r, segments

Free energy of mixing

Electrical part of the free energy of mixing
Electrical part of the free energy of mixing per
lattice site

Electrical free energy

Layer number

Boltzmann constant

Number of lattice layers,

Volume to surface ratio expressed in number of
monolayers

Number of solvent and polymer molecules respectively
Positive and negative ion concentration at the re-
ference potential (number/ms)

Indifferent electrolyte concentration at the re-
ference potential (number/ms)

Local concentration of positive and negative ions,
respectively

Integral defined by eq. 2.28

Chain probability of component c

Procbability to find component ¢ in the adsorbed
layer

Probability to find a component in the bulk solution
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$exc
r
sys

8sys,r' asys,c
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Fraction of segments of adsorbed molecules attached
to the surface

Idem, for component with chain length x

Numerical constant (eg. 2.26 and 2.31)

Gas constant

Chain length

Number and weight averaged chain length, respectivel
Critical chain length beyond which all polymer is
adsorbed

Chain length at which equal amcunts of the component
are adsorbed and in solution

Numerical constant (eq.'2.26 and 2.31)

Absclute temperature

Lattice site volume

Distance

Valency of polyelectrolyte

Valency of small ion i

Degree of dissociation

Bjerrum length

Adsorbed amount in wmole/area of component with
chain length r

Idem with respect to solvent and adsorbent,
respectively

Thickness of bare and adsorbate covered Stern layer,
respectively

Dielectric permittivity of diffuse double layer and
of Stern layer without and with adsorbate, res-
pectively

{-potential, i.e. the potential at the slipping plan
Amount adsorbed, expressed in eguivalent monolayers
or mg/m2

Idem, excess

Idem of component with chain length r

Total amount of polymer present in the system ex-~
pressed in equivalent monolayers

Idem of component with chain length r or number c,
respectively

Reciprocal double layer shielding length
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A Charging parameter

Ao' Al Fraction of lattice contacts in the same and the
neighbouring lattice layer, respectively

M Dipole moment, chemical potential

Mor My Chemical potential of the solvent and the polymer,
regspectively

o,el” M1,el Electrical part of the chemical potential of the

solvent and the polymer, respectively

z Grand canonical partition function

£ Electrical part of the effective solvent quality

n Surface pressure

Pir Pax Polyelectrolyte space charge density in layer i and
in the homogeneous bulk solution, respectively

o, Surface charge density

O Ox Plane charge density of layer i and of bulk sclution
layers, respectively

¢i’ [ Polymer wvolume fraction of layer i and of the bulk
solution, respectively

¢*,c’ ¢*,r Bulk volume fraction of component c¢ and of component
with chain length r, respectively

¢2 Solvent bulk volume fraction

¢*,cr Critical bulk volume fraction

¢*,cr(DH) Idem, for the Debye-Hiickel approximation

X Flory-Huggins solvent quality parameter

Xor Idem, critical

Xg Non-conformaticnal free energy of adsorption para-
meter

Xg eff Idem, effective

xs’c Idem, of component c

Xur Xe Potential difference due to oriented dipoles at a
bare and an adsorbate covered surface, respectively

XE' xg Idem, at the point of zero charge

P(x), v{x,A) Potential as a function of distance and of distance
and charging parameter, respectively

¢i' Py Potential at the lattice centre of layer i and of
a bulk solution layer, respectively

b b Potential where the positive and negative ions are at

their stoichiometric concentration, respectively
A superscript plus sign indicates a reference state.
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SUMMARY

The purpose of this study is the description of the behaviour of
a model polyelectrolyte near a model interface.

Chapter 1 gives a general background and the outline of the in-
vestigations.

The chapters 2 and 3 comprise the theoretical parts. Chapter 2
considers the applicability of equilibrium thermodynamics to polymer
adsorption, an important prerequisite. We focus our attention on
the applicability of Gibbs' law to polymer adsorption. In many
cases results from surface tension measurements do not obey the
classically formulated Gibbs' law, which is based on equilibrium
thermodynamics. Thus, the use of eguilibrium thermodynamics was
questioned. We show that it is important to take the hetero-
dispersity of the polymers used in adsorption studies into
account when Gibbs' law is applied. Although not all problems
could be solved completely, this result encourages the use of
equilibrium thermodynamics in the polyelectrolyte adsorption
theory.

Chapter 3 describes the polyelectrolyte adsorption theory. Ex-
pressiong are derived for the potential distribution in and the
free energy of a double layer containing polyelectrolyte charge.
In the case of the Debye-Hiickel approximation of the Poisson-
Boltzmann eqguation analytical expressions are obtained. When the
full Poisson-Boltzmann equation is used, we have to rely on
numerical procedures. The electrostatic interactions are incorpo-
rated in the phase equilibria theory of Flory and the Roe theory
and the Scheutjens-Fleer theory of polymer adsorption. Electro-
static interactions strongly influence the conformation of the
adsorbed polyelectrolyte. Because of the mutual repulsion of the
charged segments the formation of loops and tails is strongly
suppressed. Thus very flat adsorbed layers are predicted. For
uncharged polymers the increase of the adsorption with chain
length and polymer concentration mainly takes place in the loops
and tails. As for polyelectrolytes, these are all but absent, their
adsorption is nearly chain length-independent and the plateau value
cof the adsorption isotherms is much more constant than with un-
charged pclymers. Polyelectrolyte solutions are resilient against
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phase separation in much poorer solvents than uncharged polymers,
depending on chain charge density and indifferent electrolyte con-
centration.

The chapters 4 and 5 make up the experimental part. As the poly-
electrolyte adsorption theory does not only apply to long polymer
chains, but also to the adsorption of oligomers, it is important t«
test the theory for short chains, too.

Chapter 4 describes the synthesis of these oligomers. Repeated
coupling of chains of equal length yields a series of two, four,
eight, sixteen and thirty-two segments long. For this kind of coup-
ling reactions peptides are suitable compounds, since standard
methods of synthesis have been developed for the benefit of proteir
research. Using only cne type of amino acid, L-lysine, we obtained
poly-L-lysine type oligomers.

Chapter 5 presents characteristics for the adsorption of the
model-polyelectrolyte poly-L-lysine on the model-colloid silver
iodide. Several colleid chemical techniques can be applied to in-
vestigate this system both in the absence and in the presence of
poly-L-lysine. We investigated adsorption isotherms, charge-
potential curves, coagulation kinetics and electrophoretic mobil-
ities. From the results the following picture of polyelectrolyte
adsorption emerges:

(i) At low ionic strength only a thin layer of adsorbed poly-
electrolyte is formed.

(1i) Under these conditions the adsorption is chain length in-
dependent, provided the chains are not too short.

{iii) Because of the shielding of indifferent electrolyte some
loops and tails are formed at high salt concentrations.

(iv) Oligomer adsorption increases with chain length.

This picture is in agreement with the theoretical predictions
of chapter 3.

Chapter 6 gives a gquantitative comparison of the experimental
and theoretical data. The guantitative agreement between theory
and experiment is also satisfactory. This chapter also gives some
suggestions for further improvement of the theory and for additione
experimental tests.
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek heeft ten doel de
adsorptie van een model polyelektroliet aan een model vaste stof
oppervlak te beschrijven.

Polyelektrolieten zijn lange ketens bestaande uit eenheden die
of aan elkaar gelijk zijn of van elkaar kunnen verschillen. Deze
segmenten kunnen een elektrische lading hebben. De polyelektroliet
ketens kunnen aan tal van oppervlakken adsorberen. De reden hier=-
van is, dat, ook al is de bindingsenergie wvan ieder segment met
het oppervlak gering, de som van de bindingsenergieén van vele
segmenten tegelijk een sterke aantrekking van de polyelektroliet-
keten tot het oppervlak tot gevolg heeft.

Adsorptie van polyelektrolieten speelt een belangrijke rol in
de natuur en de technologie. Zo verhindert de geladen polymere
suiker heparine, dat bloedcellen aan vaatwanden vasthechten en
daarom heeft het een antithrombogene werking. Polyelektroliet
wordt bij de zuivering van afvalwater gebruikt om zwevend slib
te binden, zodat het beter bezinkt.

In de literatuur is tot nu toe veel meer aandacht geschonken
aan de adsorptie van ongeladen polymeren dan aan die van poly-
elektrolieten. Een bevredigende theoretische beschrijving van de
adsorptie van de laatste was tot nu toe niet voorhanden. In dit
proefschrift wordt eerst de polyelektrolietadsorptie theoretisch
beschreven. De theoretisch verkregen resultaten worden vergeleken
met eigen experimenteel werk.

Hoofdstuk 2 en 3 vormen het theoretisch gedeelte. Hoofdstuk 2
gaat over de vraag of polymeer- en dus ook polyelektrolietadsorptie
wel met thermodynamische modelen beschreven kan worden. Deze vraag
is opgekomen, doordat een aantal experimentele resultaten, zoals
die van opperviaktespanningsmetingen, niet aan het theoretische
beeld voldoet. Hoewel nog niet op alle problemen een afdoend ant-
woord is gevonden, blijkt het van belang te zijn dat er rekening
mee wordt gehouden dat in de praktijk polymeren mengsels zijn
waarin niet alle ketens even lang 2zijn. Als dit wordt gedaan
blijkt toepassing van evenwichtsthermodynamica verantwoord.

Hoofdstuk 3 beschrijfit de polyelektrolietadsorptie. Adsorptie-
theorieén voor ongeladen polymeren worden uitgebreid met elektrische
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wisselwerkingen. De adsorptie van ongeladen polymeren kan goed be-
schreven worden met het trein-lus-staart model: sommige gedeelten
van een geadsorbeerde keten bevinden zich vastgehecht aan het op-
pervlak--de treinen--en andere gedeelten tussen twee treinen--de
lussen--, terwijl de uiteinden staarten Kkunnen vormen die in
de oplossing uitsteken. De elektrische wisselwerkingen wijzigen
dit beeld. De onderlinge afstoting tussen de ladingen op de seg=-
menten maakt, dat de lus- en staartposities ongunstiger worden
dan de treinposities, waar de onderlinge afstoting wordt gecom=-
penseerd door de aantrekking van het oppervlak. Dit heeft tot ge-
volg, dat bij polyelektrolietadsorptie de geadsorbeerde hoeveel-
heid zelden meer bedraagt dan een enkele laag segmenten, terwijl
bij ongeladen polymeren vaak meer dan één laag wordt gevonden.
Deze onderlinge afstoting van segmenten van de polyelektroliet-
moleculen kan zo sterk zijn, dat juist buiten de geadsorbeerde
laag de polyelektrolietconcentratie wveel lager kan zijn dan in
de oplossing. Bij ongeladen polymeren neemt de geadsorbeerde hoe-
veelheid toe met de ketenlengte, omdat langere lussen en staarten
kunnen worden gevormd. Bij polyelektrolieten is dit niet mogelijk,
zodat de adsorptie bijna onafhankelijk van de ketenlengte is.
Hocfdstuk 4 en 5 vormen het experimentele gedeelte. Omdat de
polyelektrelietadsorptietheorie niet alleen van toepassing is
op lange polymeren, maar ock op die wvan korte ketens,--de zoge-
naamde oligomeren--, is het van belang ook voor oligomeren de
theorie te testen. Hoofdstuk 4 beschrijft de bereiding van deze
korte ketens. Dit gebeurt door het herhaaldelijk aan elkaar kop-
pelen van ketens van gelijke lengte. Zo ontstaat een reeks van
twee, vier, acht, zestien en tweeéndertig segmenten lang.
In hoofdstuk 5 worden de adsorptieexperimenten beschreven. Als
model polyelektroliet is poly-L-lysine gebruikt, als model opper-
vlak dat van zilveriodide. De eigenschappen van deeltjes zilver-
iodide kunnen met verschillende methoden worden onderzocht. Uit
de resultaten ontstaat het volgende beeld van de polyelektroliet-
adsorptie:
i) Bij een lage zoutconcentratie wordt slechts een dunne laag g
adsorbeerd polyelektroliet gevormd.
ii) Onder deze omstandigheden is de adsorptie onafhankelijk van
ketenlengte bij niet te korte ketens.
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iii) Omdat zout de ladingen van de ketens afschermt, worden bij
hoge zoutconcentraties wel enige lussen en staarten gevormd
en neemt de geadsorbeerde hoeveelheid dus toe.

iv) Bij de oligomeren neemt de adsorptie altijd toe met de
ketenlengte.

Dit beeld is in overeenstemming met de theoretische resultaten

beschreven in hoofdstuk 3.

Hoofdstuk 6 geeft een kwantitatieve vergelijking van de ex-
perimenteel verkregen resultaten met de theoretisch berekende.
Ook kwantitatief is de overeenkomst tussen theorie en experiment
goed. In dit hoofdstuk staan ook suggesties voor verdere vervol-
making van de theorie en voor experimenten die nog scherpere
test voor de theorie zijn.
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