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STELLINGEN

Bumbullis et al. en Wolfes en Schiigerl noemen de bulk-viscositeit
die zij berekenen m.b.v. gegevens verkregen uit transversale ca-

pillaire golf- en oppervlaktespanningsmetingen aan viscoelastische
oppervlakken ten onrechte de oppervlakte-viscositeit.

Bumbullis, W., Kalischewski, K en Schiigerl, K. (1981}). Foam behaviour of bio-

logical media. VII. Surface viscosity and viscoelasticity. Eur. J. Appl. Micro-
biel. Biotechnol. 11, 110-115.

Wolfes, H. en Schiigerl, K. (1983). Foam behavior of biological media. VIII.
Surface properties. Eur. J. Appl. Microbiol. Biotechnel. 17, 371-375.

De Voeght en Joos missen een essentieel punt in het gedrag wvan de
capillaire golven op het vloeistofoppervlak van natriumlaurylsul-
faat/l-tetradecancl oplossingen door niet op te merken dat in dit
geval de modulatie van de amplitude wvan de golven met de afstand
wezenlijk verschilt met de amplitudemodulatie die bij water t.g.v.
reflecties optreedt.

Voeght, F. de en Joos, P. (1983). Waves at the air/liquid interface of a sur-

factant solution with a high surface shear viscosity. J. Cclloid Ianterface Sci.
95, 142-147.

Bij een lage en constante geadsorbeerde hoeveelheid vindt t.g.v.

de ladingstegenstelling tussen adsorbaat en adsorbens in poly-L-

lysine, geadsorbeerd aan polystyreen {(latex), geen ladingsgeindu-
ceerde helix-kluwen overgang plaats. Bij hogere adsorpties is zo'n
overgang echter wel mogelijk.

Dit proefschrift, hoofdstuk 6.

De analyse van de Surface-Enhanced Raman Spectra (SERS) van pipe-
ridine van Sanchez et al. zou vollediger zijn geweest als zij er
ook de invleoed van de bezettingsgraad van het adsorbaat bij hadden
betrokken.

Sanchez, L.A., Birke, R.L. en Lombardi, J.R. (1984). Surface-Enhanced Raman

scattering of piperidine. The effect of electrode potential on intensity.
J. Phys. Chem. 88, 1762-1766.
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Bij de presentatie van polyelectrolytadsorptiegegevens, waarbij de
geadsorbeerde hoeveelheid is uitgedrukt als hoeveelheid massa,
dient het duidelijk te zijn of het tegenion wel of niet hierin is
inbegrepen.

Het onderscheid dat Lok et al. maken tussen reversibel en irrever-
sibel geadsorbeerd runder plasma-albumine is niet zinvol omdat zij
de aggregatietoestand van het eiwit niet hebben vastgesteld.

Lok, B.K., Cheng, Y-L. en Robertson, C.R. (1983). Protein adsorption on cross-

linked polydimethylsiloxane using total internal reflection fluorescence.
J. Colleid Interface Sci. 91, 104-116.

De grafieken van Y'/u.:l'5 versus w die Kvastek en Horvat gebruiken om
de Warburg coéfficiént uit te rekenen, geven alleen de door hen
verwachte rechte te zien omdat ze het (wel gemeten) hoogfregquente
deel ervan weglaten.

Kvastek, K. en Horvat, V. (1981). Kinetic study of the Ag/Agl electrode by com-
plex impedance dispersion analysis. J. Electroanal.. Chem. 130, 67-79.

Bij het onderzoek naar het gebied van afschuifsnelheden waarbij

men pseudo-plastische vloeibare levensmiddelen in de mond beoor-
deelt op hun dikvloeibaarheid, gaan Cutler et al. ten onrechte

voorbij aan het feit dat de meeste van deze vlpeistoffen ook thi-
Rotroop zijn.

Cutler, A.N., Morris, E.R. en Taylor, L.J. (1983). Oral perception of viscosity
in fluid foods and model systems. J. Text. Stud. 14, 377-395.

Bij het nagaan van het verband tussen de geadsorbeerde hoeveelhe-
den polyacrylzuur en de wandlading van de adsorbentia hematiet en
rutiel, houden Gebhardt en Fuerstenau ten onrechte geen rekening
met een verschuiving van de wandlading die kan optreden t.g.v. de
adsorptie van het polyelectrolyt.

Gebhardt, J.E. en Fuerstenau, D.W. (1983). Adsorption of polyacrylic acid at-

oxide/water interfaces. Colloids and Surfaces 7, 221-231.
Dit proefschrift, hoofdstuk &4 en 5. '




10.

11.

12.

13.

14.

De schatting die Buscall en Ceorner maken van de gemiddelde volume-
fractie polyacrylzuur aan het oppervlak van hun polystyreendeel-

tjes, op basis wvan o.a. protontitraties van geconcentreerde poly-
acrylzuuroplossingen, is inconsistent met een van de door hen ge-
maakte veronderstellingen.

Buscall, R. en Cormer, T. (1982). Polyelectrolyte stabilised latices. Part 2:

Characterisation and colloidal behaviour. Colloids and Surfaces 5, 333-351.
Dit proefschrift, hoofdstuk 6.

In tegenstelling tot de resultaten beschreven in dit proefschrift
vinden Furusawa et al. geen noemenswaardige invloed van de zout-
concentratie op de adsorptie van poly-L-lysine aan pelystyreen
{latex) bij pH 4. Waarschijnlijk is dit het gevolg van de meet-
procedure die ze toepassen.

Furusawa, K., Kanesaka, M. en Yamashita, S. (1984). Adsorption behavior of
poly-L-lysine and its conformation at the latex-water interface., J. Colloid

Interface Sci. 99, 341-348.
Mt proefschrift, hoofdstuk 4.

In theoretische publicaties waarin de resultaten van computerbere-
keningen wezenlijk zijn voor de theorie, dient de beschrijving van
de bijbehorende programma's minstens gelijkwaardig te zijn aan die
welke gangbaar is bij de paragraaf materialen en methoden in expe-
rimentele verhandelingen.

Een grotere integratie wvan beleid m.b.t. waterkwaliteit en water-
kwantiteit dan nu in Nederland gebruikelijk is, kan leiden tot een
grotere doelmatigheid van het waterbeheer.

De consumptie van zoutjes bij het televisiekijken kan toenemen

door de aanwezigheid van ondertitels.

B.C. Bonekamp

Adsorption of polylysines at solid-liquid interfaces
Wageningen, 12 september 1984
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ABSTRACT

Bonekamp, B.C. (1984) Adsorption of polylysines at solid-liquid interfaces. Doctoral

thesis, Agricultural University, Wageningen. 208 p, 80 figs, 5 tables. English and
Butch summaries

Adsorption properties of the polyelectrolytes poly-L-lysine (PL-L) and poly-DL-lysine
(PL-DL) on hydrophobic (polystyrene latex, silver iodide) and hydrophilic (silica}
negatively charged solid particles were studied.

Adsorbed amounts as a function of concentration, ionic strength, surface charge,
PL chain length and chain charge density were determined. The adsorption of PL on
negatively charged polystyrene latex and silica was also monitored conductometri-
cally and potentiometrically. Further flocculation and coagulation measurements were
performed. Information about the secondary structure of adsorbed PL-L was obtained
from proton titrations of PL-L and PL-DL adsorbed at polystyrene particles.

The sterecregularity and secondary chain structure of PL does not influence the
adsorbed amount. At low constant adsorbed amount, there is no coil to helix transi-
tion in adsorbed PL-L, because of the charge contrast and hydrophobic interactions
between PL and the surface. Only when the adsorbed amount is high at each pH, a
transition takes place and adsorbed PL-L can be partly helical.

At low pH and low ionic strength the adsorbed polyelectrolytes show a rather flat
conformation and there is no pronocunced effect of the hydropgobicity of the adsor-
bent. All negative surface groups form ion pairs with an -NH_, group of PL, but the
reverse is not the case. The adsorption of the basic polyaminpacids increases (i.e.
loops and tails start to develop) if the pH is increased or if the ionic strength is
raised, With the hydrophobic adsorbents the electrolyte effect persists up to very
high concentrations. In the case of the hydrophilic silica no increase above 0.01 M
salt was observed, because here hydrophobic interactions are absent. The ionic
strength and pH dependence of the adsorption on hydrophobic substrates are in satis-
factorily agreement with theoretical predictions.

Free descriptors: Adsorption, binding, solid-liquid interface, polycation-polyanion
complex, polyelectrolyte, charged macromolecule, charged polvaminoacid, poly-L-lysine,
poly-DL-1ysine, PLL, PLDL, polystyrene latex, silica, conformation, conformational
transition, helix-coil transition, secondary structure, proton titratiom, conductiv-
ity, flocculation, coagulation.
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1 INTRODUCTION
1.1 GENERAL BACKGROUND

Interactions between polymers of biological or synthetic origin and
interfaces are of importance for a wide variety of biologicél, medical
and technological processes. For instance bound proteins and glycopro-
teins play important roles in natural membranes (see e.g. Cantor &
Schimmel, 1980). Further, the flocculation of suspended bacterial cells
by biological or synthetic water-soluble polyelectrolytes is of con-
siderable importance in biotechnology and water purification (Daniels,
198C}). Also the attachment of whole bacterial cells or viruses to.solid-
surfaces is an example of biopolymer-surface interaction and of rele-
vance for microbiology, biochemistry, (bic)engineering and dentistry
{Daniels, 2980). Still more examples will be given in the following
chapters. Because of the importance of polypeptides including the pro-
teins at biological and non-biological interfaces, 1 shall now focus
on the adsorpticn properties of water soluble polypeptides only.

Polypeptides appear in pature at various levels of structural or-
ganization, from random coils up to ordered secondary, tertiary and
quartérnary structures*. In view of the structure-function relation
of natural polypeptides the investigation of the three dimensional
structure of polypeptides, proteins included, is of great importance.
The conformation (i.e. three-dimensional structure) of a pclypeptide
is the result of the sum of all intra molecular interactions and inter-
actions of the biopolymer with the environment. As the presence of an
adsorbent implies a change of this enviromment it is reasonable to as-
sume that the conformation of polypeptides can change upon adsorption.

Another important aspect concerning the adsorption of most natural
polypeptides is, that these polypeptides contain aminoacid residues
with ionizable side chains. Hence these polypeptides can be electrically
charged and the electrostatic interaction with interfaces, which are
also charged in most cases, may to a greater or lesser extent influence

* The primary structure of a polypeptide is defined as the sequence in which the
amino acids are linked together. The secondary structure refers to the confor~
mation the polypeptide backbone adopts (e.g. a-helix and B-structure). The ter-
tiary struﬁture refers to folding of sections of secondary structure in space.

The quaternary structure refers to the arrangement of tertiary structures in space.




the adsorption properties. It should alse be realized that adsorption
from solution is a competitive process. When polypeptide molecules ad-
sorb, solvent (water) molecules and possibly other components (e.g.
ions) must be displaced. In general, the structure of the adsorbed poly-
peptide layer will be the net result of all intra- and intermolecular
interactions including the interactions of the polypeptide with the
solvent and the surface.

when a polypeptide molecule in solution bhehaves as a random coil,
i.e. as a flexible polymer chain, the adsorption behaviour should re-
semble that of synthetic flexible polymers. Such polymers adsorb at
almost any surface and the adsorption isotherm is usually of the High
Affinity type. Even if the affinity of a polymer segment for the sur-
face is small, the adsorption is still of a high affinity type, because
the total adsorption energy is the sum of the binding energy of many
segments. Not all segments of the adsorbed macromolecules need to be
attached to the surface. Part of them can reside in loops and tails
protuding into the solution. A series of adjacent segments in contact
with the surface is called a train. The adsorbed layer consists then
of trains, loops and tails. The interfacial properties are strongly
influenced by the presence of such an adsorbed layer (see e.g. Fleer
and Lyklema (1983)).

when there are considerable intrasegmental attractions in a poly-
peptide molecule, such as hydrophobic bonds, hydrogen bonds, ionic
interactions etc., the train-loop-tail model is not suitable for the
description of the adsorbate. This is the case for most proteins. As a
consequence of the strong intra molecular attractions most proteins
have a well-defined three dimensional structure, containing parts with
different degrees of order ranging from random coils to o helix and B
sheet structures. Because of the specific structures they adopt in
solution, a general theory for the adsorption of proteins does not
exist at present.

Another complicating factor with proteins as adsorbates is that
they are usually ampholytic polyelectrolytes. The importance of electro-
static and hydrophobic interactions in determining the properties of ad-
sorbed proteins has been emphasized by for instance Norde and Lyklema
(1978).

Over the past three decades synthetic polypeptides (polyaminoacids)
have evolved as an interesting class of polymers in their own right,
and as model proteing for conformaticnal studies. Much work has been
done on the properties of synthetic poly-o-amincacids in the solid




state and in solution (Fasman, 1967). However relatively little at-
tention has been directed to their interfacial properties especially
at solid-liquid interfaces. Among these interfacial studies a minor
part is devoted to the study of charged poly-a-aminoacids capable
of forming secondary structures. This despite of the importance of
charge interactions and structural alterations in adsorbed proteins
(see e.g. Norde, 1978). Although the study of the adsorption of charged
polyaminoacids gives no direct information about the behaviour of ter-
tiary polypeptide structures at interfaces, the study of these com-
pounds can provide insight in the behaviour of v helices and other
secondary structures at surfaces and the role of charge interactions
therein. Also the role of the aminocacid side chains in the surface
interaction can be traced. It is therefore that this thesis is de-
voted to polylysine, a positively charged poly-o-aminocacid capable
of forming secondary structure, adsorbed at solid-liquid interfaces.
As at low pH polylysine is a highly charged polyelectrolyte, the ad-
gsorption properties will resemble then those of other synthetic poly-
electrolytes and they can be compared with theoretical predictions of
van der Schee (1984} for the adsorption of flexible polyelectrolytes.

1.2 AIMS OF THIS WORK
The aims of the present study are:

(1) To gain more insight into the behaviour of charged polymers at
{oppositely) charged interfaces and to compare the results with
theoretical predictions and with the homogeneous complex forma-
tion between polycations and polyanions in solution.

(ii) Establishing of the role of the substrate in determining the
characteristics of the adsorbate.

{iii) Establishing of the secondary structure of adsorbed weak (cat-
ionic) acid polyelectrolytes at low chain charge density and the
occurrence of conformational transitions in the adsorbed state.

1.3 SYSTEMS USED AND OUTLINE OF THIS STUDY

Most experiments in this study were performed with poly-L-lysine.
HBr (PL-L) and poly-DL-lysine.HBr (PL-DL) as the adsorptives. As said
before, peolylysine was chosen because in solution this homopolyamino-
acid shows different structures depending on the solution pH: at low
pH, the molecule is a highly charged polyelectrolyte. At high pH the




molecule is helical, a structure which is also typical for proteins.
Poly-DL-lysine does not form a helix and this polymer will behave as
a coil at any pH.

As at low pH PL is highly positively charged, accurate concentration
determinations are possible by means of titration with an oppositely
charged polyelectrolyte.

As the adsorbents polystyrene (latex), pyrogenic silica and boro-
silica glass were used. For comparison reasons in some experiments also
AgI was used. In this way it was possible to trace the influence of the
nature of the surface of the adsorbent on the adsorption properties.

The present thesis is written in such a way, that each chapter can
be read independently.

In chapter 2 some general aspects of the adsorption of ionizable
polyaminoacids will be discussed.

In chapter 3 relevant properties of the polyaminocacids and adsor-
bents used obtained from the literature and from own measurements are
discussed.

Chapter 4 deals with the adsorption of the highly charged poly-
electrolyte polylysine on different substrates. The adsorbed amount
as a function of time, molecular mass, ionic strength and surface
charge is measured and discussed. Also the influence of the surface
hydrophobicity is considered. Further the coagulation of the latex
and sols used in the presence of an adsorbed PL layer are investigated.

In chapter 5 information is collected about the interaction between
positively charged polylysine and negatively charged polystyrene (latex)
and silica obtained with the help of conductometric and potentiometric
technigues. At the same time the complex formation between polylysine
and the solid particles is compared with the homogeneous complex for-
mation between linear polycations and polyanions. The results are also
related to the flocculation behaviour of the particles in the presence
of PL. '

Chapter 6 deals with the conformational properties of adsorbed PL
at high pH. In the first part of this chapter interactions determining
the secondary structure in PL are examined. As at low chain charge
density phase separation occurs in PL solutions, some precipitation
characteristics of PL-L and PL-DL are determined and the influence of
the secondary structure of PL-L on the adsorbate properties is obtained
from the comparison between the adsorption of PL-L and PL-DL as a
function of the pH in the alkaline region.

By means of potentiometric proton titrations of PL-L and PL-DL in




solution and adsorbed on polystyrene, information is obtained about the
PL conformation in the adsorbed state and the occurrence of conforma-
tional transitions in adsorbed PL. In the first part of the titration -
section, the application of proton titrations in heterogeneous systems
is discussed in some detail. For comparison reasons also some titratien
experiments are performed with other polyelectrolytes. Finally the
conformation of adsorbed PL as a function of the pH and adsorbed amount
as it emerges from this study is roughly sketched.

In the last chapter some of the adsorption properties of PL are
compared with the theoretical predictions of the polyelectrolyte ad-
'sorption theory of van der Schee.
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2 ADSORPTION OF POLYAMINOACIDS WITH IONIZABLE SIDE GROUPS
2.1 INTRODUCTICN

This thesis is mainly concerned with the interaction between charged
polyaminoacids (i.e. a class of polyelectrolytes) and oppositely charged
colloidal particles and the conformational properties of the bound poly-
aminoacids. Following the definitions of Bungenberg de Jong (1952) the
systems under consideration are complex colloid systems.

In the interaction between oppositely charged particles in agqueous
solution, systems with increasing complexity can be considered.

In simple electrolyte solutions interactions such as ion pair formation
between oppositely charged micro-ions are of importance. In homogeneous
solutions of polyelectrolytes, the interaction between micro-ions and
the pelyion determines to a large extent the properties of the system.
An example of current interest is the interaction of heavy metal ions
with polyelectrolytes.

wWhen two oppositely charged pclyions are present in the solution, the
complex formation between the oppositely charged polyions usually leads
to phase separation. This type of complex was already studied exten-
sively by Bungenberg de Jong (1952) for the gelatin/qgum arabic system.
Some 10 to 30 years later pelyanion-polycation complexes were studied
again with better defined polyelectrolytes (see chapter 5).

In sols or suspensions of charged solid particles, which are hetero-
geneous systens, the interaction between charged particles and opposite-
ly charged polyelectrolytes is, as will be shown in chapter 5, to a
large extent analogous to that between polyanions and polycations in
homogeneous systems.

Of course also in the macromolecular systems, the interaction be-
tween the charged particles and the micro-ions is of importance. In
the case of charged particles and oppositely charged polyelectrolytes,
binding of the polyelectrolyte to the particle surface will usually
occur.

Finally complex formation between oppositely charged solid partic-
les in the absence or presence of polyelectrolytes can be considered.
However this type of complex formation is beyond the scope of this
study.




Table 2.1 Charge-Charge interactions in polyelectrolyte systems with
oppositely charged macro-ions.

A Homogeneous systems
1. polyanion + micro-cation
2. polycation + micro-anion
3. polycation + polyanion
4. micro-anion + micro-cation
B Heterogeneous systems with negatively charged interfaces

1. anionic interface + mic¢ro-cation
2. polycation + micro-aniaon
3. anionic interface + poly-cation
4, micro-anion + micro-cation

The possible electric interactions between coppositely charged particles
in polyelectrolyte systems are collected in table 2.1.

Except charge interactions also other interactions can play a role
in the afore mentioned systems, such as hydrogen bonds and hydrophobic
bonding. I will return to this and to the conformational aspects of
the complex formation in the subsequent chapters.

2.2 POLYAMINOACIDS AT INTERFACES

In this section a short survey of literature concerning the adsorp-
tion of synthetic polyaminocacids is given.

E. Ratchalski (1953) was one of the first who studied the adsorption
of basic synthetic poly-a-aminoacids. These studies dealt with the inter-
action of basic polyaminoacids as polylysine, polyornithine and poly-
arginine with bacterial cell surfaces (Ratchalski et al., 1953) and red
blood cell surfaces {Nevo et al., 1955). These experiments were per=
formed with polyaminocacids of a low degree of polymerizaticn (DP 36-
70). Results of these studies of a more general significance, in cases
of charge contrast are:

- At a certain polyaminoacid cencentration charge reversal occurs.

- Flocculation of the particles (i.e. cells) occurs just below charge
neutralization.

- Electrostatic interactions are of major importance, but also non-
electrostatic adsorption forces play a role.




The study of Taketomi and Ruramoto (1978) follows the same line as
the early investigations of Katchalski and Nevo. These authors investi-
gated the aggregation of human platelets by polylysine and dextran.
Broadly outlined their results are analogous to those of Nevo and
Ratchalski. The interactions of polycations with mitochondria were
investigated by Tomasiak et al (1980). The effect of the polycatiocns on
the functioning of mitochondria was mainly considered. Hartmann and
Galla (1978) investigated the binding of spin-labeled polylysine to
charged bilayer membranes (i.e. binding to wvesicles). A remarkable
conclusion was that upon binding of highly charged PL a conformational
transition from a random co0il to a partially ordered conformation
(not an o helix) may take place. It was further concluded that half
of the lysine groups are bound to the membranes. However the results
may be affected by the use of spinlabels.

As far as 1 know there are only a very few studies dealing with
the adsorption of weak acid or basic¢ homopolypeptides on solid sub-
strates. Corry and Seaman (1978) and Corry (1978) studied the inter-
action between poly-L-lysine and polystyrene particles (latex) by means
of electrophoretic mobility and aggregation studies. Results of their
investigations of relevance for this study will be discussed in
chapter 4.

In connection with the theory of chromatography on hydroxyapatite
columns with small loads, Rawasaki (1978) studied the behaviour of low
molecular mass poly-L-lysine in this type of adsorption chromatography.

Juriaanse et al. (1980a,b) investigated the adsorption of poly-L-
lysine, poly-L-ornithine, poly-L-aspartic acid and poly-L-glutamic acid
to whole Bovine Dental Enamel. Their results for the highly charged
polylysine and polyornithine deviate from what is usually found for
polyelectrolyte adsorption. The very high adsorbed amounts of about
20-30 mt._:j.n:l-2 (in the absence of added salt) are explained by these
authors by an adsorption model in which only a few segments are at-
tached to the surface and the repulsion between the resulting long
tails is effectively screened by 'bridges' of divalent ions coming
from the surface. The release of divalent ions was also experimentally
verified. In my opinion also surface precipitation due to the binding
of divalent ions can play a role. It will be clear that the results
of Juriaanse et al. are not representative for simple solid-liquid
interfaces. A study of the adsorption of acidic polyaminoacids to
hydroxyapatite comparable to that of Jurjaanse et al. wag performed
by Garcia-Ramos et al. (1981}.
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As already said in chapter 1 the study of charge-induced conforma-
tional transitions in an anisotropic enviromment is of prime interest
in the study of adsorbed polyaminoacids. Nevertheless little attenticn
has been paid to this subject in the literature.

Although Caspers et al. (1974) studied the conformation of an ion-
izable polypeptide adsorbed at the air-water interface and not at
solid-liquid interfaces, their result is worth mentioning here.
Caspers et al. found that a charge-induced transition from the helical-
to the coiled conformation is possible in a copolymer of glutamic acid
and methyl glutamate adsorbed at the air-water interface.

Especially with respect to the conformational properties, the poly-
peptide behaviour at solid-ligquid and liquid-fluid interfaces can be
different. For example, at liquid-fluid interfaces sterical constraints
may be less important than at solid-liquid interfaces, as a conseguence
of which conformational transitions may occur more easily.

Pefferkorn et al. (1982) studied the helix-coil transition of poly-
glutamic acid adsorbed at an artificial (solid) membrane surface. The
influence of the polyglutamic acid conformation on the membrane prop-
erties was investigated. Their results indicate that a helix-coil
transition in the adsorbed state occurs indeed when the solution pH
is changed over a certain region.

A study closely related to the underlying one is that of van der
Schee and Lyklema (1982}, who studied the adsorption behaviour of
oligo- an polyamincacids on AgI and their effects on double layer
properties and colloid stability.

The dimensions and states of uncharged polypeptide molecules ad-
sorbed at sgolid-liquid interfaces were investigated by Chao (1974).
This author measured the adsorption of a variety of uncharged poly-
aminoacids from various solvents on glass. The discussion of his
results is beyond the scope of this thesis.

Discussions about the properties of polyaminoacids adsorbed or
spread at liquid-liquid or liquid-air interfaces can be found in the
reviews of Miller (1971), Miller and Bach (1973} and Malcolm (1973).

2.3 POLYELECTROLYTE ADSORPTION

The adsorption of polyelectrolytes on solid substrates is more com-
Plex than that of uncharged polymers, bhecause of the electrostatics of
the polymer/adsorbent and polymer/polymer interaction.

In general, polyelectrolytes can become adsorbed on adsorbents op-
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positely charged to the polyelectrolyte (then ion exchange phenomena

may play a role) (see Hesselink, 1977), but also on adsorbents with

the same type of charge as the polyelectrolyte. The latter occurs
only when the non-electrostatic adsorption energy is high enough to
overcome the electrostatic repulsion.

Usually high affinity adsorption isotherms are found. In most cases
the amount adsorbed is lower than that for non-ionic polymers due to
the strong repulsion between segments in the adsorbed layer. At high
ionic strength, or at low chain charge density, polyelectrolyte adsorp-
tion should resemble non-ionic polymer adsorption. It seems therefore
logical to take the train-loop-tail model (as in theories for uncharged
polymer adsorption) as a starting peoint for the description of flexible
polyelectrolyte adsorption. wWhether such an description is also valid
for polyelectrolytes showing secondary structure is guestionable (see
chapter 7).

The adsorption of peolyelectrolytes on solid adsorbents is mainly
dependent on:

- Properties of the adsorbent; e.g. surface charge density Ot surface
heterogeneity, hydrophobic/hydrophilic balance of the surface.

- Properties of the polyelectrolyte; e.g. degree of polymerization DP,
pK's of the charged groups, spacing between the charges, chain flex-
ibility.

- Interaction between polyelectrolyte and solvent.

- Interaction between polyelectrolyte and adsorbent as determined by
the effective adsorption energy Xs,eff’ defined as the non-electro-
static adsorption energy Xg including the electrostatic interactions
of train segments with the surface.

- Properties of the solution, e.g. ionic strength, polymer volume
fraction, pH, presence of bivalent ions, presence of specifically
adsorbed (i.e. through non-electrostatic forces) ions.

In a theoretical treatment on polyelectrolyte adsorption it would
be a formidable task to include all these contributions. In the exis-
ting theories the independent variables which are taken into account
are: polymer concentration in solution, chain length, surface charge o
polymer chain charge density, the Flory-Huggins polymer-solvent inter-
action parameter x and the non-ionic adsorption energy parameter Xg-
For a discussion of experimental and theoretical trends the reader
is referred to the review by Hesselink (1983). However, more recent

(i.e. after 1979) experimental and theoretical developments are not
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included in Hesselink's article. Some of these if of importance for

this study, can be found in chapter 4 to 7.

The first theory on pelyelectrolyte adsorption, capable of de-
scribing some experimental trends was that of Hesselink (1977). However
this theory is nevertheless inadequate because some important proper-
ties are predicted incorrectly. For example, the fraction of segments p
attached to the surface and the predicted thick polyelectrolyte layers
are greatly in disagreement with general experimental experience.

Usually, high p values and thin adsorbed layers are found, at least
at low ionic strength.

A model for the adsorption of polyelectrolytes analogous to that
of Hesselink, was published by Silberberg (1978).

Recently, van der Schee (1984) extended the theories of Roe (197¢)
and Scheutjens-Fleer (1979) to the adsorption of charged flexible poly-
mers. Van der Schee derived expressions for the potential distribution
in and the free energy of a double layer containing polyelectrolyte
charge. In the model of van der Schee cilindrical symmetry, which is
usually encountered in theories for bulk polyelectrolyte, is lost. In
contrast to the theory of Hesselink, the polymer segment-density as a
function of the distance to the surface follows from the theory and
is not preassumed as Hesselink did (see also chapter 7).

At low electrolyte concentration the theory does predict the high
values of p and thin polyelectrolyte layers. Also other properties are
predicted correctly, for example the ionic strength dependence of the
adsorption and the effect of molecular mass. However some other proper-
ties of adsorbed polyeleétrolyte predicted by the theory of van der
Schee may be at variance with experimental observations due to the
approximations done in the theory. The most serious of these are:

- The use of a lattice model for adsorbed and bulk polyelectrolyte
in which the characteristic length for the polyelectrolyte segments
is the same as for the electric interactions.

- The smearing out of charges in planes parallel to the surface, also
for the description of bulk polyelectrolyte.

~ The neglect of chain stiffness effects.

- The neglect of the influence of the potential on the dielectric
constant and the degree of icnization.

The consequence of thege approximations, which except for the last
mentioned, are difficult to avoid at present, is that it is very likely
that proton titration properties of adsorbed polyelectrolyte will not
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be predicted well. A discrepancy between theory and experiment is also
expected when discrete charge effects at the surface are important.
This may be the case with adsorbents that have localized ionizable
groups at the surface.

Nevertheless, the polyelectrolyte adsorption theory of van der Schee
is a fruitful development in the polyelectrolyte adscrption field, war-
ranting further elaborations.
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3 MATERIALS
3.1 POLYLYSINE (PL} AND RELATED POLYAMINGACIDS
3.1.1 Synthesis and structure
The polyaminoacids used in this study were commercially produced by
the Sigma chemical company. Their viscosity average molecular mass, as

determined by the manufacturer, were used in this study. The general
primary structure is shown in fig. 3.1.
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Fig. 3.1
a. Repeating chemical unit of a polyaminoacid chain.
R = -(CH2)3-NH; Br , polyo:nithine.HBr.; R = -(CHz)a-NH;Br-, polylysine .HBr.
b. Planar peptide bond unit -E-N in a polyamincacid chain, characteristic for
polypeptides and proteins, ﬁ
c. Dimensions and configuration of a fully extended palypeptide chain (after

L. Pauling et al. (1951). Dimensions are given in nm.

Different hemopolyaminoacids differ with respect to the composition
of the side group R (fig. 3.1) of the polypeptide backbone. The nature
of this side group is very important in determining the solvent proper-
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ties and secondary structure.

The polyaminoacids are prepared by base initiated polymerization of
N-carboxyanhydrides of the corresponding e-amincacids. This results
theoretically in a Poisson-type distribution for the molecular mass
of the molecules. The poly-DL-lysine samples used are atactic. The
viscosity average molecular mass of each basic polyaminoacid has been
determined by the manufacturer from the solution viscosity of the ma-
terial using the poly-L-lysine calibration methed described by Yaron
and Berger (1963), Sigma (1980). The molecular mass of poly-L-glutamic
acid (PGA) used in some experiments has been determined also by the
manufacturer from the solution viscosity of the polyaminocacid following
Idelson and Blout (1958).

Zimmerman and MNandelkern (1975) found for a PGA sample from Sigma
(ﬁv 102.680) a ﬁw/ﬁn ratio of 1.13, which is to be expected for a
Poisson type distribution. These authors found also that the absclute
value of the molecular mass was always apbreciably lower (10-20% for
PGA samples from Sigma) than the values given by the supplier. It is
possible that this is also the case for the PL samples used here. It
is very likely that the ﬁw/ﬁn ratio is also close to 1.0 for the poly-
aminoacid samples used in this study.

Most of the experiments were performed with polylysine, here the side
chain group R (see fig. 3.1) is -(CH ) -NH;Br_. Some experiments were
done with polycrnithine R = =(CH )3-NH3Br , polvhistidine R —CH“T“W
and the sodium salt of polyglutamic acid R = -(CH )2 -C00 “Nat. inH
Some PL samples were checked for residual blocking groups by UV, IR and
NMR spectroscopy. In most cases there was no evidence found for the
presence of such impurities. The water content of the PL samples ap-
peared to be 2-4% after drying under vacuum over KOH. The Br content
of the PL.HBr samples as determined from the weighted amount was in
good agreement with the value found from conductometric or potentio-
metric titration of a PL.HBr solution with a calibrated AgNO, solution.
In most experiments the polyaminoacid samples were used as received.

3.1.2 Solution properties of PL

Most homopolyamincacids are not soluble in water. O0f the uncharged
polyaminoacids only polyproline and polyhomoserine are soluble in water
(Fasman, 1967). Poly-DL-alanine has a limited solubility in water,
while poly-L-alanine is not soluble at all in water (Doty and Gratzer,
1961). This is probably caused by the imposgibility of the formation of
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intramolecular hydrogen bonds in its molecule. The salts of polyamino-~
acids with an ionizable side group are also scluble in water or aqueous
low molecular mass electrolyt solutiong. However, the uncharged basic
or acidic polyaminoacids are insoluble in agueous electreolyte solutions.
Hence for these polyaminoacids in water the well known Flory Huggins
interaction parameter yx exceeds 0.5. There are no data concerning the
measurement of the y parameter of basic (PL and PO) or acidic (PGA)
polyaminoacids available from literature. Interpretation of colligative
and hydrodynamic properties of polyelectrolytes in terms of a second
virial coefficient, from which x values are derived in the case of non-
ionic polymers, is very much complicated by the presence of electric
charges. So the usual techniques for determining x values are not suit-
able yet for polyelectrolytes.

Some information concerning the Flory-Huggins interaction parameter
may be obtained from phase-separation data, because phase separation
occurs near charge neutralization of the polyelectrolyt. However, the
occurrence of secondary structure can complicate the precipitation
behaviour of polyelectrolytes and polyamincacids (Zimmerman and Mandel-
kern, 1975). Measurements on the precipitation behaviour of PL will be
reported in Chapter 6.

As stated in section 1.2, one of the attractive features of synthet-
ic polyamincacids is that their secondary structure can be manipulated
by varying experimental conditions. For polyaminoacids with ionizable
side chains a change in secondary structure (helix-coil transition)
can occur when the charge density on the polypeptide chain is changed
by adjusting the pH of the agqueous solution (Fasman, 1967). For PL-L
these changes in secondary structure can very nicely be followed with
€D spectroscopy, see for example Beychok (1967). The CD spectra of
poly-L~lysine in the o, B or coil conformation are even used as standard
for the estimation of the helix and B sheet content of proteins (Green-
field and Fasman, 1969). The CD spectra of a PL-L sample from Sigma
used here shared the same characteristics at pH 6 and 11.0 as those
reported in the literature. CD measurements with poly-DL{1-1)-lysine
cannot reveal any indications of helices at any pH, since poly-DL{1l-1)
-lysine is in fact a racemic mixture of L and D lysine residues.

With potentiometric proton titrations however it is possible to mo-
nitor conformational changes both in poly-L-lysine and poly-DL-lysine
as a function of the charge density on the polylysine chain.




18

Potentiometric proton titration data of weak acid or basic poly-
electrolytes contain information about the conformation of the macro-
molecule because the measured pK (= pH-log I%E) contains an electro-
static term which is dependent on the electric field on the polyion
chain, and hence depends on the conformation of the molecule. The
'intrinsic' pr value at a fixed polyion- and salt concentration can be
found by extrapolating the apparent pK values to zero charge density on
the chain. (Nagasawa, 1970). More details about the method can be found
ig gection 6.6. The apparent pK (= pH-log I%E) as a function of the
degree of dissociation is plotted in fig. 3.2 for poly-L-lysine and
poly-DL-lysine in 0.1 M NaBr. The curve for poly-L-lysine shows a ‘dip'
around pH 10, caused by the coil to helix transition. As one can see
this 'dip' is absent in the PL-DL curve. So the PL-DL molecule shows
as expected no coil to helix transition, and thus stays in a coil con-
formation at pH values were PL-L is helical. The curve found for PL-L
is in reasonable agreement with those reported in literature {e.g.
Hermans, 1966; Grourke and Gibbs, 1971). See also Chapter 6.
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Fig. 3.2 Proton titrations of poly-L-lysine and poly-DL-lysine.
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SpL-pL = 4.87 molr.m .

See also fig. 6.12.1 and fig. 6.13 in Chapter 6.
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The coil conformation of PL-L and PL-DL at acidic pH values are pro-
bably not the same. The characteristic ratio for the racemic random
poly-Di-amincacid is about a factor of two lower than that of the
corresponding poly-L- or poly-D-aminoacid (Flory, 1969). This corres-
ponds to a more flexible chain for the poly-DL-aminoacid. At low ionic
strengths the effect of the charges on the polyaminoacids on the chain
stiffness is dominant. Van der Schee (1981) found a strong rise of the
optical rotation of L-lysine oligomers in water (pH<7) with increasing
chain length up to 32 residues. This is indicative of a structure de-
veloping gradually to lengths of more than 10 residues. Other authors
found also evidence for the occurrence of optically active structure
in poly-L-lysine molecules in water at low pH values {coil). Circular
dichroism measurements have pointed to an extended helix (Tiffany and
Krimm, 1969, 1%72; Rippon and Walton, 1971), although this idea has
been contradicted among others by Balasubramanian (1974). Painter and
Roenig (1976) contributed to this dispute with their Raman and IR spec-
troscopic study of the solution conformation of pely-L-lysine. Their
results are in favor of the presence of some local ordered structure
at low ionic strength similar to that suggested by Tiffanny and Krimm.
CD and optical rotation measurements are not suitable to detect the
presence of some structure in random (1:1)} poly-DL-lysine because so-
lutions of these molecules are racemic mixtures of L- and D residues
as stated earlier. Hence, with the above mentioned techniques it is
not possible to compare experimentally the flexibility of poly-L~ and
poly-DL-1ysine molecules.

Information about the chain stiffness may be obtained from for ex-
ample viscosimetric, light scattering and flow birefringence measure-
ments. The determined chain stiffness at low ionic strength will be
large due to electrostatic effects, i.e. the electrostatic persistence
length, which is identical for PL-L and PL-DL is the largest part of
the total persistence length. Above ionic strengths of 0.1 M and at
acidic pH differences in chain stiffness due to different stereoregu-
+ charges of PL are screened.

3
This difference in chain gtiffness can cause a different adsorption

larity become visible, because then the -NH

behaviour of poly-L- and DL-lysine at higher salt concentrations.
To conclude this section fig. 3.3 shows molecular models of a part
of a poly-L-lysine chain in the fully extended, and compact conformation.
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Fig. 3.3 Stuart models of poly-L-lysine. a) extended configuration,

b) compact conformation.
3.2 POLYSTYRENE LATEX

3.2.1 Preparation

The preparation and characterization of emulsifier-free polystyrene
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latices was essentially the same as described by Furusawa et al. (1972)
and Norde (1976), except for two modifications in the purification step:
After preparation of the latex (latex M: C(KZSZOB) = 1.85 mM, c(KHCO3) =
10 mM; Latex L: c(KZSZOB) = 0.31 mM), the 4-6 latex samples of about
200 cm> (solid content: 6-8% (w/v)) obtained in one latex preparation
run, were mixed together when the particle diameter of each sample was
the same within narrow limits. Then this latex batch was steamstripped
under reduced pressure at 308-313K, to remove excess monomer. During
this process the ionic strength of the latex was kept at the same or
at a lower level than the initial wvalue. Then the latex was treated
batchwise with a tenfold excess ion exchange resins from Biorad (Dowex
SOW-x4 cationic resin, Dowex l-x4 anionic resin), using a mixed bed
technique. The tenfold excess is with respect to initial buffer value
(i.e. ionic strength) of the latex. In this way the low molecular mass
salts were removed and the latex was brought into the protonated form.
Conductometric titration of the latex after the first and a second
treatment with the ion exchange resing showed that one run of ion ex-
change sufficed. The ion exchange resins were extensively purified
following the method of Van den Hul and Vanderhoff (1968). After the
ion exchange treatment and determination of the surface charge of the
latex, the latex was brought into the Na® form by titration with NaOH
and stored in a refrigerator at 276 K until use, to slow down any sur-
face group hydrolysis and microbial growth.

3.2.2 Characterization of PS latex

Properties of a latex, like particle diameter, number and nature of
surface groups etc., are in first instance dependent on the conditions
prevailing during the polymerization reaction. For instance, the sur-
face charge density can be varied by varying the initiator concentra-
tion and the concentration of buffer and/or supporting electrolyte.
For a detailed description of the influence of peolymerization condi-
tions on the latex properties I refer to the review by Hearn et al.
(1981). The properties of the prepared PS5 latex can be altered by
the cleaning procedure applied and the duration and conditions of
latex storage (see also Hearn et al., 1981; van den Hoven, 1984). In
the beginning of this study dialysis of the latex was used to remove
the low molecular mass salts and unreacted styrene monomer in the same

~way as described by Furusawa et al. (1972) and Norde (1976). Because
of the possible contamination of the latex during the prolonged dia-
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lysis and the ineffectivity of this process (Hearn et al., 1981), the
dialysis step was skipped and replaced by steamstripping and an ion
exchange procedure to remove excess electrolyte and to bring the latex
in the protonated form as already described under 3.2.1. For studies
on protein adsorption on PS latex, Norde (1976) used latex which was
only dialysed, because use of ion exchange resins would possibly con-
tamirate the latex by polyelectreclytes leaching from the resin, even
after extensive purification of the resins. This has indeed been found
by McCarvill and Fitch (1978) when cation- and anion exchange resins
are used separately. On the other hand, when mixed bed resins are used
McCarvill and Fitch (1978) and VanderHoff (1970) found no indication of
surface contamination. The reasons for this apparent contradiction are
not clear (Hearn et al., 1981). The use of ion exchanged latex for ad-
sorption studies has the advantage over dialysed latex of a more ac-
curately known surface charge.

Knowledge of the surface charge of the latex requires besides the
titration charge of ion exchanged latex, at least additional informa-
tion about the sulphur content of the latex before and after ion ex-
change (Norde, 1976). A detailed discussion of the advantages and dis-
advantages of the various latex cleaning procedures can be found in
the review by Hearn et al. (1981). Despite possible differences in
latex properties by applying different cleaning procedures there were
no indications found in this study that the adsorption behaviocur of
polylysine on latex is very dependent on the cleaning procedure adopted.
Adsorption isotherms of PL on only dialysed latex or steamstripped and
ion exchanged latex were within experimental accuracy the same. The
same was found for proton titrations of adsorbed polylysine.

The mean particle size of PS particles was determined by transmission
electron microscopy. Operating conditions were selected such to minim-
ize the effects of the electron beam on the particles. The instrument
was calibrated at the magnifications used against a carbon replica of
a diffraction grating. All samples used showed monodisperse spherical
particles. The mean particle size of the PS particles was obtained
from EM pictures by measuring the particle diameter of 25-%¢ partic-
les, in the same way as described by Norde (1976, 1978).

The uniformity coefficient U, defined as U = dw/dn' where dw and dn
are the weight and number average particle diameter respectively, is a
measure of the hémogeneity of the latex. dw/dn can be calculated from
the individual particle diameters d; using:
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d./a = {(3;n,a%)/(z;n a3 1/3

ititi iviti / {(zinidi)/zini} (3.1)

where ny is the number of particles. For all negatively charged PS
latices used the size distributions are very narrow, with 1.000<U<1.01.
See also table 3.1. From this table one can also see that with the same
latex formulation it is possible to obtain latices with the same par-
ticle diameter with a reasonable degree of reproducibility. The surface
charge of the latices however, prepared with exactly the same formula-
tion is not so well reproducible {see below and table 3.1).

Table 3.1 Relevant properties of PS latices used in this study

PS d (nm) . U surface conc. ASE (EM) AsB (MB) o,

Latex -Osogtpmol.g'l) me.g” m .g'l ne.m~ %
Ml 613 + 19 1.005 6.99 9.3 -74
M2 551 £ 14 1.003 5.98 10.4 -60
M3 657 = 30 1.008 5.0 9.2 4.0 -52
M4 602 + 21 1.005 4.2 10.0 -40
M5 622 1+ 16 1.003 3.6 9.2 =39
L 488 t+ 18 1.006 1.3 11.7 1.7 =11
P 405 t 35 1.03 - 14.8 +

Another observation made by van den Hoven (1984) is that the latex
particle diameter is lowered by ~3%, after the ion exchange treatment.
A possible qualitative explanation for this phenomenon may be that a
complete layer of oligo and polystyrene molecules is stripped of from
the latex surface. This is in accordance with the loss in bulk sulphur
content of the latex particles up to 30% observed by Norde (1976).
Ancther possibility is that fractionating of the particles occurred due
to the ion exchange treatment. It is also possible that the PS particles
have another behaviour in the electron beam after ion exchange. However,
the effect on the specific surface area of the latex is within experi-
mental error in our case. Because of the monodispersity of the latex
sanmples, the specific surface area Asp (surface area per gram poly-
styrene) may be simply calculated using:

A = = _ (3.2)

in which p is the density of polystyrene, where it does not matter whether
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dw or dn is chosen for d. Norde (1976) found by means of pyknomEtfg,
densities of the PS latex particles between 1,048 and 1,052 kg m
The specific surface area found with (3.2) is the geometric surface
area, so the actual (physical), surface area, which depends on the
method used for its determination, may be higher due to surface ir-
regularities ('hairy' surface) and for porosity of the latex surface.
There are indications that the N, B.E.T. specific surface area deter-
mined with freeze dried PS5 latex samples is higher (up to 30%) than

the EM surface (Norde, personal communication}. Barclay (1970) repor-
ted a similar result. Kamel (1981) however found almost no differences
between the two surface areas. Because of their shape the surface 'seen'
by macromolecules may be closer to the geometrical one than to the B.E.T.
(Nz) specific surface area.

The adsorption of low molecular mass compounds from solution is a
common and experimentally relatively easy technique for estimating the
interfacial area of adsorbents at the solid-liquid interface.
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Fig. 3.4 Adsorption isotherms of MB on PS latex. T
o0-o PS latex My 0, = 120 C.kg"'; pH(ads)
9.2 m?.g .
A-A PS latex L o, = 500 C.kg-l; pH(ads) = 5.5; Asp(geom.)
11.0 m2.g 1.

295 K
5.5; Asp(geom.)
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In fig. 3.4 adsorption isotherms of methylene blue (MB) from agueous
solution on PS latices with different surface charge are shown. The
adsorbed amount of MB was determined by depletion from solution, re-
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moving the PS particles in essentially the same way as for PL adsorp-
tion (section 4.2.3). The MB concentration was determined spectrophoto-
metrically at a Beckman model 3600 spectrophotometer at 663 nm. The MB
used was analar grade from Baker.

The adsorption isotherm of MB is a high affinity one. This was also
found for the adsorption of MB on AgI (Koopal, 1978). The plateau value
is very sensitive to the surface charge of the latex as one clearly
can see from fig. 3.4. When in both cases monclayer adsorption at
the plateau adsorption is assumed and for the pH under consideration,

a cross section a, per molecule MB of 0.55 nm2 (monclayer of MB dimers)
is taken (Koopal, 1978) then the MB surfaces of latex M3 and L are re-

spectively 4.0 ng-l and 1.7 ng-l
obtained from EM are 9.2 and 11.90 ng_
monomer adsorption should occur the values found for Asp are lower

, Whereas the specific surface areas

. respectively. Even if MB

than the geometrical ones. It seems that only the charged groups on
the latex surface and their direct environment are possible adsorption
sites (patchwise adsorption). Coagulation of the latex after charge
heutralization by MB occurred. In principle this can lead to a surface
area reduction and the estimated MB plateau adsorpticn values may be
somewhat too low.

From the above the cotitlusion may be drawn, that MB adsorption is not
suitable for specific surface area measurements of latices, but rather
a crude measure for the surface charge of a latex. A similar conclusion
was reached for the adsorption of MB on silica and glass (see section
3.3.1 and 3.3.2).

Rasper (1971) used the complexation of MB with the surface sulphonate
groups for the determination of the surface charge of the latex he used
for flocculation studies. As the adsorption of MB is superequivalent,
the values he obtained are too high. It may be noted that there is a
reasonable agreement between the MB, N2 B.E.T. and geometrical surface
area of Agl suspensions (Koopal, 1978; de Reizer, 1981). The mobility
of the surface charges and/or adsorbate molecules on Agl may be respon-
sible for this.

In connection with the above, the adsorption of tetra alkylammonium
ions (TAA+) on solid-liquid interfaces, might also be considered.

These ions, have a spherical shape, so that no problems arise in de=-
termining the orientation at the interface. The cross section of a
TaA' ion at the interface is thus well defined. De Reizer (1981) found
for the tetrabutylammonium area of Agl suspensions a value that is 10-
20% higher than the MB surface area. This difference is within expe-
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rimental error. However the plateau values of tetrapropyl and fetra-
butyl ammonium ions are the same, indicating that raa’ ions do not form
a dense monolayer on Agl, and therefore they give a too low value for
Asp. A similar situation exists for PS latex. .

Van den Hoven (1984) measured the adsorption of tetrapropyl (TprA ).
tetrabutyl (TBuA+} and tetra-amylammonium (TAmA+) ions on PS latex (co
= 82.9 mC m-z). The affinity of the TaAY ions for the latex increases
in the given order. However the plateau value is the same for alil three
taa® ions: 0.8 pmol m'z. This value corresponds well with the surface
charge of the latex, indicating that the TAaA® ions adsorb only at
charged (-050;) groups on the surface. The ionic radius of TaA” in-
creases in the order TprA+, TBuA+, TamA+, s0 the calculated apparent
specific syrface area increases alsc in the given order. The TAA" area
is in all cases significantly lower than the geometrical surface area.
In this respect Tar* ions behave similar to MB ions at pH 5.5. The cb-
servations above are of importance for the interpretation of the pla-
teau adsorption value of polylysine.

The surface charge of the PS latices was determined after ion ex-
change by conductometric and/or potentiometric titration with 0.1 M
NaOH under N, atmosphere. For details of the titration method see sec-
tion 4.2.4. There were no significant differences between the equiva-
lence points of the titrations after a first and a second treatment
with ion excharige resin, indicating that after the first treatment
protonation was complete. In fig. 3.5 a typical example of a conducto-
metric titration is shown.
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T=293.15 K
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Fig. 3.5 Conductometric titration of ion exchanged (mixed bed) PS5 latex H3

(H" form) with 0.1 M NaOH.
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From the titration curves it was conducted that the latices used did
not contain significant amounts of weak acid groups. The presence of
surface OH groups {resulting from the Kolthoff reaction during pcly-
merization, or hydrolysis of R-Osog groups during storage) is of course
not excluded. However the Kolthoff reaction is suppressed due to the use
of KHCO3 in the reaction medium (Hearn et al., 19581). The. slope of «
vs [OH'] (see fig. 3.5) before the eguivalence point is appreciable
lower (4-5 fold) than the slope for the corresponding strong acid ti-
tration, as is generally observed for PS latex titrations. In part this
is due to a lower contribution to the overall conductivity of i ions
in the electrical double layer. With linear polyelectrolytes a similar
behaviour is observed.

another question is whether or not the surface charge of PS latex is
the same before and after ion exchange. Norde (1976) assumed that the
reduction in total bulk sulphur that he found after ion exchange was
completely attributable to the loss of oligo- and polystyrene sulpho- -
nate molecules during the exchange process, and that the burried bulk
sulphate groups are not exposed at the interface after ion exchange. He
assumed then that the surface charge (Cg_l) before ion exchange is the
measured one after exchange plus the difference in sulphur content be-
fore and after the ion exchange treatment per gram latex. For PS latex
M1 (i.e. a latex with the same formulatioﬁzas used here), he found a
%, value (after ion exchange) of =45 mCm™“ and Oy (before i.e.) =
-84 mcm'z. There are several facts that plead against a reduction in
9y during the ion exhange process:

(i) repeated ion exchange treatments give the same value of a,-

(ii) The adsorption plateau value of PL con PS latex M is the same be-
fore and after exchange, while the plateau value is sensitive to the
surface charge at least in the region -(10-60) mcm™2 (see section 4.3.5}.
An alternative explanation ig that due to the ion exchange treatment a
thin layer polystyrene is stripped off, thus forming a new PS surface
with new -050; groups, who where burried as ion pairs in the PS par-
ticle before the treatment. The consequence then is that the 9 values
given by Norde (1976, 1978) for latex before ion exchange may be about
50% too high.

Latex that once has been exposed to 0.1 M electrolyte solution can
have a surface charge that is appreciable higher {sometimes by as much
as a factor two) than latex that has not been at high (>0.1 M) salt
concentrations. This was concluded by van den Hoven (198¢} from con-
ductometric titrations of latex samples who were ion exchanged before
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and after exposure to 0.1 M KNO, . When a second exposure to 0.1 M KNO,
was applied no increase in o, Was observed. No clear interpretation of
this salt effect can be offered at the moment. The latices used in this
study were not treated with 0.1 M electrolyte solution, before use in
adsorption experiments, except for latex Ml. The consequences of the
uncertainty in v, at high ionic strength will be discussed in sections
4.3.5, 4.3.6 and 6.6.4.

The gquestion whether the surface of the PS particles is smooth or
‘haify’ will be dealt with in the next section.

3.2.3 The polystyrene-water interface

In sections 3.2.1 and 3.2.2 some properties of the PS latices were
discussed, related to the specific surface area, nature and amount of
surface groups. In this section some other properties of the PS-water
interface will be discussed that may be of relevance for the adsorp-
tion of polyamincacids.

As- stated in the previous section, on the surface there are mainly

—080; groups. For a latex with a surface charge of, say, =50 mCm-z,

the total surface area of these groups is 0.15 n? per n? geometrical
surface area. Thé rest of the surface is hydrophobic. Thus, the sur-
face 'seen' by positively charged adsorbates like MB, TaAY ions and
polylysine is very likely to be heterogeneous in nature.

Another consideration is whether the polystyrene surface is smooth
or 'hairy'. By 'hairy' it is meant, that the surface is covered with’
bound oligo- and polystyrene molecules dangling in solution.

Goossens and Zembrod (1981) found an increase in particle diameter
of a carboxylated latex with photon correlation spectroscopy upon in-
creasing the pH from 3 to 8. This is expected in the case of a 'hairy'
surface on which the 'hairs' consist of polymer chains with carboxylate
groups.. The polymer chains are soluble in water because of the charged
end groups. Uncharged polystyrene molecules are nearly unsoluble in
water'(x > 0.5) and will therefore lay more flat on the surface, thus
forming a more or less 'smooth' surface.

From electrokinetic measurements on PS latex plugs van den Hoven
(198¢) found evidence that also latices with —oso; groups as used here
show a 'hairy' character. The surface charge of these latices however,
is much lower than that of the carboxylated latices of Goossens and
Zenbrod. The hairy layer is therefore probably less dense than in the
case of a highly charged latex.
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The hydrophobicity of the polystyrene ~-water interface is an impor-
tant factor determining the adsorption properties of adsorbates with
hydrophobic groups such as the -(CH2)4-
PL residue, because of the possibility of hydrophobic interactions
between these groups and the adsorbent.

Since the polystyrene itself is hydrophobic but the -0505 groups and
also =-OH, =~CCOH and specifically adscrbed ions, if any, are hydrophilic

group in the side chain of a

in nature, the polystyrene~-water interface consists of hydrophilic
patches in an otherwise hydrophobic environment. The density of these
polar groups on the surface determines the overall hydrophobicity,
but the meaning of that for adsorption properties is obscure.

Because of the patchwise distribution of hydrophobic regions, the
state of hydration varies alsc alehg the surface. The state of hydra-
tion along a polypeptide chain is very important in determining the
secondary and tertiary structure of these molecules. Because of this
it is very likely that the state of interfacial water plays a role,
in determining the structure of adsorbed polypeptides.

From this section and the previous one it can be concluded that PS
latices are not as ideal a model substrate for adsorption studies as
was generally believed some 10 years ago. Nevertheless they constitute
still interesting substrates for the investigation of (bio)polymer ad-
sorption, mainly because among the organic colleoids available, PS lat-
ices are the most studied ones and relatively best characterized ones.

3.3 SILICA AND BOROSILICATE GLASS
3.3.1 Preparation and specific surface area of silica

Pyrogenic (fumed) silicas are prepared from SiCl4 by oxidation in a .
hydrogen air mixture at high temperatures (1270 K). This results in
amorphous spherical 5102 particles. Before contact with water hydro-
phobic =$i-0-Si= (siloxane) bonds predominate-at the surface and only
a few =Si-0H groups are present. The specific surface areas as found
from N, or Ar adsorption data are generally in good agreement with
the surface found from EM (Roberstein and Voll, 1970). Gas adsorption
measurements with Ar are preferable above those with N, as the ad-
sorbate, because the latter interacts specifically with =-Si-OH
groups on the surface. The results of Koberstein and Voll (1970) in-
dicate that fumed silicas are essentially nonporous.

AERCSIL 0X50 (Degussa) used in this study has a specific surface area
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of 50 15 ng-l as stated by the manufacturer. This value aqreeé well
with that reported by Sonantag (1980) for this silica. The surface area
obtained from methylene blue adsorption (ao = 0.55 nm2) is 3.6 ng-l
(PH~6, no added electrolyte) indicating adserption of MB at =Si-0"
sites only, a similar result as was found for MB adsorption on PS
latex (section 3.2.2).

3.3.2 Borosilicate glass purification and specific surface area

The glass powder used in this study was a borosilicate glass (732-01)
obtained from Sovirel (particles < 60 pm). The composition of the glass
as stated by the manufacturer is: BO% 5102, 13.00% 5203, 2.25% A1203,
0.05% Fe203, 3.50% Na20 and 1.15% KZO' Purification of the glass powder
was done in essentially the same way as described by Nyilas (1966):
First the powder was washed with water twice, then with 6 M HCl at
room temperature until no iron could be detected in the washing water
by SCN~ . Then the powder was exhaustively washed with destilled water
untill the pH of the supernatant was about 6. The powder was then dried
at 378 K. The specific surface area of the powder was determined by
B.E.T. N, adsorption, MB adsorption and electronmicroscopy.

For the glasspowder sample used here the B.E.T. method is not very
accurate because of the small (< 1 ng'l) value of AS (see for a dis-
cussion Beurton and Bussiere, 1970). In addition, the computed value
of the surface area is probably also too low, because N2 has a prefer-
ence for free OH groups on the surface (Doremus, 1973). The B.E.T. N2
surface area (0.5 % 0.2 ng'l) and the MB adsorption area (Asp =
0.21 ngnl, a, = 0.55 nmz, pH+6, no added salt) differ by about a
factor of two. The plateau adsorption of MB on the glass from a 50%
methanol-water mixture was just half of that in pure water (see
fig. 3.6). This points, as was alsc pre assumed, in the direction of
dimer adsorption of MB molecules from water.

Another argument for dimer adsorption of MB from pure water on glass,
stems from a comparison with the adsorption of Toluidine blue which is
very similar to MB. Toluidine blue shows a colour change from blue to
pink-viclet upon adsorption on the glass (metachromacy). This is pos-
sible when aggregates on the surface exist. A similar effect has been
observed for the adsorption of cyanine dyes on silver halides (Padday,
1970). Also for the binding of teluidine blue on anionic linear poly-
electrolytes the metachromasy is well established (Horn, 1978).
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Nyilas (1976) found from water vapour adsorption measurements on a
¢ 10% TiO,/Ba0, 5% Ca0, 3% B,0; and 2%
NaZO) which had been subjected to the same pretreatment as the glas-

soda lime type glass (75% Sio

ses used by us that the glass surface was essentially non-porous.
This is probably alsc the case with our glass powders. The conclusion
from the above is that also on the glass surface MBE molecules adsorb
mainly onh the charged sites, thus explaining the discrepancy between
the Nz and MB surface area.

The wvalue found for the gecmetrical surface area following the me-
thod described for irregular particles by Heywood (1970) is 0.24 ng-l,
using a calculated shape factor of 11.0. The order of magnitude is the
same as the MB surface area. Also the geometrical surface is too low,
because a kind of particle enveloppe is measured, thus neglecting small
irregularities. Although the MB adsorption isotherm can be determined
relatively easily and accurate the calculated MB surface area is very
limited because of many complicating factors such as the pH and ionic
strength dependence of the adsorption, a conclusion which applies also
to the silica and latex adsorbents, and which was also reached by sev-
eral other authors.

The reasonable agreement between MBE adsorption and N2 adsorption
values which exist for the gpecific surface area of Agl particles in
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~ Agl suspensions as already stated in the previous section (3.3:2),
seems to be an exception to the above.

Despite the relative inaccuracy of the B.E.T. N, specific surface area
of the glass powder, it appears to be the most real value available and
therefore this value will be used henceforth.

3.3.3 Determination of the surface charge density by conductometric
or potentiometric proton titrations

The charge on the silica-water interface arises from the ionization
of surface silanol groups according to the reactions =8i-OH ¢ = $i-0"+
H' or =si-om+H' < zSi-OH;, the latter reaction is however not observed
at pyrogenic silica interfaces (Abendreth, 1870).

In the case of glass the ionization of =B-OH and =Al-0H groups pre-
sent at the interfaqe plavs also a rdle. The point of zero charge
{p.2.c.) of glass is dependent on the amount and nature of basic ox-
ides present at the surface. Because of the pH and ionic strength
dependence of the icnization eguilibria, the surface charge of the
oxides is of course also pH dependent. A surface charge-pH curve can
be obtained from a potentiometric proton titration of a sol, in an
indifferent electrolyte solution. A description of the method is given
for example in the review on the characterisation of agueous colloids
by James and Parks {(1982) p. 144, 145.

In the present study charge densities are based on the B.E.T. (N,)
surfaces and calculated from o, = F(FH+-FOH_) where FH+ and rOH- are
the surface excesses of hydrogen and hydroxyl ions per m“. A point of
zero charge can in principle be established by the intersection of
¢,-PH curves determined at varying concentrations indifferent electro-
lytes. For our system this was found not possible in the case of silica
and glass because in the region of the p.z.c. the curves at various
ionic strengths are almost horizontal and superimpose over a relatively
broad pH traject. Fortunately the oo-pH curves are therefore rather
unsensitive for the precize wvalue chosen for the p.z.c. (see also
Abendroth (1970) and Sonntag (1980}). The p.Z.c¢. was chosen at pH 3.0
following the reasoning of Abendroth (1970). The same value was used
for Aerosil OX50 by Soantag (1980). For the pyrex glass alsec a p.z.c.
at pH 3.0 was taken. .

In the case of AEROSIL OX50 with only H' as the counterions, with-
out added salt, accurate potentiometric measurements are difficult to
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perform. An estimate of the surface charge can then be obtained from
a conductometric titration of the sol with NaOH. The first break in
the graph obtained is a measure of the surface charge present at the
pH of the first break point.

All conductometric and potentiometric titrations were performed in
a wellclosed double walled vessel thermostated at 293.15 + 0.1 K under
a co, free, water vapour-saturated N, atmosphere. For experimental de-
tails concerning the potentiometric measurements and the apparatus
used, see section 6.6.3.2. Experimental details of the conductivity
measurements will be given in section 5.2.2. Proton titrations of the
suspensions were performed with 0.1 M NaOH or 0.1 M HCl using a Mett-
ler DV10/DV201 automatic burette. Before the start of a titration,
Coz-free N,. saturated with water vapour of 293.15 K was bubbled through
the suspensions for at least 20 min. The titraticn volume was always
20 cm3. For the proton-titrations 2.5% (w/v) silica seols and suspen-
sions of 10 g glass powder in 20.0 cm3 electrolyte solution were used.
The suspensions were prepared with CO,-free conductivity water. With
silica 60s after each NaOH addition (1-2 pmol) a constant pH value
was reached. In the case of glass powder pH readings were taken when
the pH change of the suspension was smaller than 0.01 pH unit/min.

T=293.15K
-360 O0.0!M NaBr

Borosilicate
glass

Fig. 3.7 Surface charge pH curves for AEROSIL OX50 silica and Berosilicate glass
(Sovirel).
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Between pH 4 and 7 this was the case between 5-10 min after the ad-
dition of 1-2 pymol NaCH. In fig. 3.7 the surface charge Oq is plotted
as a function of pH in 0.01 M NaBr for the borosilicate glass powder
and for the AEROSIL 0X50 used. The results with silica are in reason-
able agreement with Sonntags (1980) results. He used KCl instead of
NaBr as the supporting electrolyte. The behaviour of the borosilicate
glass adsorbent is similar to that of the precipitated silica studied
by Tadros and Lyklema (1968} and Yates and Healy (1976). Also here an
unusually high surface charge develops with increasing pH, indicating
the existence ¢f a gellayer, only porous for micro-ions. Because this
layer is not porous for polyelectrolytes, these will experience a much
lovwer charge upon adsorption.

In fig. 3.8 a conductometric titration of an AEROSIL 0X50 sol
without added electrolyte is shown. The surface charge calculated
from the first break is 2 mCm_2 which is fairly low. So only a very
small part of the surface =Si-OH groups is dissociated at pHv6 under
these conditions.
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Fig. 3.8 Conductometric titration of AEROSIL 0X50 silica in water, and no added
electrolyte.

3.3.4 Some other relevant properties of the silica-water and glass-
water interface

When a fresh pyrogenic silica surface is brought into contact with
water, siloxane groups on the surface can react with water molecules
to form hydrophilic silanecl groups:
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=$i-0-Si= + H,0 ¥ 2:5i-OH
At high temperatures (1270 K) the reverse reaction takes place and the
surface becomes more hydrophobic again. Water molecules can also adsorb
on silanol groups through hydrogen bonds. On a fully hydroxylated silica
surface, two kinds of silanol groups exist: 'free' silanols which do
not interact with other OH groups and 'perturbed' or 'bound' silanols
which are close enocugh to other OH groups to form a hydrogen bound. In
the infrared spectrum, these two kinds appear as quite different spe-
cies (Riselev, 1975). It is possible that these two kinds of silanol
groups have also a different acidity (James and Parks, 1982 p. 140).

The surface concentration of silancl groups is very sensitive to the
pretreatment of the silica as will be obvious from the above. For a
hydroxylated silica surface in vacuum at 473 K (no physically adsorbed
water), Kiselev (1975, p. 80} found values between 3.7 and 5.0 =Si-OH
groups per mz. The surface silanol concentration for a fully hydroxyl-
ated silica in water may be somewhat higher. For a discussion of a few
of the more usual methods of identifying and counting surface functional
groups, again the review on characterization of agueous colloids by
James and Parks (1982) can be recommended. It will be clear that the
silica-water interface is heterogeneous with respect to adserption, a
feature that it has in common with PS (latex). The degree of hetero-
geneity depends on the pretreatment conditons. On a fully hydroxylated
and largely hydropilic surface, like AEROSIL OXS50 used here, the inter-
actions with a charged adsorbate like polylysine will be mainly of an
electrostatic nature. Surface hydrogen bonding can also be part of the
adsorption mechanism.

The surface chemistry of glass has recently been reviewed by Filbert
and Halir (1975). A section of the review 'Water and interfaces' by
Texter et al. (1978) deals with the interaction of water with silica
and silicate systems. Older reviews are: Doremus (1973) and Deribere-
Desgardes and Bre (1967). Monographs on the subject have been written
for instance by Holland (1964) and Kor3nyi (1963). However these re-
views deal mainly with the glass-gas interface and pertinent infor-
mation concerning the borosilicate-glass/water interface is scarce.
The properties described above for the silica adsorbent apply also to
a large extent to the borosilicate glass. Of the latter substance how-
ever the surface chemistry is much more complicated because of the
presence of acidic B,0,, the amphoteric Al,0, and basic oxides such as
Na20 and Kzo. However the last three are minor components. The surface
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composition of a fresh fracture borosilicate surface is probably not
much different from the bulk composition. However due to the pretreat-
ment (contact with water and strong acid) the surface content of vari-
ous oxides differs from the bulk composition. Washings with 6 M HCl
as done here with the borosilicate glass, results in a surface which
is composed mainly of SiO2 and B203, in the form of the ionizable
silanol and borancl groups, because of the replacement of alkali and
alkaline earth ions by H'. The original glass backbone structure, is
unaffected (Filbert and Hair, 1975). Because of the leaching of alkali
and basic oxide compounds, a more porous and hydrated surface layer
(gellayer) develops, which can have gross effects on adsorption pro-
perties. This porosity is not measured with N2 adsorption, probably
because the pores are very small and shrinkage of the gellayer occurs
due to the drying of the glasspowder necessary for the gas adsorption
measurements. The presence of a more pronounced gellayer than in the
case of AERQOSIL is evidenced by the charge-pH curves of the adsorbent
as already described under section 3.3.3. Also the relatively long pH
drift with the borosilicate glass used as compared with pyrogenic si-
lica, points into this direction. Because the gellayer on the borosili-
cate-water interface is not permeable to large molecules such as poly-
lysine, only the negative charged groups on the 'surface' of this gel-
layer can directly interact with the R—NH3+ groups of‘polylysine.

Jednacak and Pravdié (1974} measured the electrokinetic potential
of glasses in agqueocus electrolyte solutions by streaming current mea-
surements. In the experiments the behaviour of gquartz and vitrecus
silica is almost the same. Pyrex glass shows higher negatively poten-
tials than silica, but not as high as one would expect from the differ-
ence 'in surface charge between Pyrex and Silica (see section 3.3.3}.
This is because most of the charge in the gellayer is compensated for
inside this layer. The iso-electric¢ peint (i.e.p.) in NaCl solutions is
situated at about pH 2.5 for 'pyrex' and at about pH 3.0 for vitreous
silica and quartz. Because AEROSIL OX50 is also a pure silica its be-
haviour will not depart much from that of silica and gquartz. The lower
i.e.p. for pyrex is expected because of the presence of the constant
charge of the =B-0" groups.

The properties of glasses as ion exchangers are of particular rele-
vance for the adsorption properties of charged adsorbates like poly-
lysine. The ion exchange properties of glass are reviewed for example
by Doremus (1973}).
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As judged from contact angles of water on various glassés measured by
Moser (8 = 10-12° for pyrex bhorogilicate and 8 = 7-10° for pure silica
{see Holland (1964}, p. 359), the pyrex surface seems to be slightly
more hydrophobic than the silica surface. However the pretreatment of
the glass and the cleaning procedure can have a great influence on the
measured contact angle, so that it is questionable if this small dif-
ference applies also to the system studied by us.

3.4 SILVER IODIDE AND POLYCXYMETHYLENE CRYSTALS

For comparison reasons sSome experiments on the adsorption of poly-
lysine were performed with Agl sols and polyocxymethylene crystal sus-
pensions. The Agl sol used was kindy provided by H.A. van der Schee.
The sol was prepared by the addition in the dark of an AgNO, golution
to a well-stirred KI soluticn as described by De Wit (1975). The inter-
facial properties of the essentially hydrophobic Agl surface have been
reviewed by Bijsterbosch and Lyklema (1978). A theory of patchwise in-
terfacial hydration of AgI has been put forward by de Reizer (1981}.

Polyoxymethylene crystals (POM) are used as an adsorbent for proteins
by Roe {(1981). The advantage of this adsorbent is that adsorption can
take place on a well defined regular flat crystal surface, which bears
no charge on the crystal-water interface, at least when no specific
adsorption of ions takes place. In this way the electrostatic inter-
actiong between adsorbed charged macromolecules can be studied, in
principle in a more direct way. The polyoxymethylene crystals used
were kindly provided by M.A. Cohen Stuart. The crystals were prepared
from POM pellets by a recrystallization process from cyclohexanol and
subsegquent changing the solvent from cyclohexancl via aceton to water
in almost the same way as described by Roe (1981).

3.5 SUMMARY

In this chapter a description is given of adsorbent and adsorbate
properties relevant for the adsorption of charged adsorbates. Solution
properties of polyaminoacids of importance for the adsorption are
described.

The determination is described and discussed of the specific sur-
face area and surface charge of the adsorbents most frequently used in
this study viz.: PS latex, silica and pyrex glass. Also some other re-
levant properties of the solid-water interface of these adsorbents are
discussed.
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4 ADSORPTION OF THE HIGHLY CHARGED POLYELECTROLYTE POLYLYSINE ON
DIFFERENT SUBSTRATES

4.1 INTRODUCTION

The main subject of this chapter is the adsorption behaviour of peoly-
L-~lysine at maximal charge density in solution (pH<8)} and the influence
of the nature of the substrate on this adsorption.

A special feature of poly-L-lysine as a'polyéiectrolytic adsorbate
is the chain charge density dependent conformation of these macromole-
cules in aqueous electrolyte solutions. At low chain charge density
{pE>10) the polvamincacid is in the a-helix conformation, thus resem-
bling a structure which also occurs in most protein molecules. However
at high charge density {(pH<8) the molecules are, depending on the elec-
trolyte concentration, more or less flexible polyelectrolytes. Then
they are suitable model substances to investigate the influence of
molecular mass, ionic strength, surface charge, and nature of the ad-
sorbent on polyelectrclyte adsorption.

on the other hand, the unravelling of the adsorption behaviour of
the polylysine helix and the role of the helix-coil transition may be
of fundamental importance in the understanding of the behaviour of bio-
macromolecules with secondary and tertiary structure at solid-liquid
interfaces. This will be the subject matter of chapter 6.

The adsorption behaviour of both flexible and rigid bioclogical macro-
molecules, as well as flexible synthetic polyelectroiytes is of impor-~
tance in a number of (bio)medical, biological and (bio)technological
processes. Some examples are: The use of synthetic polyelectrolytes as
polymeric flocculants for particles oppositely charged to the poly-
electrolyte in water purification and the adscrption of salivary poly-
peptides on hard tooth tissue in relation to the development of tooth
caries. Polyelectrclyte adsorption does also play a role in the blood-
clotting process at interfaces. More examples are given by Hesselink
(1983).

4.2 EXPERIMENTAL
4.2.1 Materials

poly-L-lysine.HBr, poly-DL-lysine.HBr, poly-L-ornithine.HBr and poly-
L-histidine were obtained from the Sigma chemical Co and used without
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further purification. Viscosity average molecular masses of the poly-
aminoacids as stated by the manufacturer were used in this study (see
also 3.1)}. All other chemicals used were of analytical grade. The water
used was distilled once or conductivity water obtained from a milli-
pore super O water purification apparatus. The preparation of the
polystyrene latices was essentially the same as described by Furusawa
et al. (1972). Purification of the latices was done by steamstripping
and ion exchange of the latices with extensively purified Dowex ion
exchange resins (BIORAD)}. For details see (section 3.2}.

The glasspowder used was a borosilicate glass (732-01) obtained from
Sovirel and purified in the same way as described by Nyilas (1976). The
B.E.T. N, surface area amounts to 0.5 t 0.2 ng'l.

The silica used was AEROSIL 0OX50 (Degussa), with a specific surface
area of 50 1 15 ng-l
ugsed without further purification. Dispersions of the silica powder
in conductivity water were prepared by suspending silica that was

as stated by the manufacturer. The silica was

dried for two hours at 413 K in water and ultrasonication (25 kHz)
of the suspension under cooling (~287 K) for one hour.

The Agl sols and polyoxymethylene crystal suspensions used in scme
of the experiments were gifts of H.A. v.d. Schee and M. Cohen Stuart
respectively from our laboratory. Some characteristics of these sus-
pensions are given in section 3.4.

¢4.2.2 Determination of the polyaminoacid concentration

The concentration of the positively charged polyamincacids in agueous
solution was determined by a complex titration with the potassium salt
of polyvinylsulphate, using toluidine blue as the indicator (Terayama,
1952; Horn, 1978). In each series of polyaminocacid determinations
standard samples of known concentration were included for the construc-
tion of a calibration curve. Addings of polyvinylsulphate were done
with a Mettler DV10/DV 201/(1 cm’) automatic burette.

4.2.3 Adsorption measurements

Adsorption isotherm measurements were carried out by adding aliguots
of the sol to 4.0 cm3 polyaminoacid solution (in the case of glasspowder
5.0 cm3 PA solution was added to 2.0 g glasspowder) in 10 cm3 poly-
carbonate centrifuge tubes with polyethylene caps. For pH values higher

than 8 polyethylene tubes were used. Prior to mixing, both solutions
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were brought to the same pH and ionic strength, without using buffers.
The tubes were rotated end over end for 16 hours, in a thermostatted
room (295 K), to ensure equilibrium. when PS5 latex without added salt
{pH~6) was added to a polyaminoacid solution with such a pH and ionic
strength (obtained by adding known amounts of ¢.1 M NaCH or HCl, NaBr
solution and water to a PL stock solution) that after mixing the de-
sired ionic strength and pH value was reached, no different adsorbed
amount of PL was found witﬁ respect to the former method of sample
preparation. This shows that the adsorbed amount found was independent
of the way in which the final state was reached.

The amount of PA-acid adsorbed was determined from the depletion of
the solution. To this end, the samples were centrifuged for 20-30 min
at 18.000 r.p.m. (37.000 g at r = 102 mn) in a Beckman JA-21 centrifuge
with JA-21 rotor. The PA concentration in the clear supernatant was
measured as described under 4.2.2. The measurements were performed at
room-temperature (295 t 2 K}. pH measurements were done with an electro-
fact 36200 pH meter or an Anker Smith Alél digital pH meter. Combined
glass - Ag/AgCl electrodes from Electrofact (7GR131) or Schott (N58)
were used.

4.2.4 Conductometric and potentiometric titrations

All conductometric and potentiometric titrations for particle sur-
face charge determinations were performed in a well closed double
walled vessel, thermostatted at 293.15 1 0.05 K under a COz-free water
vapour saturated N2 atmosphere. An Ankersmith Alel digital pH meter
and Schott N58 or N59 combined glass-Ag/AgCl or glass-calomel elec-
trodes were used for the measurements. The pH meter was standardized
with titrisol (Merck) buffers pH 7.00; 4.00 and 9.00 before each ti-
tration. Conductometric titrations of PS latex (H+ form) or silica
were performed with a Retch conductivity meter operating at 4 kHz.
Conductivity cells with cell constants of 10.40 m L or 71.94 m™!
(platinum black) were used. Addings of calibrated 0.1 M NaCH or 0.1 M
HCl (Titriscl) were done with a Mettler DV10/DV201 or Methrohm 655
Dosimat automatic micro burette,

Surface charge-pH curves are obtained from the potentiometric proton-
titration curves of silica and borosilicate glass powder dispersions,
and the corresponding blank titrations in the usual way, defining 05 =
F(FH+- FOH-) where (FH+ - FOH—) is the adsorption excess of hydrogen
over hydroxyl ions in equivalents per m? (N2 surface). See for example
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Abendroth {(1970), James and Parks (1982), Ardizzone et al. {(1982). Some
more experimental details concerning the silica and glasspowder dis-
persion titrations have been given in section 3.3.3. The surface/volume
ratio is 1250 m?.1”) for the AEROSIL OX50 titrations and 250 mZ1™ 1
the glasspowder titrations.

for

4. 2.5 Stability measurements

stability measurements of bare and poly-L-lysine covered polysty-
rene and AgIl sol particles against low molecular mass electrolyte were
performed by a static method. Five cm3 sol (with or without PL) was
mixed rapidly with 5 cm® electrolyte solution and the mixture was kept
at 298.15 K in a thermostatted water bath. This was repeated for dif-
ferent electrolyte concentrations. After a total equilibration time
of 18 hours, the ODigg;m of the top 2 cm3
measured using a Beckman model 3600 spectrophotometer. Optical data
are expressed as the residual turbidity Ty
density of the suspension 1, obtained in the presence of electrolyte,
relative to that measured for an identical system in the absence of
electrolyte and polyelectrolyte Ty -3, = t/to.
Thus T equals 1.0 for stable suspensions and control systems. The ob-
tained relative turbidity wvalues were plotted against the electrolyte
concentration to judge the stability of the suspensions.

Stock sols with added poly-L-lysine were prepared as follows: To a
diluted latex (~0.01% w/v) or Agl sol (pl = 4)(~0.01% (w/v)) a PL-L
solution of the desired concentration in water was added rapidly by

of the dispersions was

which is the optical

means of a pipetman dispensing pipet. The total pipetted volume was
such,” that rapid mixing due to the liquid jet was achieved. The ocb-
tained stable sol was rotated end over end for at least two hours at
295 K to ensure adsorption equilibrium. Blank sols for stability

measurements were prepared in the same way by pipetting conductivity
water te the diluted sol instead of PL solution. The particle concen-
tration of the obtained stable test sol, after electrolyte addition,

was always such that the OD540nm

10mm was between .3 and .8.

4.3 RESULTS AND DISCUSSION
4.3.1 Comparison of the specific surface areas of the adsorbents

When one wants to compare the adsorption saturation values of an ad-
sorbate on different adsorbents, the specific surface area of these ad-
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sorbents must be known. Also other characteristics of the surfaces such
as the surface charge density and the distribution of adsorption sites
in the case of heterogeneous surfaces, should be known, to allow a
meaningfull comparison. From a practical point of view the last demand
is almost not realizable.

There is always some intrinsic uncertainty on the value to be as-
signed to the specific surface area. The surface area as 'seen' by the
polylysine molecules is not'necessarely the same as that determined
with, for example N,- or dye adsorption. Hence some reserve is always
needed in making comparisons of absolute adsorption data. This partic-
ular difficulty is not encountered if shapes of adsorption isotherms are
compared, where the adsorbed amount is expressed as fractional coverage.

Consider for example the negatively charged polystyrene surface as
an adsorbent for the positively charged polylysine. The negatively
charged sulphate groups will act as strong adsorption sites for the
positively charged aminogroups. The space between the sulphate groups
consisting of benzene and ~CH2 groups of the polystyrene surface, has
probably a much lower affinity for the polylysine chain. In the case of
the adsorption of small molecules adsorbing on the negatively charged
sulphate groups only, one can define the specific surface area for this
compound as the sum of the surfaces of all sulphate groups per gram
adsorbent. The cobtained plateau adsorption is then 'meonolayer' adsorp-
tion per definition. In the case of a positively charged macromolecule
this definition has little meaning because of the possibility of bridges
between negatively charged surface sites. Such bridges can be polymer
loops but also trains. In other words, the positive units used to count
the number of negative surface sites are no longer independent. For
this reason, I chose the geometrical or N, gas adsorption (which are
not much different for the adsorbent used here) for conversion of the
adsorbed amount into mg.m-z. The N2 gas adsorption area approaches
most probably the physical surface area in our cases, i.e. it is the
sum of the area of all strong and weak PL adsorption sites per gram ad-
sorbent.

When the distribution of strong adsorption sites is homogeneous over
the surface, the obtained plateau adsorption values are a measure off
the fraction of the 'total' surface area covered by polyelectrolyte.

In tabel 4.1 some relevant properties of the adsorbents used in this
study are given. A discussion of the values found has been given in
section 3.2 and 3.3. For the adsorption measurements on silica the
value of 50 ng-l was used arbitrarely for the specific surface area
in most cases.
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4.3.2 Adsorption time

The amount of PL-L (DP = 240) adsorbed from 0.1 M NaBr (pH = 6) on
PS latex particles M, was measured after 0.5; 1.3; 1.6 and 30 hours of
contact time. The latex concentration was the same as used for deter-
mining adsorption isotherms. At each mixing time several starting
concentrations of PL were used, all resulting in the same adsorption
value at all contact times. The equilibrium concentrations varied from

20-200 gm_3. The results are plotted in fig. 4.1.
I ¥ T 1
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Fig. 4.1 Adsorbed mass of PL.HBr-L (DP 240) as a function of contact time in 0.1 M
NaBr; pH = 6; T = 295 K; PS5 latex M3.

1t can be seen that within experimental error the adsorbed amount I
is constant in the time range studied. A similar result was obtained
for the adsorption of PL-L (DP 1923) from 0.01 M NaBr on borosilicate
glass (pH ~ 6). Also van der Schee (1982) found the same result for the
adsorption of PL-L on Agl. Investigations of contact times shorter than
30 min is not possible with our technique, because the centrifugation
time is then of the same order of magnitude as the contact time.
Another technique for separating adsorbate and adsorbent is then re-
quired.

The time scale observed here for polyelectrolyte adsorption process
(faster than 30 min.)} is often observed for the adsorption of poly-
electrolytes, oppositely charged to the surface (Rawls et aI.f 1982;
Williams et al., 1982, Horn and Melzer, 1976; Eggert, 1976; Lindguist,
1975). The strong attractive electrostatic interaction between polymer
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and colleoidal particles was hold responsible for this by Eggert (1976).
However this argqument is only applicable up to the point of charge neu-
tralization. The increase of the adsorbed amount which takes place
beyond this point (dependent on the electrolyte concentration), should
be a slower process. Corry (1978) found for the adsorption of PL-L on
latex, equilibrium times of 5 min as judged by changes in electrophore-
tic mobility with time after addition of PL.

The polyelectrolyte adsorpfion process is faster than generally ob-
served for uncharged polymer adsorption. For such systems it is often
found that the adsorbed amcunt still increases during the first ten
hours of contact time or even longer (Cohen Stuart, 1980; Koopal, 1978).
The cause of this relatively long adsorption time is thought to be
reconformation processes of the polymer at the interface and in the
case of heterodispers polymers, the exchange of small molecules ad-
sorbed at the interfaces against bigger ones. This gives rise to an
increase in the adsorbed amount (Cohen Stuart et al., 1980).

Of course reconformation and polymer heterogeneity also play a role
in the polyelectrolyte adsorption process. The long equilibrium times
for the adsorption of poly(2 sulphoethylmethacrylate) (Mv/mn =1.2)
on polyethylene powder at 0.1 M NaCl found bij Greene (1971} can be
attributed to this effect. For PL-L used here the Mw/Mn ratio is prob-
ably closer to 1. Moreover the molecular mass dependence of the ad-
sorption is also very small above ﬁv 30.000, so that exchange of short
chains against longer ones cannot give a measurable increase in the
adsorbed amount and hence this effect has no effect on the equilibrium
time. This absence of any detectable polydispersity effect can be
responsible for the relatively short equilibrium times too.

Although the adsorbed amount of PL remains constant after 30 min of
contact time, the composition of the adsorbed layer may still not yet
have its equilibrium composition. For this reason and for practical
convenience an.adsorption time of 16 hours was chosen in most of the
experiments.

4.3.3 Effect of molecular mass

In fig. 4.2 the molecular mass dependence of PL-L adsorption on latex
M2 in 0.1 M NaBr at pH 6 is shown. The starting concentration of PL.HBr
was such in these experiments that plateau adsorption was assured. The
adsorption of PL increases with M up to Y 50,000 (DP 240) after which
the molecular mass dependence is only slight. Such an behaviour is theo-
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Fig. 4.2 Plateau adsorption of poly-L-lysine on PS particles (latex H2 g, =
-60 mC.m_z) in 0.1 M NaBr at pH 6, as a function of the PL molecular mass.

retically expected for uncharged polymers, adsorbing from a good solvent.
Because of the long range electrostatic interactions between PL segments
the meaning of the y parameter is not obvious in this case. In the ab-
sence of added electrolyte (I<10'4) there is no measurable molecular
mass difference at all between DP 19 and 240, indicating flat adsorp-
tion. With respect to the molecular mass dependence, the behaviour of
PL.HBr, adsorbed on glass and Agl, is qualitatively the same as de-
scribed here for the PS surface. In the case of the glass powder this
shows that the glass surface is not significantly porous for PL be-
cause otherwise PL, with a low degree of polymerization, should give
higher amounts of adsorption at higher degrees of polymerization. Such
an effect of pore size was observed indeed by Horn and Melzer (1978)
for the adsorption of polyethyleneimines on cellulose fibers.

The molecular mass dependence in the polylysine-polystyrene system
at higher salt concentration is mainly caused by the decreased electro-
static repulsion between the chain segments, so that more loops and
tails can develop. At very high ionic strength the lower solvent guali-
ty of the electroclyte solutiocn can also contribute to a higher I'. This
effect is stronger for PL of high DP. These results are in qualitative
agreement with the predictions of the polyelectrolyte adsorption theory
of van der Schee (Bonekamp et al., 1983). Experimental results of van
der Schee (1983) for the PL-Agl and Eggert (1976) for the poly
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(1,2-dimethyl-5-vinyl(pyridinium)bromide-polystyrene latex system show
the same trends as observed here for the PL-PS.latex system.

Because of the slight molecular mass dependence of the PL adsorption
on polystyrene and the appearance of very sharp adsorption isotherms,
an influence of the adsorbent surface to volume ratio on the isotherms,
due to the polymer heterodispersity (Cohen Stuart et al., 1980), is not
expected at low salt concentrations and low pH. There were no differ-
ences indeed between isotherms of PL-L adsorbed on PS and glass mea-
sured with A/V ratios between 80 and 400 m?.171
sorbent and 48-278 1:121-1 for PS latex. The salt concentration was
0.01 M NaBr. Accurate measurements at low PL equilibrium concentrations
showed however that at higher ionic strength (0.1 M; pH 6) the adsorp-
tion isotherms of PL on PS become somewhat more rounded, indicating an
effect of the PL heterodispersity, which was even more pronounced at
0.5 and 1.0 M NaBr. However at these higher salt concentrations the PL
concentration determination is less accurate, which can alsoc contribute

for the glasspowder ad-

to the observed roundedness of the isotherms.
4.3.4 Adsorption isotherms

In fig. 4.3 (a,b,¢) characteristic adsorption isotherms of highly
charged polylysine on different adsorbents are plotted. The adsorbed

amount is expressed in mg.m-2

PL.HBr in all cases using the N, or
geometric specific surface areas given in table 4.1. In all cases the
isotherms have a very high affinity character and a well-defined pla-
teau value. Of course this does not mean that the affinity of PL for
the various surfaces is not very different, but only that any differ-
ence is not measurable. In the case of PL adsorption on PS some iso-
therms were measured with equilibrium concentraticns PL up to 900 g.m”
No raise in adsorption after reaching the plateau value could be ob-
served. As said, at low salt concentrations (<10-3M) the plateau values
are independent of molar mass, indicating adsorption in a flat con-
formation, i.e. with trains only. There is no measurable difference
in plateau value between PL-L and PL-DL between all adsorbents in-
vestigated. This is expected because both polymers are known to be

in a coil conformation at pH values lower than 9 (Appleguist and Doty,
1962). The non-electrostatic persistence length of PL-DL (1p ~ 0.8 nm)
is about twice as low as the value for PL-L (1p ~ 2 nm) (e.g. Flory,
1969; Brant and Flory, 1965).

3

.
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Fig. 4.3 a. Adsorption of peolylysines on silica and borosilicate glass. T = 293 K.
x-x PL-L (DP 240)/glass; 0.01 M NaBr, pH 5.9
o-o PL-DL (DP 240)/glass; 0.01 M NaBr, pH 5.9
A-A PL-L (DP 190)/AEROSIL; 0.01 M NaBr, pH 4.7
O-0 PL-L (DP 190)/AEROSIL; 0.01 M NaSCN, pH 5.0
b. Adsorption of poly-L-lysine (DP 1683) on PS (latex H2). T =293 K.
x-x 107N NaBr, pH 6; o-o 10 M NaBr. pH 6; A-A 107 M NaBr pH = 6.

In principle this could lead to different adsorption values for PL-L
and PL-DL at salt concentrations above 0.1 M., Above this concentration
the total persistence length Lo is mainly determined by the non-electro-
static concentration 1_. At low salt concentrations PL-L and PL-DL are
about equally flexible, because the calculated electrostatic persis-
tence length (1g ~ 36 nm, 1073 m NaBr; 1_ ~ 0.4 mm, 107t n NaBr), which
is dominant at low salt concentration, is identical for PL-L and PL-DL.

No differences in I' due to differences in L, are expected then.
Monolayer coverages for the fully extended PL-L and the most compact
conformation (pH<9), obtained from Stuart models, amount 0.67 and 1.0 mg
w2 PL.HBr (0.41 and 0.61 mg.m“2 PL (without Br” )} respectively (van

der Schee and Lyklema, 1981). Because of entropical reasons an inter-
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Fig. 4.3c Adsorption of polylysines on silver iodide.
x-x PL-L (DP 300); o-o PL-L (DP 2000}; +~-+ PL-DL (DP 250).
o = =10 mC.m_z, electrolyte lli).2 M HN03, T = 293 K.
(after van der Schee (1984), van der Schee and Lyklema (1982).

mediate situation seems the most probable. Comparison with the experi-
mental values in 10-3 M electrolyte solution suggests that the molecule
adsorbs in a rather extended fashion i.e. it has a large contact area
with the adsorbent used. Implicitly it is assumed then that the surface
chafge is distributed homogeneous over the surface. The assumption of
a homogeneous surface charge distribution is better for AgI, where the
surface charge has a more. smeared out character, than for silica, glass
and certainly polystyrene were discrete charged groups exist.

The adsorbed amount as such is indicative of the thickness of the
adsorbate layer only, when one is sure that the distribution of adsorp-
tion sites {i.e. patches with high adsorption free energy) is homo-
geneous and the density of patches is known (see also 4.3.1). In this
case the conclusion of flat adsorption of PL at low salt concentration,
obtained from the low value of the adsorbed amcunt remains valid. A
homogeneous distribution of adsorption sites is very likely for AgI
and the SiO2 adsorbent. In the case of PS5 latex it is not sure wether
the —osog groups are homogeneously distributed over the surface. A
homogeneous distribution seems probable in this case considering the
emulsion polymerization mechanism of styrene. However van der Put
(1981) suggested the presence of a patchwise distribution of —OSOE
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groups on the PS surface from electrokinetic measurements.

Differences in the absolute values of the adsorbed amounts of PL be-
tween different substrates have only a meaning when greater than, say
40-50%, because of the large uncertainties in the specific surface areas
of the adsorbents. For the glasé powder adsorbent the uncertainties are
probably even greater because of the relatively great error in A

The effect of the hydrophobicity of the adsorbent on the adsorbed
amount, can only be directly studied by comparing adsorption data on
adsorbents, which differ in hydrophobiéity, at constant surface charge,
which is experimentally very difficult to achieve. Wwhen we take the
adsorption of PL-L on PS latex from 10—2 M NaBr pH ¢ as a reference
value (0.37 mg.m"z), then adsorption values under the same conditions
for the other adsorbents higher than 0.56 or lower than 0.19 mg.m_2
may be considered to deviate significantly (see fig. 4.3).

Because of the above, nothing definite can be concluded from fig. 4.3
about the influence of differences in non-electrostatic contributions,
to the adsorbed amount between the adsorbents used. In no case PL forms
a complete monolayer. The dominant role of electrostatic interactions
{repulsive and attractive)} -in these systems must be the main cause for
this. Such a conclusion was also reached by several other authors
(e.g. Cafe and Robb, 1982; williams et 31;, 1982). For example
wWilliams et al. (1982) concluded that the adsorption of negatively
charged carboxymethyl cellulose on negatively charged BaSO, is mainly
limited by the strong repulsion between the segments of the adsorbed
phase. '

The adsorbed amount PL on PS and Agl expressed in mC.m-2 is much
higher than the surface charge. As the PL molecules are very likely
to be adsorbed flat, the adsorption must be superequivalent too. That
this was the case indeed was shown by van der Schee and Lyklema (1982)
for the PL-AgI system by means of electrophoretic mobility measurements.
The same was shown by us for the PL-PS latex system also from electro-
phoretic mobility measurements and from electrokinetic measurements on
PS plugs with adsorbed PL. When the surface charge is thought to be
smeared out, superequivalent adsorption is only possible when also
other attractive interactions contribute to the adsorptién energy per
segment ..

In the case of PS hydrophobic bonding between the -(CH2)4-groups of
the lysine side chain and the phenyl groups of the PS particles can be
responsible for this. With Agl the same argument applies, but also

complex formation between Ag and -NH, is a possibility. The occurrence

2
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of superequivalent adscrption is not certain in the case of silicda and
glass. The adsorpticn of PL on thege substrates is probably not com-
pletely of an electrostatic nature, because no complete desorption oc-
curs at high ionic strength as 1 will show later on. Hydrogen bonds
between the peptide groups of PL and the surface silanol groups may
contribute to Xg in these cases.

Whenn there is a non-electrostatic contribution to the adsorption
energy scme adsorption at the uncharged surfaces is expected, at least
at higher salt concentrations. With the PL-AgIl system this is indeed
the case (van der Schee, personal communication). In the case of silica
no PL adsorption at the p.z.c. could be detected. No direct measure-
ments are available for the adsorption of PL on uncharged PS latex par-
ticles (see section 4.3.5). No adsorption of PL could be detected at
the uncharged polyoxymethylene surface, at least below or at 0.1 M NaBr.
To obtain information about the electrostatic and non-electrostatic
contributions, plots of the adsorbed amount versus ionic strength and
surface charge for the various adsorbents, are more imformative than
the adsorption isotherms in fig. 4.3 (a,b,¢). This will be the subject
of sections 4.3.5 and 4.3.6.

There was no detectable desorption of PL from PS upon dilution. The
same feature was found for the Agl system by van der Schee (198¢) and
for example by Williams et al. (1982) for the carboxymethylcellulose-
bariumsulphate system. The non-desorbability of the macromolecular
adsorbate is not due to a real irreversibility (i.e. the adsorbate is
not a frozen non-equilibrium state) but to the extreme dilutions that
are required to remove higher M compound from the surface (Cohen
Stuart et al., 1980). Some indications were obtained, that PL adsorbed
on glass can be displaced from the surface by MB.

For comparison purposes isotherms of poly-L-histidine {(DP 115),
poly-L-ornithine (DP 103) and PL-L {DP 62) were simultaneously mea-
sured at 293 K and 0.1 M NaBr with PS (latex Mz) as the substrate at
PH = 3 (all polyaminoacids are completely charged). The plateau wvalues
found were respectively 2.1 pmolr.m'z, 1.8 uttu.)ll_.m'2 and 1.8 |.|molr.m-2
and not significantly apart. This supports our conclusion of the domi~
nating importance of electrostatic interactions over possible effects
of the different side chain structure on the adsorbed amount (i.e.
differences in Xg). The poly=-L-higtidine isotherm was more rounded
than the other two. This is indicative for a broader molecular mass
distribution for this sample.
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4.3.5 Influence of the surface charge density

From the point of view of the polyelectroclyte adsorption theory of varn
der Schee (1982, 1984} it is important to know the measured plateau
adsorption, not only as a function of the pH or pAg in the case of
silica and Agl respectively, but also as a function of the surface
charge. This is because the numerical calculations with the v.d. Schee
{1984) theory are for the moment expressed as a function of o, only.
For PS this is no problem since the surface charge is constant, but on
SiO2
trends are roughly the same whether the plateau adsorption is consid-

and AgI, ag changes when PL adsorbs. However the experimental

ered as a function of g, or as a‘function of the pH or pAg.

As said the polystyrene-water interface, negatively charged due to
the presence of covalently bound ~OSO§ groups in the interface, is in
principle a so-called constant-charge surface. This means that the
surface charge o, is not altered due to changes in salt concentration,”
electrical double layer overlap and specific adsorption. This is clear-
ly not the case with AgI and silica, where at constant pAg and pH re-
spectively, the surface charge increases with increasing salt concen-
tration. The charge-pAg curves of AgI in the presence of polylysine
are shifted to higher c, values and a lower p.z.c. due to the ad-
sorption- of PL (van der Stchee and Lyklema; 1982). The shift to higher-
¢, values is much more pronounced in the case of silica with adsorbed
PL (plateau adsorption at each pH value). On AgI the adsorbed positi=-
vely charged PL, promotes the adsorption of I ions and'b° becomes more
negative. By the same token, on the silica surface, the dissociation
of the silancl groups ‘ig strongly promoted in the presehce of PL, alsoc
causing ¢, to become -more negative (fig.-4:4). The -NH; charges of PL
are not titrated below pH:7, bécause proton titrations of PL adsorbed
on -Pg ldtex between pH'3 and 7 did not show any change in a in this

region. Hence o - is very likely to be solely due to the dissociation of

silanol groups,oalso in the presence of adsorbed PL. It is remarkable
that the oo(pH) curve of silica with adsorbed PL resembles that of bo-
rosilicate glass without PL. Both charge-pH curves are linear over a
large pH range in contradistinction to the curve of bare silica (fig.
4.4). The charge development on the glass-water interface, which has
a thick gel layer, is apparantly similar to that of the silica-water
interface which has 'a ‘much less pdroué'double layer but which is
covered with a polyelectrolyte layer (see chapter 5).

From the above it will be clear that only in the case of PS the ad-




-56

Fig. 4.4 Charge-pH curves of borosilicate glass B
= 293.15 K.
1. Borosilicate glass; 2. AEROSIL; 3. AEROSIL in the presence of excess
PL-L (DP 192).

5 and AEROSTL 0X50 in 0.01 M NaBr.

sorbed amount can be measured simple as a function of the surface
charge. In the case of AgI and silica only the plateau value adsorp-
tion as a function of the pAg and pH respectively is measurable. The
surface charge-pH (or pAg) curves in the presence of a surplus PL must
alsa be known, for plotting the maximally adsorbed amount of PL as a
function of the surface charge.

4.3.5.1 Polystyrene surface charge density and the effect of latex
pretreatment

In f1g 4.5 adsorption 1sotherms of PL-L (DP 1682) on latex L (0 =
-11 mC m~ ) and Mz (o = «60 mC m ) in 0.01 M NaBr are shown. There
is a significant 1ncrease in the PL adsorption with increasing surface
charge. Of course this is expected because of the attractive electro-
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Fig. 4.5 Adsorption of PL-L (DP 1683) on PS (latices H2 and L)} in 0.01 M NaBr
at pH = 6. T = 293 K.

x-x PS8 latex "2 (Go = =60 mC.m_z); o-o PS5 latex L (00 = -12 mC.m-z).

static interaction between the -050; groups on the PS and the -NH;-
groups of the lysine side chains of PL.

In connection to the above it would be interesting to know whether
or not the surface charge of a latex‘is altered due to a treatment
with ion exchangers.

Most experiments with latex described in this thesis are performed
with (mixed bed)} ion exchanged (i.e.) latex. On the other hand Norde
{1976, 1978) used latex that was only dialysed. The surface charge of
Nordes latices was calculated from the loss in sulphur due to the i.e.
treatment and the titration charge of the i.e. latex. For latex M (same
formulation as used here) Norde found for an exchanged and unexchanged

polystyrene latex, o, values of -45 and -84 mCm'2 respectively. Norde

o}
found also that on i.e. latices, the adsorption plataus of Human Plasma
Albumine (HPA) are lower by about 25%. The difference. in plateau ad-
sorption (pH 4.0) between Nordes unexchanged high charge density latex

(o, = -155 mC.m'z) and Nordes low charge density latex (o, = -23 mC m 2

)
was of the same magnitude: 30%.

In contrast with Nordes results we found that the plateau values of
PL adsorption on polystyrene, before and after ion exchange, were the
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same, despite of the clear effect of the surface charge on the adsorp-
tion of PL, as was shown in fig. 4.5. This indicates that the difference
in surface charge due to i.e. treatment is small. This fact together
with the observation that repeated i.e. treatments give the same value
of o, (see 3.2.2), suggest strongly, that Nordes interpretation of the
i.e. effect is not correct. An alternative explanation is that due to
the i.e. treatment a layer of oligo and polystyrene sulphate molecules
are stripped off from a PS particle as concluded by Norde, but that
also in this way a new surface with new -080; groups, burried in the
PS particle as ion pairs before the i.e. and hence not detectable by
titration, is formed. The consequence would be that the values of o,
used by Norde for the study of HPA and RNAse adsorption

on Ps particles are about 50% too high.

Although there is no effect of i.e. on the surface charge of PS,
there exist an effect of the ionic strength history after polymeriza-
tion of a latex on the o4 value found. Van den Hoven (1984) found that
the negative surface charge of PS particles increased by a factor 1.5-2
when a latex has been once exposed to an ionic strength of 0.1 M. He
concluded this from conductometric titration of latex samples, that
were brought in the deionized R form, before and after exposure to
0.1 M KN03. A second exposure to 0.1 M electrclyte had no further ef-
fect on On The mechanism for this irreversible effect is not clear
yet. Also from electrokinetic measurements on PS plugs van der Put
(1980) and van den Hoven (1984) obtained indications for this electro-
lyte effect on co; A more detailed discussion is given by van den Hoven
{(1984). Because of the increase in the plateau adsorption value of PL
with increasing surface charge on the PS5, the adsorption plateau on
electrolyte pre-treated latices will be higher than that on untreated
PS surfaces.

Unfortunately no systematic measurements of PL adsorption on PS are
available to quantify this. Most of the latices used in this study
{except Ml) were not treated with 0.1 M electrolyte before use in ad-
sorption studies. The consequences of this for the electrolyte de-
pendence of the PL adsorption on PS5, will be discussed in section
4.3.6.1. In conclusion it can be said that a PS surface with a better
defined o_, can be obtained when before i.e. first a salt treatment

o
15 given.
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4.3.5.2 B8Silica and Borosilicate glass

Both silica- and pyrex glass are hydrophilic with a weakly acid char-
acter, because of the presence of silanol groups in the interfacial re-
gion. In the case of pyrex dissociation of the more strongly acid bora-
nol groups can also contribute to the surface charge. Because of the
presence of the weak acid groups the surface charge is pH- and ionic
strength dependent. (e.g. James and Parks, 1982).

The parameter most relevant for the amount of PL adscorbed, is the
electric potential at the place of the adsorbing PL segments. This
potential depends on many factors such as the pH, ionic strength and
the adsorbed amount itself. Its value is not known. In an experimental
situation the adsorbed amount can be plotted as a function of the pH
or the related surface charge.

In the case of oxides, which behave non-Nernstian, the relation be-
tween the solution pH and the surface potential must be a more com-
plicated one than Nernst. Hence the surface potential cannot be easily
calculated from the equilibrium pH in these cases.

Furthermore it is not the surface potential which is of relevance for
the adsorption of PL segments on the surface, but the potential at
some distance from the surface. This is because the charge at a poly-
lysine segment cannot reach the surface due to the finite volume of
the ionized groups. In the polyelectrolyte adsorption theory of van
der Schee (see Chapter 7) the effective adsorption energy per segment
Xg,eff is defined as: Xg eff = Xg - (1-u)e¢1/kT in which Xg is thi
nonionic adsorption energy, & is the dissociation grade of the -NH,
groups and ¥y is the potential at the place of the train segments.

Except chemical contributions {(i.e. H-bonds and hydrophobic bonding})
the non-ionic adsorption energy Xg can contain contributions of dipolar
interactions. In the case of charged polypeptides not only the displace-
ment of water dipoles by charged groups can play a role but also the
strong dipole of the peptide groups (P = 3.4 D (Wada, 1961)) can compete
with water dipoles at the surface. The magnitude of these contributions
is determined by the surface charge, because the adsorption energy of a
dipole is K-ﬁ and the field strength E at the locus of adsorption is
according to Gauss law proportional to the surface charge Ty Hence
the adsorption of polylysine is in part determined by the potential at
the place were a segment adsorbs and in part by the surface charge.

Experimentally the amount of PL adsorbed on silica or glass can only
be measured as a function of the suspension pH. The additional informa-
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tion of the corresponding charge-pH curves (i.e. titration curves of
silica in the présence of PL) is needed to construct the surface charge
dependence of the adsorbed amount (see section 4.3.5). In many poly-
elecfrolyte adsorption and/or flocculation studies the authors do not
perceive this in discussing the influence of the surface charge. The
thick gellayer (i.e. porous double layer) that exists in the case of
glass is a complicating factor. The measured titration charge (see
fig. 4.4), which is actually a space charge density, is not the charge
density which the PL molecules 'see'. The charge in the gellayer can
only be compensated for by micro-ions and not by large macromeolecules
such as PL. In the case of silica, which has only a thin gellayer, si-
lanol groups can probably interact directly with -NH; groups of the PL.
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Fig. 4.6 Adsorption of poly-L-lysine as a function of the equilibrium pH. Electro-
lyte: 0.01 M NaBr; T = 293 K.
x-x PL-L (DP 1683)/Borosilicate glass B
A-A PL-L (DP 1683)/AEROSIL 0X50.

p3 070 PL-L (DP 192)/AEROSIL 0X50

In fig. 4.6 the plateau adsorption values of PL in 0.01 M NaBr (T =
293 K) on silica and glass powder are plotted against the solutien
equilibrium pH. The suspension effect on the pH measurements was pro-
bably small because the pH difference measured between the suspension
and the equilibrium supernatant was always smaller than 0.02 pH units.
From the figure one can see that at the p.z.c. of silica (pH ~ 3) the
adsorbed amount is also negligibly small. This is an indication that
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electrostatic interactions between adsorbent and adsorbate are dom-
inating in this case. The hydrogen bonding between R-C=0 or R-NH of

a peptide group and a surface silanol group is apparently not strong
enough to give a measurable adsorption. However in the case of glass
the adsorbed amount has a finite value at pH 3. The difference in pla-
teau value at pH 3 between silica and glass is probably caused by the
difference in p.z.c. between the two substrates, and not to a differ-
ence in hydrophobicity as one might think at first sight.

Jednadak et al. (1974) measured the i.e.p.'s of various glasses from
streaming potential and/or streaming current measurements on glass
plugs as a function of the pH and ionic strength. The value of the
i.e.p. they found for (vitreous) silica is pH 3, whereas the value for
pyrex dlass is:about pPH 2.5. This difference has no conseguences for
the position of the proton titration curve of glass as explained before.
Because of the flat charge-pH curves at low pH, a shift in the p.z.c.
due to the interaction of the silica or glass with PL has almost no
effect on the actual value of the surface charge density at pH 3. This
is demonstrated in fig. 4.4 for the surface charge-pH curves of AEROSIL
with and without added PL. Because of the large uncertainties in the
specific surface area of the glass powder nothing more gquantitative can
be said about the difference in slope found between the I'-pH curves of
glass and silica. In the case of silica the slope of the M-pH curve

Fig. 4.7 Adsorption of poly-L-lysine (DP 190) on AEROSIL 0X50 as a function of 0;
in 6.01 M NaBr. T = 293 K.
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(110 mC/pH unit) is almost twice that of the proton titration curve
{61 mC/pH unit). It is therefore very likely that the adsorption of PL
on silica is superequivalent over the whole pH range studied.

In fig. 4.7 the adsorbed amount PL (DP 192) in 0.01 M NaBr is plot-
ted against Oq instead of the pR. At moderate 6, values the amount of
PL adsorbed increases almost linearly with the surface charge. This was
also found by van der Schee for the adsorption of PL on Agl. Here how-
ever there is a definite value of the adsorbed amount PL at zero sur-
face charge, probably because of the hydrophobic surface present in
this case. The ‘'linear' behaviour is predicted by the polyelectrolyte
adsorption theory of van der Schee (1984).

4.3.6 Influence of electrolyte concentration

with polyelectrolyte adsorption the electric repulsion between simi-
larly charged groups will oppose the formation of thick adsorbate lay-
ers. On the other hand, if this repulsion is suppressed by electrolytes
I' can become high.
when the non-ionic adsorption energy parameter Xg is zero or small,
there is a sengitive balance between the electrostatic attraction be-
tween surface and PL charges and the lateral electrostatic repulsion
between adsorbed polyelectrolyte charges in loops and tails. It depends
on this balance whether the adsorption increases or decreases upon in-
creasing ionic strength.

4.3.6.1 Polystyrene latex and Agl

In fig. 4.8 the plateau adsorption values of PL.HBr on polystyrene
and AgI respectively are plotted as a function of -log I. As expected
the adsorption increases in both cases with increasing iocnic strength I.
At higher I the adsorption becomes also more sensitive to the molecular
mass as already discussed in (4.3.4). For the quantitative interpre-
tation of the effect of the ionic strength on the adsorbed amount it
is necessary to realize that in the case of P5 the surface charge above
0.1 M NaBr can be higher than at 10”3 M NaBr as discussed before (sec-
tion 4.3.5.1). This will lead to a somewhat higher adsorption than
would otherwise be at higher salt concentration. The increase in ad-
sorbed amount in 0.1 M NaBr when L is increased from -40 to -80 mC m~?
is only a few percent as predicted by the polyelectrolyte adsorption
theory of van de Schee, under similar conditions as the experimental
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Fig. 4.8 Adsorption of PL (expressed in mg PL.HBr) as a function of the electrolyte
concentration (i.e. ~log(ionic strength NaBr)) on PS and Agl. T = 293 K.
1. PS (latex Md): o-o PL-L DP 19: O-O0 PL-DL DP 240; A-A PL-L DP 1683
electrolyte: NaBr; pH 6.
2. Agl: o-o s-Acp-lyslﬁ-NHMe; 0-0 PL-L DP 300; A-A PL-L DP 2000 elec-

trolyte: HN03; surface charge Agl a, ~ 10 mC.m-z.

ones. The effect of the lateral interaction between adsorbed PL seg-
ments is probably dominant.

Congidering the ionic strength dependence of the PL adsorption on
Agl (van der Schee, 1984; Bonekamp et al., 1983) also in this case the
experiments are not performed at constant surface charge, but at about
constant pAg, so a, increases with increasing I. The magnitude of this
effect is not exactly known because the charge-potential curves of
Agl with adsorbed PL at different electrolyte concentrations are not
available (only the curve of 0.1 M KN03). It will be of the same order
of magnitude as with bare AgI, and probably less, when the situation
may be compared with the gilica-PL interaction. In the presence of PL
the pAg is also not exactly constant when the ionic strength is varied,
unless special precautions are taken, which was not the case here.
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So the surface potential is not entirely constant either when the
ionic strength is increased.

When at constant surface coverage of PL the icnic strength is in-
creased, the surface charge also increases. However in the situation
of fig. 4.8.2 the adsorbed amount of PL increases also as a direct con-
sequence of increasing the ionic strength. This leads to a decrease in
the pAg and consegquently to a decrease in the surface charge. In other
words, there are a number of trends that partly compensate each other.
The approximation of constant surface charge is therefore probably
reasonable in the situation of fig. 4.8.2. The comparison of the elec-
trolyte dependence in the PL/PS (fig. 4.8.1) and PL/Agl (fig. 4.8.2)
system, both on a basis of constant surface charge, seems therefore an
acceptable first approximation, especially sc since the lateral electro-
static interaction between the polymer segments is probably the domi-
nant factor.

The adsorption of PL continuous to rise progressively beyond 0.1 M
electrolyte both for Agl and latex as the substrate. The diffuse part
of the electrical double layer is then however almost completely com-
pressed (K_1<1 nm). For palyelectrolyte systems it is quite common how-
ever that the influence of the salt persists above 0.1 M. A gualitative
explanation is as follows: The distance between the charges on a poly-
electrolyte chain is usually very small, about 0.4 nm for PL and even
smaller for fully charged polyacrylic acid (0.25 nm). Hence at 0.1 M
1z 1 nm two adjacent charges on a polyelectrolyte chain

are still not completely screened. An example of this effect in a
polyelectrolyte sclution is the titration behaviour of weak acid or
weak basic polyelectrolytes. A plot of pKapp versus degree of dissoci-
ation ¢ is still not horizontal up to concentrations of 1 M electrolyte.
The same is found by us for plots of the specific viscosity of PL solu-
tions against PL concentration with NaBr concentrations ahove 0.1 M
NaBr. In the domain of polyelectrolyte adsorption, Greene (1971} found
"a strong increase in the plateau value above 0.1 M NaCl for the adsorp-
tion of poly(2-sulphoethylmethacrylate) on polyethylene powder.

Marra et al. (1982) reported adsorptions of polystyrene sulphonate on
silica which kept increasing at least up to 3 M MgCl2 or NaCl. The
polyelectrolyte adsorption theory of van der Schee (1984) is capable
of explaining this rise of adsorption with increasing I (see also

salt were k

chapter 7). It seems therefore not necessarily to assume an increase
of y with rising salt concentrations to explain the electrolyte depen-
dence on the adsorption at high electrolyte c¢onhcentrations. It is there-
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fore concluded that the strong increase of the adsorbed amount above
0.1 M electrolyte is still due to the screening of the —NH; charges.

It is interesting to note that polylysine-DNA complexes dissociate
in 1.0 M electrolyte solution despite the presence of H-bonds between
the lysine residues and phosphate groups of the DNA (Helene and Maurizot,
1981). A similar situaticn exists with the PL-silica system as will be
shown later (section 4.3.6.2). Obviously in these cases the binding is
predeminantly of an electrostatic character and hence it is reduced by
the addition of indifferent electrolytes.
on the other hand with PL adsorbing on PS and AgI, non-coulombic at-
tractive interactions, such as hydrophobic bonding, contribute signi=-
ficantly to the adsorption energy per segment, as already was suggested
when the adscrption isotherms were discussed (section 4.3.4).

Az one can see from fig. 4.3.1, no significant differences between
the behaviour of PL-L and PL-DL, with respect to the electrolyte in-
fluence could be detected as expected (see also section 4.3.4}, at .
least for electrolyte concentrations below 0.1 M.

The adsorption of PL on polystyrene is reversible with respect to
changes in ionic strength. This reversibility was tested as follows:
After adsorption of PL-DL {DP 240) on polystyrene latex M in 0.01 M
NaBr, the supernatant obtained after mild centrifugation was replaced
by a known volume of NaBr solution in such a way that the final NaBr
concentration was ~10'4 M. The latex was then resuspended and rotated
end over end for 16 hours. The desorbed amount was determined and ap-
peared tc be equal to the difference in plateau value adsorption between
10™2 and 107% M Nabr.

SCN ions are known to bind specifically onto the R-NH; gide chain
groups of polylysine (Conio et al., 1974). This causes a reduction
of the effective charge density on a polylysine chain (Conio et al.,
1974) and an effect on the amount of PL adsorbed on PS in the presence
of NaSCN is therefore expected. This was indeed found: The plateau ad-
sorption value of PL-L (DP 1683) on latex M2 in 0.01 and 0.1 M NaSCN
is respectively (.48 and 0.71 mg.m-z. The corresponding values in 0.01

and 0.1 M NaBr (fig. 4.3) are regspectively 0.36 and 0.46 mg m-z. The
plateau adsorption values of PL adsorption on PS with NaCl or NaNO3
as the electrolyte are not different from the isotherms found with
NaBr, as expected. From the effect found with SCN~ it is concluded
that NaSCN acts as a screener of the interaction between PL segments
-more effective than NaBr. This stronger screening more than compensates
attraction. In the case of si-

the expected weakened -NH; surface -OSO3
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lica as adsorbent this is not sb, because here the amount of PL-L ad-
sorbed is about the same whether NaBr or NaSCN is used (see fig. 4.3a).

4.3.6.2 8ilica and Borosilicate glass

Silica and borosilicate glass are hydrophilic adsorbents. The non-
ionic adsorption energy Xg of PL does not contain a contribution of
hydrophobic bonding in these cases. Furthermore the strong competition
of PL segments with water molecules for surface sites will lower the
value of Xg- Therefore Xg will be lower than in the case of AgIl and PS.
Consequently the balance between the electrostatic attraction between
surface charges and PL charges and the lateral electrostatic repulsion
between adsorbed polyelectrolyte charges in loops and tails, will be
more sensitive for electrolyte than in the case of PS and AgI.

When known amocunts of a NaBr and a PL solution in demi water (pH 6)
are added in the given order to a weighted amount of purified boro-
silicate glass powder, no significant differences in the plateau values
are found on varying the ionic strength of the suspension (see fig. 4.9).
Clearly several opposing effects play a role in these system. First,
the pH of the glass suspensions is not constant, but decreases with
increasing ionic strength as one can see in fig. 4.9. This decrease
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Fig. 4.9 Adsorption of PL-L (DP 1683) on ﬁotosilicate glass 82 as a function of the
ilonic strength. T = 293 K.
0-0 T vs -logl for 5.2 < pHads < 6.5 (pHads indicated as x)
D-0T wvs -logl for 3.2 < PHads < 4.3 (pHads indicated as A)
Note the different scales.
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is expected because the apparent pK of the silanol groups decreases
with increasing ionic strength. The amount of PL adsorbed at constant
ionic strength, decreases also with decreasing pH (see fig. 4.6).
Apparently the effect of the increasing ionic strength compensates the
effect of the decreasing pH. At higher ionic strength the competition
between Na' ions and -NH; groups of the PL starts to suppress the ad-
sorption of PL. At low pH values, the amount of PL adsorbed increases
slightly with increasing ionic strength, despite the decrease in pH
occurring when the electrolyte concentration was increased. As under
these conditions the effect of pH on 04 is small, this trend is pro-
bably entirely attributable to the reduction of the screening between
the charged -NH; groups of PL.

In order to investigate the effect of ionic strength on the adsorp-
tion plateau values of PL on substrates with weakly acidic surface
groups, it is better to measure the pH dependence of the adsorption at
several ionic strengths and to construct from these data the electro-
lyte dependence at constant pH. This was done by us for the adsorption
of PL on silica. The use of buffers has to be avoided because of the

possible interference with the silica-PL system.
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Fig. 4.10 Effect of the pH on the adsorption of PL-DL (DP 307) at different ionic
strength on silica (AEROSIL 0X50), T = 293 K.
0~0 1073 ¥ NaBr; A-A 1072 NaBr; 0-0 10™) M NaBr; x-x 0.3 M NaBr.
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In fig. 4.10 the plateau values of the adsorption of PL-DL (DP 307}
on silica are plotted as a function of the pH at several values of the
ionic strength. The curves at diffrent ionic strength were measured
simultaneously in one series of experimentg, with the objective to use
the same stock solutions and pipettes for each measurement, so that
smaller differences in adsorbed amount between two curves could be
estimated. Series of curves with PL-L (DP 240) and PL-L (DP 192) were
obtained in the same way. They showed similar behaviour as PL-DL
{(DP.= 308) in fig. 4.10. This indicates that the ionic¢ strength depen-
dence of the T vs pH curves is reproducible within one set of curves,
and that it is independent of the molecular mass and stereoregular con-
figuration of the PL.

At each ionic strength value, the amount of PL adsorbed increases with
increasing pH due to the increasing surface charge as already discussed
under (4.3.5.2). In fig. 4.11 the plateau values of the adsorption of
PL-DL as a function of -log I are plotted for three pH values (i.e.
vertical cross sections through the set of curves in fig. 4.10). At pH
values lower than 4, the adsorbed amount seems to decrease monotonical-
ly with increasing icnic strength. The experimental error is however
too large at these low adsorbed amounts to allow conclusions to be drawn
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Fig. 4.11 Influence of the ionic strength 1 on the adsorption of PL-DL (DP 307) on
AEROSIL OX50 at different pH values.
o-o pH 4.0; DO-0 pH 6.0; A-A pH 7.5.
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from the observed trend. The lower adgorbed amcunt at 0.3 M NaBr com-
pared to that at 103
I' vs8 -log I curves show a maximum, indicating that the factor dominating
the adsorbed amount is different at high and low ionic strength.

with the help of the 0,~PH curves of silica in the presence of
3 -2 1

M NaBr is prcbably real. At higher pH values the

excess PL for 10™°, 10 and 107~ M NaBr (see fig. 4.12), the adsorbed
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Fig. 4.12 Charge-pH curves of AEROSIL 0X50 silica in the presence of excess PL (rmax
at each pH). T = 293.15 K. il = 2.50% (w/v). Electrolyte concentrations
are indicated,

amount. as a function of pH can be replotted as a function of o, for the
ionic strength values indicated. From this set of curves the amount of
PL adsorbed as a function of -log I at constant o, values as shown in
fig. 4.13 are observed. It can be seen from these curves that at con-
stant surface charge the plateau adsorption of PL only increases with
increasing ionic strength and no maximum is present anymore. In con-
trast with the comparable curves for Agl and PS as the substrates for
PL, the T vs -log I (00 = constant) curves for silica are concave and
the increase above .0l M salt is only small. This shows that the bal-
ance between the two opposing salt effects mentioned in the beginning
of this section, is turned in favour of the weakening of the —NH;/sSi-O"
attraction at higher salt concentration. With the PL - glass system at
low pH a similar effect was found. The displacement of -NH; from sur=-
face sites by Na+, at higher ionic strength, can play a role in the
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Fig. 4.13 Influence of the ionic strength on the adseorption of PL-DL (DP 307) on
silica at constant surface charge.

0-0 0 = -20 mC u%; 0-G 0 = -50 mC.m 2} A-A o, -100 nC.m 2.

observed trend. It is stressed again that such a salt effect, as ob-
served in fig. 4.13, can only be found when the non-ionic adsorption
energy x is a miner factor contributing to the binding. 4

The problem remains how teo explain the maximum in the T' vs -logl
curves at constant pH (fig. 4.11). The reason must be sought in the
fact that, in contradistinction to the behaviour of bare silica, the
surface charge at constant pH of silica with excess PL present, is a
decreasing function of the ionic strength. This is another indication
for the competition between Na' and —NH; charges of PL, for dissociated
surface silanol groups. A more detailed discussion of the charge-pH
curves of silica will be given in chapter 5. It is probably this drop
in surface charge, which causes a decrease in the adsorbed amount at
higher ionic strength at constant pH. It would be interesting to cal-
culate the electrolyte dependence of the adsorption of positively
charged polyelectrolytes on negatively charged surfaces for Xg values
about or less than xs,cr (see chapter 7). In this respect it is inter-
esting that Lindquist (1975) found an increase in the amount adsorbed
at constant pH for polyethyleneimine on silica (Ludox AM) particles up
to 0.1 M NaCl. This is probably due to a higher Xg value in this case.
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4.3.7 The stability of latex and A9l sols against low molecular mass
electrolyte in the presence of polylysine

when a negatively charged gclid dispersed in water is brought into
contact with an increasing concentration of a cationic polymer, three
zones of action may be recognized, viz.(i): a stable zone at very low
total polymer concentration {i.e. very low polyelectrolyte coverage
of the particles), {(ii) a flocculation* zone and (iii) at higher poly=-
electrolyte contents (high surface coverage) a zone of resgtabilization.
The unstable region is bound by the critical flocculation concentra-
tion (CFC) and the restabilization concentration (RSC). The concentra-
tion of polyelectrolyte required for maximum destabilization is defined
as the optimum flocculation concentration (OFC).

The main reason for flocculation of charged particles by oppesitely
charged polyelectrolytes is charge neutralization (Gregory, 1973; Ho
and Howard, 1982; Lindguist, 1975; Bleier and Goddard, 1980).

Besides the extent of adsorption, also the configuration of the ad-
sorbed polymer determines whether flocculation or stabilization occurs.
The coagulation concentration is also dependent on the structure of the
adsorbed layer. Corry and Seaman (1978) pointed out that in the PL/
latex system, polylysine can act either as a flocculating or stabili-
zing agent, depending on the configuration and disposition of the.
adsorbed polymer.

In this study, the stability of polystyrene- and Agl-particles
covered with PL above the RSC against low molecular mass electrolyte
was investigated. The influence of the PL molecular mass was also con-
sidered. In this way some additional information can be obtained about
the configuration of the adsorbed polylysine. The stability measure-~
ments were done by a static method described in section 4.2.5.

The stability of polystyrene and Agl sols, containing particles
covered with PL-L, against increasing KNO, concentration was measured.
In the absence of PL the coagulation concentration of PS latex was not
measurably different with KNO3 or NaBr as electrolyte. Also in the pre-
sence of PL, the same trends were found with KNO
lyte.

3 OI KBr as electro-

* The term flocculation is used here when destabilization occurs by the addition. of
polyelectrolyte. The term coagulation is used in the case of destabilization by

low molecular mass electrolyte.
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Experiments with sols in the presence of adsorbed PL were performed
by us under conditions of large excess (i.e. with respect to the ad-
sorbed amount) PL in the bulk (CPL > 30 g.m-3) or small initial excess
PL in the bulk (cPL < 0.7 g.m_s). As the adsorbed amount increases with
increasing ioni¢ strength, the concentration PL in the bulk solution
decreases with increasing ionic strength to very low values in the
latter case. Above 0.1 M electrolyte, plateau adsorption is not com-
pletely reached in the case of small initial excess PL. Whenllarge
excess 1s present, the PL concentration in the bulk stays about con-
stant on increasing the electrolyte concentration. In this situation
the plateau values are largely reached at each salt concentration.

In fig. 4.14 and 4.15 the relative turbidity T i.e. the measured
extinction of the supernatant devided by the turbidity of the corres-
ponding stable blanc sol Tor is plotted as a function of the KNO, con-
centration for AgI- and PS sols, both bare and covered with PL-L of
different molecular masses. In both cases the total concentration PL
ensures large excess of PL-L. From fig. 4.15 one can see that the
stability of the AgI sol increases with increasing molecular mass of
the adsorbed PL-L. In the case of PL-L (DP 19} there is apparently
ne extra gain in stability of the sol, despite the increasing adsorbed

1 1 1 " 1 " | " 1
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Fig. 4.14 Stability curves of P§ (latex Mz) with and without added PL-L at pH 6 and
T = 298.15 K. ch = 30 g.m_3. x-x PS latex 1'12; o-0 PS latex MZ/PL-L (DF 19);
0-0 PS latex MZIPL-I. (DP 240); A-A PS latex M2/PL-L (DP 1683).
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Fig. 4.15 Stability against 1-1 electrolyte of AgIAEbI with and without PL-L.
T = 298.15 K, °11;L = 50 g.m 2, pH 6.
x-x Bare Agl; o-o AgI/PL-L (DP 19); O~O AgI/PL-L (DP 192); A-A Agl/PL-L
(DP 1683).

amount when the salt concentration is raised. However, in the presence
of large excess PL-L (DP 192) or PL-L (DP 1683), the Agl sols are more
stable than bare Agl sols. Apparently loops and tails are formed at
higher ionic strength, large enough to give some steric stabilization
in these cases.

In the case of small initial excess PL (see fig. 4.16) no evidence
for steric stability was found. Under these conditions the sols are
purely electrostatically stabilized. The effect of the PL concentration
in the bulk on the sol stability is shown in fig. 4.16.

There is an increasing stability when at each KNO, concentration the
volume fraction PL in the bulk is such, that the plateau adsorption
is largely reached. In those cases where the volume fraction in the
bulk ¢,, is very low, thus resulting in amounts of adsorption just
below the plateau or even less, on increasing the KNO3 concentration
(ch = 1.0 g.m"s), there is also no appreciable molecular mass depen-
dence of the stability (see fig. 4.17). Hence the conformation of the
adsorbed PL layer is more flat under these conditions than in the case
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Fig. 4.16 Influence of the total PL (DP 62) concentration on the electrolyte stabil-
ity of Agl seol, pI = 4, T = 298.15 K.
x=-x bare Agl; o-o AgI/PL-L CgL =1 g.m.-a; O-0 Agl/PL-L CgI.
A-A AgI/PL-1 ch = 50 g.m .

=5 g.m-3;

of large excess PL. So in the case of small initial excess PL the pos-
sibility of significant steric stability no longer exists. The results
obtained by us under conditions of small initial excess polylysine are
consistent with those of van der Schee (1984}, who measured the electro-
lyte .stability of PL-covered Agl sols, under similar conditions by a
kinetic method. _

The stability curves of PL-covered PS particles at large excess PL
as a function of the PL molecular mass, are qualitatively the same as
those with AgI (fig. 4.14), however the effect of the PL molecular
mass is here much more pronounced. The PS sols with particles covered
with PL-L (DP 1683) are completely stable up to electrolyte concen-
trations of at least 1.0 M. A complicating factor here is the PS sur-
face itself. The PS-water interface is to some extent 'hairy' (see sec-
tion 3.2.3). This causes a kind of intrinsic steric stability of the
latex. Coagulation concentrations of latex in the presence of PL (DP 19)
and PL (DP 240) are even lower than those of bare latex. This indicates
that the interfacial PL layer is more flat than the bare PS-water inter-
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Fig. 4.17 Stability of Agl sol as 2 function of the KNU3 concentration. No excess
PL-L present. C;L =1.0 g.m—3, T = 298.15 K, pl = 4.

a-x Agl/PL-L (DP 62); o-o AgI/PL-L (DP 192); O-O bare Agl.

face. On the other hand with PS covered by PL-L (DP 1683) this is clear-
ly not the case. Quantitative differences in the stability behaviour of
AgI- and PS sols covered with PL are possibly caused by differences in
Hamaker constant between these substances. Also other factors such as
differences in sedimentation velocity of the aggregate and adsorbed
amount, between the two substrates can contribute to it. The stability
of PS latex in the presence of PL is consistent with electrokinetic
measurements performed by us on PL-coated PS plugs. The results ob-
tained here are qualitatively in agreement with those obtained by wil-
liams et al., (1982) for negatively charged Baso, particles, covered
with polyacrylic acid. Corry (1978) measured the rate constant of the
flocculation of PS sols at a constant low molecular mass salt level of
0.1 M NaCl as a function of PL coverage (the electrophoretic mobility
of PS particles was taken as a measure of surface coverage). The rate
constant at high surface coverage was appreciably lower than that at
moderate surface coverage. Corry concluded that at high surface cover-
age the low aggregation rate constant must be accounted for by steric
stabilization, which is in line with our experience. No satisfying
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explanation was offered for the extra stability gain at very low sur-
face coverage. In my view the unexpectedly high rate constant found
by Corry must be due to the haryness of the PS particles themselves,
a feature similar to that found by us.

4.4 SUMMARY AND CONCLUSIONS

In this chapter adsorption properties of highly charged polylysine
(pPB < 6) on hydrophobic (polystyrene and AgI) and hydrophilic (boro-
silicate glass and silica) adsorbents were discussed.

In all cases high affinity isotherms are found in which the plateau
adsorption is less than or about monolayer coverage. At low ionic
strength there is no effect of the molecular mass of PL on the ad-
sorption, indicating flat adsorbate layers. No differences between
the adsorption of PL-L and PL-DL are present. In most cases the ad-
sorption of PL is superequivalent.

At low ionic strength (i.e. I < 10-2M) the formation of thick ad-
sorbate layers is prevented by the strong electrostatic repulsion be-
tween adsorbed PL segments, as is usually found for highly charged pely-
electrolytes. As this electrostatic repulsion dominates the adsorption
at low ionic strength, differences in adsorbed amount between the sub-
strates used (at the same surface charge) are not very pronounced. Also
the composition of the side chain of the cationic polyamincacids has ne
influence under these conditions.

As expected the adsorption of polylysine increases with increasing
negative surface charge. The adsorbed amount increases also when the
ionic strength is increased, because then the repulsion between polymer
segments is screened. The salt dependence was found to be reversible.
On increasing the ionic strength, differences in adsorption behaviour
between hydrophobic and hydrophilic adsorbents as the substrate for PL
become visible. With silica the increase of the adsorbed amount PL
levels off above 0.01 M NaBr, while on PS and AgI the adsorption
progressively increases at least up to 1.0 M electrolyte. This sug-
gests that Xg is less in the case of silica. The reason for this can
be the absence of hydrophobic interactions between PL segments and the
surface, while in the case of Agl and PS hydrophobic interactions be-
tween the -(CH2)4—NH; side chain and the surface are possible.

In other words, the balance between the segment-surface attraction
and the electrostatic segment-segment repulsion is turned in favour of
weakening of the segment-gsurface interaction at high icnic strength
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in the case of silica. This shows that the electrostatic contribution
to Xo, eff is relatively more important in the case of adsorpticn of PL
on silica than in the case of PL-adsorption on AgI and PS.

The electrolyte stability of AgIl and PS sols in the presence of
adsorbed PL was also investigated. When the adsorbed amount at the
coagulation concentration is just below the plateau value the sols are
only charge stabilized, independent of the degree of polymerization of
the PL. In the case of large excess PL, where the plateau value at the
coagulation concentration is largely reached, the sols with PL {DP 192)
and PL (DP 1683) are more stable than sols with bare particles. This
together with the fact that at high ionic strength (I > 0.1 M) the
adsorbed amount increases with increasing DP shows, that under these
conditions the adsorbate layer is less flat and that more pronounced
tails and loops must be present than at low ionic strength or adsorp-
tion values just below the plateau value.
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5 INTERACTIONS BETWEEN NEGATIVELY CHARGED COLLOIDAL PARTICLES AND
POLYCATIONS

5.1 INTRODUCTION

Interactions between coppositely charged (biological) macromoclecules
play definite rcles in biclogical and technological systems, for in-
stance in the contact between connective tissues (Gelman et al., 1973}.
Also in many biochemical, biomedical and technolegical applications,
complexes between oppositely charged macromolecules are of great. im-
portance. A biochemical application is, adsorption chromatography of
biopolymers. The interaction of charged salivary proteins with hard
tooth tissue (Juriaanse, 1980) and the binding of histone proteins to
DNA (Record et al., 1978) are other examples. Flocculation of active
sludge with oppositely charged polyelectrolyte is of importance in
water purification (Daniels, 1980). Alsc the use of polyelectrolyte-
complex material for ultrafiltration and dialysis membranes for medical
purposes can be mentioned here (Philipp, 1982).

Negatively charged silica and polystyrene particles can be regarded
as rigid spherical polyelectrolytes. This is because of the existence
of fixed discrete charged groups on the particle surfaces which are
relatively close together (see for example Rice and Nagasawa (1961) or
Tanford (1965)).

In this chapter I will consider the adsorption of the flexible poly-
electrolyte poly-L-lysine.HBr on polystyrene (PS) or silica particles
as a special case of the formation of a polyelectrolyte complex (i.e.
polycation-polyanicn complex), rather than as a special case of un-
charged polymer adsorption, as is usually done in the polvelectrolyte
adsorption field.

The polyelectrolyte complex approach of polyelectrolyte adsorption
was also suggested by Horn (1978) and Philipp (1982).

The results obtained here will be compared with the properties of the
more 'regular' polycation-polyanion complexes like, for instance the
polylysine-peolyglutamic complex (Domard and Rinaudo, 1981). It must be
kept in mind, however, that the charged macromolecule charged particle
systems considered here are in fact heterogeneous systems, while the
polycation-polyanion complexes, are homogeneous one phase systems,
at least at low concentrations, i.e. below the solubility limit of the
complex. 4
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5.2 EXPERIMENTAL
5.2.1 Materials

The materials used in this study: polyvinylsulphate-potassiumsalt
(ICN inc.); peolylysine.HBr (Sigma), poly-L-histidine (M = 15.000;
Sigma); PS Latex and silica (AEROSIL OX50 Degussa)} have been described
in sections 3.1-3.3 and 4.2.1. The concentration of aqueous PL.HBr
solutions calculated on a weight basis was in good agreement with the
values found from a conductometric titration with calibrated AgN03 or
hydrogen polystyrene sulphate (HPSS} solutions.

The preparation of HPSS from NaPSS (Waters ass.) was done by di-
alysis against excess HCl solutions and demi water in the given order.
The PSS-residual concentration was then determined by a conductometric
proton titration.

Conductivity water and analytical grade chemicals were used in all
experiments.

5.2.2 Potentiometric and conductometric titrations

All conductometric and potentiometric measurements were performed in
a well-closed double walled vessel, thermostatted at 293.15 + 0.05 K,
under a COz-free water vapour saturated N, atmosphere. Proton titra-
tions for the surface charge determination of PS (latex M)} have been
described in secticn 3.2.2.
Proton titrations of silica in the presence or absence of PL.HBr and
the construction of charge-pH curves from the obtained data have been
" described in section 3.3.3 and section 4.2.4.
Conductometric titrations of 20.0 cm3 PS latex (1% {(w/v)) or AEROSIL
OX50 (1.25% (w/v)) with poly—L—lysine;HBr (0.02 M) were performed
with a Retch conductivity meter opefating at 4 KHz.
Conductivity cells with cell constants of 10.4 nl oor 71.9 ! were
used. Additions of PL.HBr were done with an Agla microsyringe. Con-
ductometric titrations at high pH values were performed with latex
and PL.HBr solutions that before the titrations were brought to the
same pH under a N2 atmosphere with 1.0 M NaOH. The Agla microsyringe
was then filled with PL.HBr (high pH) without allowing contact of the
PL.HBr solution to the air.
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5.2.3 Adsorption measurements

Adsorption isotherms of PL.HBr on the substrates PS (latex) or sili-
ca were determined by depletion as has been described in section 4.2.3.
The concentrations of positively charged polylysine.HBr after adsorp-
tion were determined by titration with the potassium salt of pely-
vinylsulphate using toluidine blue as the indicator {Terayama, 1952;
Horn, 1978). See also section 4.2.2 and 4.2.3.

5.2.4 Stability measurements

The stability of silica sols as a function of the degree »f PL.HBr
coverage of the particles was determined as follows: In 10 cm3 sovirel
tubes with screw cap (Teflon seal) 4.0 em® silica sol (1.25% (w/v)) was
added. Then 4.0 cm3 PL.HBr with the desired concentration was added by
means of a pipetman dispensing pipet, so that rapid mixing due to the
PL.HBr solution jet was achieved. In this way a series with increasing
total PL.HBr concentration and constant desired micro electrolyte con-
centration was prepared. The tubes were rotated end over end for 5 hours
(at 295.6 + 0.3 K) to obtain adsorption equilibrium. Then the tubes were
incubated at this temperature without agitation for another 18 hours.
After this time the OD (550 nm) of the top two em> of the supernatant
was measured. The results were plotted as the ODéggﬂm
total polylysine concentration. Also the amount PL adsorbed of each

against the
sample and the pH was measured after the OD measurements.
5,2.5 Microcalorimetry

Some preliminary measurements of the heat of adsorption in the
PL.HBr-PS latex system were performed in a LKB twin microcalorimeter.
The procedure followed was the same as that described by Norde (1976,
1978). The PL.HBr-L and latex was dialyzed against the same electrolyte
solution before the measurements. Due to the twin principle of the
calorimeter the heat of dilution of the PL.HBr solution was automatic-
ally accounted. The heat of dilution of the latex was negligibly small.

5.2.6 UV and CD spectroscopy

Some attempts were undertaken to measure the UV and CD spectra of
poly-L-histidine, adscrbed on silica. Instead of PL, PHis was chosen
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because this polyaminoacid shows a conformational transition in solu-
tion between pH 4 and 6. (Beychok, 1967). UV (difference) spectra
were recorded on a Beckman model 3600 UV spectrophotometer. Circular
Dichroism spectra were recorded at a Jouan Roussel dichrograph under
N, flush.

Matched quartz cuvettes with an optical pathway of 10.0 mm were used
in most of the exXperiments.

5.3 RESULTS AND DISCUSSION
5.3.1 Adsorbed amount PL.HBr from depletion measurements

One of the experimental advantages of the polylysine/charged particle
systems is, that the complex (i.e. adsocrbed PL.HBr) in egquilibrium with
PL.HBr in solution, can easily be separated by centrifugation. The com-
position of the complex as a function of the equilibrium concentration
PL.HBr (i.e. the adsorption isotherm) can then be cobtained by deter-
mining the equilibrium concentration PL.HBr in the clear supernatant
and calculation of the depleted amount of PL.HBr.

For the heterogeneous systems studied here it is most convenient to
express the composition of the complex in pmol lysine -NH; charges
adsorbed per m® particle geometrical surface area, instead of the

ratio —NH; and —050; or S8i-0" charges in the complex as is usually
done for polycation-polyanion complexes.
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Fig. 5.1 Adsorption -of PL.HBr (DP 192) on PS5 (latex MS) and silica (AEROSIL OX50)
from conductivity water (no added electrolyte) T =293 K
o-0 PL.HBr/PS o, = -0.54 Lmol oso;/.nz2
A-A PL.HBr/AEROSIL a, = 0.04 pmol 5i-0 /m *

* in the absence of PL.HBr.
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In fig. 5.1 adsorption isotherms of PL.HBr-L DP 192 on PS (latex
M,) and AEROSIL OX50 pyvrogenic silica are plotted. The adsorption has
a high affinity character, due to the relatively high DP of the PL.HBr.
S0 up to the plateau value virtually all added polylysine is bound to
the PS or silica particles. Increasing the PL concentration after reach-
ing the plateau value does not change the composition of the complex.
At the beginning of the plateau the PL.HBr/PS complex is positively
charged because the ratio p . = [NH;]/[OSOS] is then 2.1, where [NH;]
and [Osog] stand for the total concentration NH; and osog groups in
%' [NH;] and [oso;] correspond
also to the number of NH; and 0505 groups per unit area respectively.

of 2.8 was found. The adsorption of PL.HBr

max
on PS is also superequivalent (p >1) in the plateau and the same is

the system respectively. Below or at rma

For latex M, a ratio p
max
the case for the PL.HBr-silica system.

A similar behaviour was found by Philipp for the complex formation
between a strongly branched polyethyleneimine with anionic carboxy- '
methylcellulose and ligninsulphate (PhilIipp, 1982 p.5). The physical
reason for the formation of non stoichrometric complexes is mainly that
it is sterically not possible that every polycation charge neutralizes
locally a polyanion charge or visa versa. When the polycation and poly-
anion are both linear flexible polyelectrolyte molecules and other at-
tractive forces are of minor importance, no sterical constraints for
1:1 complex formation are present and 1:1 stoichiometry is observed
indeed. In general the electrokinetic charge of a polyelectrolyte com-
plex will be lower than the charge calculated from the composition of
the complex due to co-adsorption of micro-ions.

As has been shown in the previous chapter there is no molecular mass
dependence of the plateau adsorpticn at low ionic strength values. A
large part of the PL.HBr residues is then in the close vicinity of the
particle surface. Of course the number of PL molecules bound per PS or
silica particle is strongly dependent on the degree of peolymerization
and the dimensions of the colloidal particles.

The influence of particle curvature (i.e. size) on the amount of poly-
cation adsorbed per unit area is only minor as was shown by Eggert
(1976}. This was concluded form adsorption measurements of poly (1,2-
dimethyl-5~vinylpyridinium) bremide on negatively charged polystyrene
particles of various sizes (100-1100 nm).

An important difference between the silica and polystyrene substra-
tes discussed in chapter 4, is the ionic strength dependence of the
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amount of PL.HBr adsorbed. In the PL.HBr/PS system the amount adsorbed
is increasing up to at least 1.0 M NaBr, showing the importance of
hydrophobic interactions in this case. However at constant pH the
amount adscrbed on silica is decreasing with CNaBr above 0.01 M NaBr.
The non-coulombic attraction energy per PL segment (probably H-bonds)

is only weak in this case.
5.3.2 The PS latex - PL,HBr system
Conductometric studies
Fig. 5.2 shows the variation of specific conductivity when PL.HBr-L
is progressively added to PS latex M, (4.2 pmol (OSO .H+).kg-l) in

the presence of H' counterions only. Also the addition of PL.HBr to
positively charged latex (10 kg.m'3) is shown. The curves for the
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Fig. 5.2 Variation of the conductivity and pH when a solutian of PL.HBr-L (pH=6; o=0)
is added to diluted latex M4 (4.2 mmol -OSO .H /kg) or latex P{+)
(~10 kg.m 2) T = 293.15 K
1. PL.HBr-L (DP 1683)/latex P(+) ; K vs Cppi 2. PL.HBr-L (DP 192)/latex M
K vs eprj 3. PL.HBr-L (DP 1683)/latex M, Kvs e
latex Mk’ pH vs ¢

4
pp+ 4- PL.HBr-L (DPF 192)/
5. PL.HBr-L (DP 1683)/latex Mﬁ’ pH vs ¢©
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negatively charged latex show a break in slope, while for the positi-

vely charged latex a completely straight line is observed. The position

of the break is, as expected for flat adsorption, independent of the
molecular mass of the PL.HBr used. Because the breakpoint lies at a
total PL.HBr concentration where the plateau adsorption (I =

max

1.15 umol.m-z) is not yet reached, all PL.HBr added up to this point
is bound to the PS particles. At the breakpoint in the conductometric
titration curve the ratio Pbr between the total number of R—NH; and

R-OSO3

is 2.0,

groups present gives the composition of the complex. Its value

thus alsc the breakpoint in the conductometric titration re-

flects the non stoichrometric superequivalent behaviour of the com-

plex formation. The straight line observed with positively charged

latex shows, as expected, the absence of a complex in this case, nor
could any adsorption be detected analytically under these conditions.

Az opposed to the complex formation described above, PL.HBr and dis-

solved polystyrene sulphate (PSS) form a stoichrometric 1:1 complex as
is shown in fig. 5.3. Here a 1:1 complex can be formed because both

polyelectrolytes involved are flexible and linear as already said

before.

Another difference between the PL.HBr/H.PSS and PL.HBr/PS (latex)
systems is that the distance between the -050; groups on the PSS chain

+

and beteen the -NH3 charges on PL.HBr {(a=0) are not very apart, 0.25 nm

Fig. 5.3
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Variation of the conductivity and pH when & solution of PL.HBr-L (DP 192);
pH~6 is added to a HPSS solution (0.1 molr.m-3; M(PSSH) = 88000)
K vs p; x-~—x pH wvs p; T = 293.15 K.
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and 0.36 nm respectively, whereas the mean distance between the ,osog
groups on the PS5 particles is 2 nm. When the polyanion and polycation
are both linear and entirely flexible it is not necessary for the for-
mation of a 1:1 complex that the distance between the charges on each
chain is about equal. The structure of the complex formed is however
dependent on these distances. When the distances on both chains are
about equal a ladder-like structure can be formed (7Tsuchida et al.,
1974; Philipp, 1982), while if these distances are not equal a more
random structure is likely (Philipp, 1982). Because the —0505 groups
on the PS (latex) surface are at an average distance of 2 nm, it is
sterically impossible to accommodate one -NH; onto each -080; group,
also when the -080; groups are slightly movable because they are bound
to chains protruding into the solution, so called hairs (see sec-
tion 3.2.3). In the terminology used by Polderman {1975) the PL.HBr/PSS
system is a symmetric system while the PL.HBr/PS (latex) system is
asymmetric.

The slope of the k vs Cpy, Curves, i.e. the molar conductivity A
after the breakpoint must be identical to that of dissolved PL.HBr
{(when double layer effects may be neglected). This is shown by the
equality of the slope of curve 1 after Pbr and the slope of bulk
PL.HBr {curve 3) in fig. 5.2. Before the breakpoint the slope is much
higher. This is caused by the release of microions, due to the binding

of -NH; groups of lysine to the sulphate groups on the PS surface:

T ...NH'-R + H' + Br~ (1)

- + + - 3
R=-0S0., ...H + R-NH3 ...Br « R-OSO3 . 4

3
The same process occurs also in the PL.HBr/PSS-H+ system. That H+ and
Br~ is released due to the complex formation is also shown by the de-
crease in pH occurring. When all -osog groups are bound to an -NH;
group no H' is released anymore and the pH reaches a minimum value.
This pH minimum coincides with the breakpoint in the x vs Cpy, curves.
Aypr(293.15 K) found from the « vs c, curves, 29.5 ms.mZ. eq."l, is
about 20-25% lower than AHBr(293'15 K; 0.1 mol.m—s). The lower molar
conductivity of HBr can be due to the lower activity of the ions in
the electrical double layer of the PS particles and polylysine (Man-
ning, 1972). wWhen however the amount of released protons per kg PS
particles at the conductivity breakpoint is calculated from the mea-
sured pH differente neglecting activity coefficients and the suspen-
sion effect, a value of 4.09 0.3 pmol H+.kg'1 is found. This value

is close to the value of the surface concentration —080; found for this
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latex from conductometric proton titrations. So the binding of Br- to
the peptide group of PL (Ciferri et al., 1968) can alsc contribute to
the lower MiBr found.

Another point is that no break is observed in the conductivity
curves at p=1l. This shows that the charge stoichiometry of the complex
formation dcoes not change up to Ppr- At p=1 when the particles are
overall neutral the latex is flocculated, because no overall repulsive
interaction between the particles is present anymore {(Ho and Howard,
1982; Gregory, 1973; Rasper, 1971). As pointed out by Rasper (1971)
and also by Gregory (1973) positively charged and negatively charged
patches exist on the PS particles surface at p=1. The conductometric
titration curves found here support this model. Visual flocculation of
the latex-PL.HBr system during the titration experiments was always
observed above p=1 but well below the breakpoint.

In homogeneous polycation-polyanion systems the entropy increase
due to the release of microions is usually the driving force for the
complex formation (Philipp, 1982; Manning, 1978; Record, 1978). This
is probably also an important factor in the PL.HBr/latex system used
here. Preliminary microcaleorimetric measurements performed by us on
the PL.HBr latex system at pH 6 showed a clearly exotherme heat of
adsorption. Thus also enthalpic interactions favour the adsorption.

Ross and Shapiro (1974) found the binding of polylysine to DNA to be
almost athermal, sco in this case the ion release is the sole driving
force.

In fig. 5.2 one can see that the amount PL.HBr adsorbed in the break-
point of the conductometric titration curve rbr is 0.84 pmol.m_2 is
not identical with the maximal adsorption (rmax = 1.2 pmol.muz) but
lower. This shows that after the complete neutralization of the -0S50
groups at rbr’ the adsorption still increases. This can only be the

3

case if other than electrostatic interactions contribute t¢ the inter-
action free energy hetween a PL segment and the PS surface. As was also
concluded from the salt dependence of the adsorbed amount, hydrophobic
interactions between the hydrophobic PS and the -(CHZ)-4group of a
lysine residue side chain are probably responsible for this.

Direct estimation of the fraction PL charges not bound to an
-OSOE group

An interesting experiment was the direct measurement of the free
R-NH; lysine groups in adsorbed poly-L-lysine. To this end dilute PS
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latices (11.25 kg.m_3) were first titrated with PL.HBr-L (DP1683),’one
sample till just below rbr (ch=0.0806 molr.m_3) and one till above
ry, but below I (cp =0.0983 mol_.m >). Then the latex with ad-
sorbed PL.HBr was titrated with a PVS-K solution. Blanc titrations of
water and a PL.HBr solution with PVS.K were performed to serve as re-
ference titrations.

In fig. 5.4 conductivity curves for these various titrations are col-
lected. Competitive polyelectrolyte adsorption plays a role in the ti-
trations of adsorbed PL with PVS.K. This explains the rather bended
shape of the curves. The titration curves of adsorbed PL.HBr with
PVS.K show two breaks. The first reflects the disappearance of free
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Fig. 5.4 Variation of the conductivity when a solution of potassium polyvinylsulphate
(10.5 molr.m-a) is added to
1, 20.0 cm3 water initial pH = 5.8;
2. 20.18 ca® PL.HBr-L (DP 1683) cp = 0.0806 mol .m > initial pH 5.02
3. 20.18 cm3 latex P.Il' (11.25 kg.m' ) with adsorbed PL-HBr-L (DP 1683)
cpy = 0.0806 mol_.m >  initial pH 4.24.
L. 20.22 c3 latex H[. (11.25 kg.-3) with adsorbed PL.HBr-L
(DP 1683) cp; = 0.0983 mol.m™>  initial pH 4.47.
in 3 and 4 PL.HBr is adsorbed quantitatively. T = 293.15 K

Notice the different K scales.
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-NH; groups. The occurrence and position of the second break shows that
PL.HBr is disﬁiaced from the -050; groups of the polystyrene at higher
PVS.K concentrations. When also in the adsorbed state stoichiometric
charge complexes between the free R-NH; groups of PL.HBr and sulphate
groups of PVS.K are found, the ratio between the first break and second

break in the ¥k vs c curve is the fraction of free —Nﬂg charges.

PVS.K
This results in values of 0.3 and 0.4 for this ratio for adsorption

2 The increase of the frac-

values of respectively 0.72 and 0.84 pmpl.m'
tion free charges with increasing amount PL adsorbed suggests that the
fraction of the total adsorbed amount PL in loops and tails increases
with increasing surface coverage. This trend is also predicted from
polyelectrolyte adsorption theory (van der Schee, 1984).

1t is also possible to calculate the fraction free —NH; charges from
the amount PL.HBr adsorbed and the surface concentration -050; groups.
For the adsorption values mentioned above: 0.72 and 0.84 pmol.m_z,
values for the fraction free -NH; charges of 0.4 and 0.5 are found.
The difference between these values and those found from the titrations
with PVS.K are probably the conseqguence of the uncertainty in the value
of the surface charge of the PS particles. Another possibility is a
deviation from the 1:1 complex formation between adsorbed PL.HBr and
PVS.K, because of the rather flat conformation of the adscrbed PL
molecules. ‘ ]

A similar type of experiment as described above was suggested by
Eisenlower (1982) and performed by Hern (1978) with the polyethyl-
eneimine/polystyrene latex system. However Horn used a metachromatic
cationic dye for the optical detection of the free polyanion concen-
tration. At the adscrption plateau Horn found a value of 0.4 for the
fraction free charges of the adsorbed polyethyleneimine (PEI)}. In this
case no displacement of the polycation by PVS.K could be detected. In
both adsorbed PL.HBr and PEI the rather low fraction free charges found
is the consequence of the flat conformation of adsorbed polycation
molecules.

In fig. 5.5 the pH variations measured upon addition of PVS.K to PL
in sclution or adsorbed are plotted for the same titrations as given
in fig. 5.4. A pH increase up to the conductometric breakpoint is ob-
served when PVS.K is added tc a PL.HBr solution, while addition of
PVS.K to adsorbed PL.HBr results in a pH decrease over the whole con-
centration range measured. The effect is too large to be accounted
for only from changes in the proton activity during the titration with
PVS.K.
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Fig. 5.5 Vanatmn of the pH when a solution of potassium vinylsulphate (10.5 mol
m ) is added to water (1), a PL.HBr solution (2) or PL.HBr adsorbed on PS
latex (3 and 4).
T = 293.15 K.
Notice the different pH scales.

See the legend of fig. 5.4 for further details.

Conductometric titrations at high pH

The complex formation between PL.HBr and PS particles was also in-
vestigated at pH 10.2. The degree of dissociation of the PL -NH groups
is then about 0.6-0.7. In fig. 5.6 the results of the high pH t1tra—
tions are shown. Also here breaks in the « vs p1,
The slope of the k Vs ¢ curves after the break is again identical to
that of aquecus PL.HBr at a pH of 10.2. The amount PL.HBr adsorbed in
the breakpoint is again independent of the molecular mass of the PL,
but higher than that at low pH value, viz. 1.33 |.|mol.m_2 and 1.24 pmol.
m-2 for PL.HBr (DP 19; «¢=0.64) and PL.HBr (DP 1683; a=0.70) respectively.
When these adsorption values are multiplied by the degree of dissocia-
tion «, the adsorption values rbr at pH 4.2 are obtained in both cases.
This shows that also at high pH,

curves are observed.

i.e. at lower PL chain charge density,
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Fig. 5.6 Variation of the conductivity and pH when a solution of PL.HBr-L (initial
PH 10.2) is added to diluted PS latex M, (5.65 kg.m-s; 4.2 mmol (-OSO;).kg-
initial pH 10.2) or water (initial pH 10.1 * 0.1} T = 293.15 K.
Addition of PL.HBr to latex Hl': 1. and 5.:
Addition of PL.HBr to water: 3. and 7.: PL

Open symbols: PL.HBr-L (DP 19); Filled symbols: PL.HBr-L (DP 1683).

K V8 C 2, and 6.: pH vs Cpp.

pL}

K Vs ¢ 4, and 8.: pH vs ¢

FL

the non charge stoichiometry of the complexation is the same as it is
at a=0 and that all -osog groups on the PS particles are bound to an

-Nut group of the polycation. Because at pH 10.2 Tor is higher than

3
at pH 4.2 the fraction of PL segments in loops and tails is higher
at pH 10.2.

is analogous to the complex formation between polymethacrylic acid

The interaction of the poly-L-lysine with polystyrene

and polyammonium pelymers (charges in the chain backbone) investi-
(1974).

The plateau adsorption value found for the adsorption of PL.HBr-L
(DP 192} from water pH 10.2 on PS ig 4.8 pmol.m-z. C N
higher than lyr at high pH. Non electrostatic contributions to the
adsorption energy per segment are now relatively more important than
at low pH. In other words the lateral repulsion between the -NH;
groups in loops and tails of adsorbed polylysine molecules is strongly

gated by Trsuchida et al.

is much

1

E
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reduced due to the lower chain charge dehsity and consequently of- less
importance (see also section 6.5.3).

5.3.3 The silica-polylysine system

The silica-polylysine.HBr system is more complicated than the latex-
PL.HBr system because the surface silanol groups on the silica par-
ticles have a weakly acidic character. The dissociation of these
groups 1is, as will be shown later, strongly influenced by the com-
plexation with polylysine. Adsorption isotherms of PL on silica show

" the same general features as those on polystyrene (see section 5.1).
However the adsorbed amount is now also strongly dependent on the pH
in the acidic region.

In fig. 5.7 the wvariation of the conductivity and pH when a solu-
tion of poly-L~lysine.HBr (DP 192) is added to a silica sol is plotted
against the total PL concentration in the system.

Curves 1 and 3 show the results for an initial pH of 5.50. Here the
counterions of the AEROSIL are only H'. The curves are very similar
to those found for PS latex as a substrate for PL. The slope after
the break is again the same as that for PL.HEr in water. Before the
break the higher slope is caused by the release of H' and Br ions when
the complex is formed and about identical to that found for the PL/PS
latex system. The release of acid is also shown by the decreasing pH

with increasing c up to the conductometric breakpoint, after which

the pH remains coﬁﬁtant. During the addition of PL.HBr the degree of
dissociation of the silanol groups increases, because PL act as specifi=-
cally adsorbing counterions.

At the breakpoint the adsorbed amount is such that the maximal
amount of Si-0" groups are bound to -NH; groups of lysine. After the
break the adsorption still increases as is evident from depletion
measurements, but the degree of dissociation of silanol groups does
not change anymore, because otherwise the pH after the breakpoints
in fig. 5.7 would still be changing. The increase in adsorption after
the conductometric breakpoint is possible because the likely formation
of hydrogen bonds between undissociated silanol groups and peptide
units of the PL. Also dipolar interactions may play a role. .

The formation of H-bonds and other interactions are not important in
the otherwise comparable homogeneous system polyglutamic acid/poly-L-
lysine investigated by Domard and Rinaudo (1880, 1981). Here always
stoichiometric complexes are found such that all —NH; groups are bound
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Fig. 5.7 Variation of the conductivity and pH when a solution of PL.HBr-L (DP 192)
is added to an AFROSIL 0X50 sol (12.65 kg,m—B). T=293,15K. 1. K vs pL
initial pH = 5.50, 2. K vs ¢ initial pH = 7.66; 3. pH vs ¢, initial

PL PL
pH = 5.50; 4. pH vs ¢, initial pH = 7.66.

PL
to an -COO groups of polyglutamic acid. No interaction ‘takes place
with an undisscciated carboxylic group.

At a starting pH of 7.66 (curves 2 and 4 of fig. 5.7) Na® ions are
the dominant counterions of silica but the silica is still incompletely
charged. The conductivity titration curve shows now two breaks. After
the second one the slope is the same as that after the break for
curve 1. At the second break the breakpoint adsorption is thus maximal
again and the compensation of surface =$i-0  groups maximal. The max-
imal breakpoint adsorption is again lower than T pax”

The slope cof the conductivity curve 2 before the first break is lower
than that after the break, because initially Na® and Br~ rather than H'
and Br are the released microions. The pH is decreasing because due
to the PL.HBr binding the dissociation of the silanol groups increases,
i.e. the apparent pK of the silanol groups decreases because of the
strong possitive field of the PL molecules. While the pH is decreasing
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all Na' is displaced and further ' is becoming to compete with Nat

and an increase in slope of the k vs ¢ curve is observed. Thus after

the first break in curve 2 mainly " aﬁg Br~ ions are released just as
was the case at an initial pH of 5.5.

A point of discussion is whether the released protons are originating
from the silanocl groups or the NH; groups of PL. The latter is unlikely
because in the PL.HBr/latex system no groups are titrated below pH 7
also not when PL is adsorbed {see chapter 6). This is because the in-
trinsic pK of the NH; groups is about 10.8. The specific conductivity
at the second break in curve 2 (fig. 5.7) and the break in curve 1
(fig. 3.9) are about equal. So the maximal amount of released micro-
ions is not dependent on the initial pH of the silica scl. To find out
whether the PL-silica complex at the breakpoint are charge stoichio-
metric or not, the surface charge density of the silica in the pres-
ence of PL must be known. A conductometric proton titration with
NaOH (0.1 M) from pH 4.9 to 8 after a titration of a silica sol with
PL.HBr vielded a -Si-0 surface concentration of 9.88 umol.g-l, while
at the same pH the surface concentration in the absence of PL, ob-
tained by the same method, is only 2 pmol.g'l. The ratio Py {pH 4.9}
is then 0.6, i.e. smaller than 1. The complex is non charge stoichio-
metric but not yet superequivalent with respect to the adsorbed amount
PL at rbr' essentially because the charge is not the origin of the
adsorption but the cause. At the maximal adsorption at pH 4.9, deter-
mined analytically, the value of p is 2.88. Then clearly a superequiv-
alent complex is present (see also section 5.3.4). Because of the high
silancl group density the possibility to form a 1:1 complex is greater
than in the case of latex.

5.3.4 Influence of the surface charge density and ionic strength
on the polylysine-charged particle interaction

Ag already discussed in section 4.3.6, the amount of PL adsorbed on
polystyrene increases with increasing salt concentration.
A conductometric investigation of this salt effect is limited to fair-
ly low salt concentrations because otherwise the variations in con-
ductance due to the binding of PL are outweighted by the swamping
electrolyte added.

In fig. 5.8 the conductometric titration of latex M, with PL.HBr
{pH = 6; a = 0} in the presence of 10-3 M NaBr is shown. It is found
that the breakpoint is much more rounded than in the absence of salt.
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Fig. 5.8 Variation of the conductivity and pH; when a solution of PL.HBr-L (pH = 6;
¢ = o) is added to diluted latex Mt. (4.2 pmol ('-050;.H+) kg-l, in the pre-
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Extrapolation of the linear parts of the curve yielded a slightly
higher (0.89 pmol.m 2
low molecular mass electrolyte: 'y . = 0.84 pmol.m'z. The difference
found is probably within experimental error. Michaels et al. (1965)

) 'breakpoint' adsorption than in the absence of

found deviations from the 1:1 complexation between polyvinylbenzyl-
trimethylammonium chloride and polystyrene sulphonate only above 0.1 M
added NaCl. In my view, above 0.1 M electrolyte, charge interactions
are screened to such an extend that hydrophobic interactions can be-
come dominant and govern the complex formation. This results then in

a complex with a charge stoichiometry, which differs significantly from
that at low salt concentration. When such interactions are absent as is
the case in the polylysine -DNA complex, dissociation of the complex at
higher salt concentration occurs (Manning, 1978).

At high salt concentrtaions i.e. > 0.1 M also sterical factors con-
tribute to the stoichiometry of the complex formation (Michaels et al.,
1965). Due to the stronger coiling of the polyions at high salt concen-
tration not all icnic sites are accessible to sites of the oppositely
charged polyion. The stoichiometry of the complex formation deviates
therefore from the low or no added electrolyte situation (Michaels et
al., 1965). The stronger coiling of the polyions at high ionic strength
is especially important when non equilibrium states are involved in
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the complexation reacticn. However the occurrence of non equilibrium
states is difficult to trace for homogeneous as well as heterogeneous
polycation-polyaniocn systems.

A clear difference between the PL/latex system in the presence of
10-3 M NaBr or in the absence of it is the pH variation when PL.HBr is
added. At 10™° M NaBr no decrease in pH is observed on addition of
PL.HBr. Due to the presence of NaBr the diluted latex is in the Na'
form. Binding of PL.HBr causes now the release of Na' and Br~ instead
of H' and Br~, a process without any pH effect occurring.

In fig. 5.9 the conductometric breakpoint adsorption found from the
_ variation in conductance, when poly-L~lysine.HBr (DP=192; pH=6) is
added to silica sols at various salt concentrations, is shown. The pH
at the breakpoints is also indicated. Just as is found from depletion
measurement (see secticn 4.3.6), the amount adsorbed rbr increases
with increasing ionic strength in the studied range. In contrast with
the behaviour of the PL/latex system in the presence of NaBr, the pH
is decreasing when PL.HBr is added to the silica sols in the presence
of NaBr. This can be explained by a further increase of the silanol
group dissociation when PL.HBr binds to the silica surface.

T T 3 T
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Fig. 5.9 Adsorbed PL.HBr-L (DP 192) in the conductometric breakpoint as a function
of the ionic strength (curve 1). The pH values in the conductometric break-

points are also indicated (curve 2). Substrate: silica.
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Fig. 5.10 Sol stability (upper curves)} and adsorbed amount PL {lower curves) for the
silica-PL.HBr system as a function of the total concentration PL.HBr
(DP 192) on a log scale.
o—o No added NaBr; A-A 1.10™> M NaBr; 5.10 > M NaBr.

It is interesting to compare the conductometric results described
above with the sol stability and simultaneously obtained adsorption
curves for the silica/PL system (fig. 5.10). Note that in fig. 5.10
rmax is plotted against the logarithm of the total concentration PL.HBr
present. The stability of the silica sols as a function of the total
concentration PL.HBr i.e. as a function of surface coverage, show the
same picture as generally observed for the adsorption of polycations
on negatively charged particles. See for example Ho and Howard (1982)

Bleier and Goddard (1980) and Lindguist (1975, 1976). After floc-
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culation of the silica by low adsorbed amounts PL, restabilization oc-
curs at higher adsorption values due to charge reversal and perhaps
also the occurrence of steric repulsion. The PL/silica system shows

a broadening of the instability domain range when the salt concentra-
tion is increased. The principal mechanism for flocculation is thought
to be charge neutralization due to the PL adsorption. Total neutrali-
zation is however not required for maximal sedimentation. This is one
of the observations leading to the picture of the existence of electro-
static patches on the particle surface (Bleier and Goddard, 1980). Be-
cause of the long incubation times of the flocculation experiments, the
optimal flocculation concentration was only ohservable in the absence
of added NaBr. When it is assumed that the isoelectric concentration
corresponds to the ch value where the steep rise of the stability
curves starts, the corresponding adsorption wvalues (Migo) coincide
rather well with rbr’ the breakpoint adsorption (see Table 5.1).

Table 5.1 Adsorption walues of poly-L-lysine.HBr (DP=19G) at AEROSIL
0X50 at pH 4.60 for various electrolyte concentrations.

c pmol pmol pmol pmol

N;Br rbr { 2 } riso { 2 ) rmax ( 2 ) 9 { 2 ) Ppr
m mn m m

<107 0.1 0.15 + 0.03 0.2 + 0.05  0.20% 0.6

1.10-3 0.27 0.25 £ 0.04 0.6 £+ 0.1 0.29 0.9

5.10_3 0.40 0.45 1 0.06 0.6 £ 0.1 0.22+ 1.8

* obtained from a conductometric proton titration of silica after a
titration with PL.HBr.

+ Interpeclation of the Oq values of silica in the presence of excess
PL at pH 4.60 between 10~> and 10™2 M NaBr respectively

The values of [igo |aAY be considerably in error because of the un-~
certainty in the iso-electric PL concentration, however the corres-
pondence between rbr and riso suggests that in the silica/PL system

the conductometric breakpoint occurs at about isoelectric adsorption.
When no specific adsorption of microions takes place a value of 1.0
would have been found for Por at the ionic strengths investigated.

However this seems contradictory with the increase found in Pbr with
increasing ionic strength, when Phr is calculated from For and g .
More experiments are needed to interpret these trends further. Espe-

cially micro electrophoresis could give additional information about
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the sign and magnitude of the charge of PL coated particles at rbr‘

In fig. 5.11 the maximum adsorption obtained from depletion measure-
ments in the absence of NaBr and the breakpoint adsorption rbr are
pPlotted against the equilibrium pH. The increase of rmax is caused by
the increase in %, with pH. Here also the effect of PL.HBr on the sur-
face charge becomes visible, because in the absence of PL the increase
of the surface charge with increasing pH is hardly measurable in the
absence of salt.

Between pH 4.2 and 4.8 rmax
drogen bonding between PL peptide units and silanol groups is probably

responsible for this. It is remarkable that rbr remains constant be-

is higher than Tpr+ As stated before hy-

tween pH 4.2 and pH 4.8, whereas o increases with increasing pH. This
shows that the charge stoichiometry at Tvr changes with increasing pH,
towards lower Phr values. This and the observation that Pbr at pH 4.6
is smaller than 1.0 suggests that the amount for NH; groups unaccessible
8i-0" groups increases with increasing pH. The gellayer on the gilica
surface, though small (see Yates and Healy, 1976) must be responsible

for this.
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Fig. 5.11 Comparison of the amount PL.HBr-L adsorbed in the breakpoint (curve 1) and
the analytical adsorption (curve 2) as a function of the equilibrium pH.

No added NaBr present.
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5.3.5 Proton titrations of silica covered with PL

In fig. 5.12 two sets of charge-pH curves of AEROSIL (X50 are shown.
Set one comprises the titration curves of bare silica at various elec-
trolyte concent;ations. Set 2 represents those in the presence of so
much excess PL.HBr, as to ensure plateau adsorption at each pH.

The p.z.c. of bare silica is taken at pH 3.0, following Sonntag
(1976,- 1980) and Abendroth (1970). Because of the flat charge-pH
curves found in the region around the p.z.c., the exact position of
this point does not greatly influence the position of the charge-pH
curves. In the presence of PL.HBr also a value of 3.0 was taken for
the p.z.c., although the p.z.c. is probably shifted to lower pH, i.e.
in a more positive direction. Such a shift is expected theoretically
and observed experimentally in the polylysine-Agl system investigated
by van der Schee (1982). The flat titration curves of silica make a
detection of a p.z.c. shift in the silica-PL system impossible. It is
also because of this flatness that the results are insensitive to the
actual choice.

The set of curves found for bare silica agree well with those found
by Sonntag (1976, 1980) for AEROSIL 0X50 in KCl1 solutions. Quantitative
differences may be attributed to the different silica batches used.
Also the kind of micro 1:1 electrolyt used gives rise to small differ-
ences (Abendroth, 1970). The behaviour found is typical for oxides. The
dissociation of the silanol groups increases with increasing pH resul-
ting in higher surface charge densities at higher pH. Increase of the
electrolyte concentration at constant pH results also in an increase
of the surface charge. This is caused by the screening of the sSi-o~
chargés, which again results in an increase of the silanol group dis-
sociation. In other words, the apparent pK of the silanol groups de-
creases when the salt concentration is increased.

The proton titration curves of AEROSIL OX50 change drastically in
the presence of PL.HBr. This was already expected from the conducto-
metric results. As explained before, up to a pE of ~8, the —NH; groups
of PL.HBr are not titrated because of the high PK, value of these groups:
10.8. In other words under the conditions chosen, PL acts as a strong,
multivalent cation. The titration curves of silica in the presence of
PL.HBr show two main effects both caused by the presence of the poly-
cation. In the first place the surface charge, i.e. dissociation of
silanol groups, increases drastically when PL.HBr is added to the
silica sol. @Qualitatively this can be explained as follows. Due to
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Fig. 5.12 Charge-pH curves for AERQOSIL 0X50 silica.
1. No added PL.HBr-1; 2. Excess PL.HBr-L (DP 190)}.
Asp (silica) = 60 mz.g-l; Electrolyte: NaBr; T = 293.15 K.

the adsorption of PL.HBr the silica particles obtain a positive enve-
lope facilitating the dissociation of silancl groups. The consegquence
is the higher surface charge density observed. In the second place,
the salt concentration effect is reversed as compared with bare silica.
This reversal was also found from the pH changes observed, when a
silica sol with adsorbed PL.HBr was titrated with electrolyte solution
at wvaricus initial pH values. The effect of the reversal is caused by
+ iysine groups for surface

3
sites, which gives rise te a decrease in adsorption of PL.HBr (constant

the competition between Na' ions and -NH

pPH) at electrolyte concentrations above 0.01 M as discussed in sec-
tion 4.3.6. The decrease in screening power of PL results again in an
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increase of the apparent pK value of the silanol groups, and thus a
decreased surface charge density with increasing salt concentration.
The reversed salt effect is not due to the suspension effect, as in
the presence of positively charged particles the measured pH values
are overestimated at low salt concentrations due to the suspension
effect. At 0.1 M NaBr the suspension effect is vanishing low (see also
section 6.6.2).

The observed trends are also clearly visualized by plotting the ap-
parent pK of the silanol groups against the degree of dissociation of
these groups (fig. 5.13). A maximal silancl group surface density of
4.4 nm"2 is taken (Sonntag, 1980). Following James & Parks (1982},
instead of «, (10w + Jcs) is plotted in order to enable extrapolation
of the plots to zero « and zero ionic strength. In doing so it is im-
plicitly assumed that all silanol groups have the same intrinsic pK
value, otherwise pKapp has no clear meaning. When the plots of bare
silica (fig. 5.13a) and those of silica in the presence of PL.HBr
{fig. 5.13b} are compared the following can be observed: The poly-
electrolyte character of the silica particles is reduced by PL.HBr, as
judged by the decrease of the slopes of the pK vs 10¢ + Jcs plots, and
because these slopes are less dependent on the icnic strength when
PL.HBr is adsorbed. Both effects are due to the positive electric
field experienced by the silanol groups when PL is present. The in-
trinsic pK value of the silancl groups in the presence of PL.HBr is
lower: 5.4 + 0.4, than for bare silica (6.7 t* 0.4). This means that
when PL adeorbs at o = 0 the gilanol groups would behave more acidic.
The values found are relatively uncertain because the extrapolation
is not linear (see fig. 5.13b).

James and Parks (1982) found for the intrinsic pK of pyrogenic silica
{Cab.0-Sil M7) a value of 7.2 £ 0.3 by replotting the data of Abendroth
(1970). The agreement between this value and that found here for bare
silica is within experimental error.

The extrapolation to & = 0, made in the presence of PL, has only a prac-
tical meaning when the adsorbed amcunt is independent from «, which

is not the case. Depletion measurements show that the amount PL ad-
sorbed below pH 3.5 is inmeasurebly low.

The proton titration behaviour of homogeneous (weakly acid) poly-
anion-(weakly basic) polycation complexes is quite analegous to that
of the silica-polylysine system. Polderman (I1975) conducted from po-
tentiometric proton titrations in the polyethyleneimine/polyacrylamide-
acrylic acid copolymer system that both the polyanion and polycation

-
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Fig. 5.13 a. Double extrapelation plot for the estimation of the intrinsic pK of sur-
face silanol groups of AEROSIL OX50, showing the variation of the apparent
pK value with fractional surface charge and NaBr electrolyte concentration.

b. As fig. 5.13a but now in the presence of excess PL.HBr~-L (DP 190).

in the complex behave like stronger polyelectrolytes and that the
screening by the charges of the other polyion is analogous to the
screening by small ions but much more effective. Tsuchida (1974)
reached the same conclusion for the polymethacrylic acid-polyammonium
polymer system. Tsuchida observed a decrease in the apparent pK of the
carboxyl groups and a diminished polyelectrolyte character of PMA in
the presence of the polycation. Reinert (1981) found a strong increase
of the apparent pK (i.e. stronger basic character) of spermine (a poly-
amine) when complexed to polyphosphate. Reinert pointed out that the
combined protonation/deprotonation and association behaviour of the
spermin-polyphosphate system, may serve as a model for similar proces-
ses in biological systems. The influence of low molecular mass elec-
trolyte upon the proton titrations of the homogeneous complexes was
not investigated by the authors mentioned above.

5.3.6 Theoretical descriptions of polycation-polyanion association

Record (1978) described the interaction between polyelectrolytes and
oppositely charged oligo(poly)electrolytes in homogeneous systems in
terms of multiequilibrium theory for interacting sites (Schellman,
1975) accounting for ion condensation according to Manning (1972) and
the usual screening effects. This theory is not useful for a quantita-
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tive desription when the complexation constant is unmeasurable high as
is usually the case when both polyelectrolytes have a high degree of
polymerization. Besides the very high (i.e. unmeasurable high) affi-
nity found for the adsorption of polylysine on the surface of nega-
tively charged particles, the theory is also not applicable in this
case because the appropriate statistical factors (i.e. entropy con-
tributions) for the formation of trains, loops and tails, i.e. the
structure of the adsorbed PL moleculesg, are not incorporated.

In stead of following this approach it it more expedient to extend
a suitable theory for the adsorption of uncharged polymers with electro-
static interactions, as has been done by Van der Schee (1984), with
the polymer adsorption theories of Roe (1974) and Scheutjens-Fleer
(1979, 1980). The theory of Van der Schee is the only viable poly-
electrolyte adsorption theory available at the moment, as will be ex-
plained in chapter 7. Provisional reports of Van der Schee's poly-
electrolyt adsorption theory have also been given by Marra et al.
(1982} and Bonekamp et al. (1983).

A thermodynamic treatment of the complex formation between polyanions
and polycations in homogeneous solutions (i.e. before phase separation
occurs} has been presented by Polderman {(1975), to explain his proton
titration data. This theory is only valid for homogeneous systems and
in swamping electrolyte, therefore Polderman's analysis cannot be used
for the proton titrations of the PL-silica system, presented here.

In chapter 7 I will discuss some aspects of the polyelectrolyte ad-
sorption theory of van der Schee and the applicability of this theory
for the descripticn of the adsorption of charged polyaminoacids. Special
attention will be paid to the effect of the salt concentration and sur-
face charge on the adsorption properties of polylysine on Agl and poly-
styrene particles.

5.3.7 UV and CD spectroscopy of the silica/poly-L-histidine-systen

Measurements of the UV and CD spectra of poly-L-histidine (PHis)
DP 110 adsorbed at the silica water interface were performed with the
following purposes.
i. Investigation of the possibilities of performing optical spectro-
scopy of polyaminocacids against a large background scattering.
'ii. Detection of conformational differences between PHis in agueous
solution and in the adsorbed state.
Silica was chosen as the substrate for PHis because the optical pro-
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rerties of silica sols are most promising for performing optical spec-
troscopy. Poly-L-histidine was chosen because this polycation has
similar adsorption properties as PL.HBr {see section 4.3.4), but, as is
more important, PHis shows also, just like PI. a conformation tramsition
from a coil-like state to an ordered conformation, probably a right-
handed helix on increasing the pH from 4 to 6. This was concluded from
CD measurements by Beychok (1967). Because of the occurrence of this
transition in the acid region, silica is a suitable substrate for PHis,
to study by spectroscopic means the conformation of adsorbed PHis at
different pH values. At pH 10 where the helix-coil transition in PL
occurs, the silica is teoo soluble to use it as a substrate for PL ad-
sorption.

A major difficulty in the envisaged optical spectroscopic study,
which is not usually encountered in homogeneous (bio)polymer complexes,
is the high turbidity of the particle suspension or sol. This is espe-
cially so in the UV region. AEROSIL 0X50 sols are relatively favourable
in this respect because they are relatively transparent when compared
with latex and AgI sols of comparable mass concentration. In fig. 5.14

the OD10 mm (2007240 nm) is plotted against the silica concentration.
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Fig. 5.14 Optical density of AEROSIL OX50 sols as a function of the sol concentration

at two wavelengths. o-o 200 nm, x-x 240 nm.
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3 the oD is
still lower than 1, which is certainly not the case with the usual
latex and Agql scols. This is mainly due to the fact that the silica par-
ticles are small compared with theose in latices or AgI-sols. Further-

One can see that at particle concentrations of 0.5 kg.m~

more, the Lambert-Beer law is valid for the silica sols over the entire
concentration range studied.

The measurement of an UV spectrum of an (adsorbed) chromophore present
in a sol is hindered by:
(i) The presence of a large background scattering.
By taking difference spectra between a sol in the presence and absence
(blanc sol) of the chromophore, corrections for background scattering
can be accounted for, provided that ne particle aggregation occurs.
(ii) The Duysens effect (Duysens, 1956), i.e. the apparent lower ex-
tinction coefficient of the adsorbed chromophore in comparence with
the same chromophore in a homogenecus solution. This adsorption flat-
tening is essentially due to the fact that part of the chromophores is
not excitated by the incident beam, because they are situated in the
'shadow' of the particles present. Corrections for this effect are
more difficult. Fortunately this effect is rather small when the
particles are small compared with the wavelength of the incident
light beam (Duysens, 1956; Urry and Yi, 1968) as 1s the case with
the silica particles used here.
(iii) Multiple scattering. This effe¢t can be ignored in the region were
Beer's law applies.

In one series of experiments it was checked whether the UV difference
spectrum of KHphtalate dissolved in AEROSIL OX50 sols (30.8 mmol.m-3)
of different particle concentrations was different from that of 30.8
mmol,'m-3 phtalate in water. At silica concentrations up to 0.7 kg.m™
the difference spectra of the non adsorbing phtalate were identical
within 1% with the corresponding spectrum in water. At higher particle
concentrations the phtalate spectrum becomes flattened (see fig. 5.15).
Also the relative contribution of stray light from the monochromator
becomes then unacceptably high. These experiments show that it is in

3

principle possible to measure a reliable UV spectrum cof a chromophore
in the presence of silica, when the particle concentration does not
exceed 0.7 kg.m_3.

In fig. 5.16 the UV spectra of PHig solutions (9.09 mmolr.m"3) and
Uv difference spectra of the same solutions in the presence of
AEROSIL OX50 (0.625 kg.m_s) at pH 4.0 and 5.8 are shown. In the pre-
sence of silica the adsorbed amount exceeded 85% of the total amount
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Fig. 5.15 Absorption (difference) spectra of KHphtalate (3.08"-‘10-5}1) in the presence
of AEROSIL 0X50 (2.49 kg.m-a) and in the absence of it.
1. KHphtalate (AEROSIL 0X50 sol (REF.: AEROSIL OXS0 sol).
2 KHphtalate in water (REF.: water).
3. Baseline for spectrum 1; both cuvettes AEROSIL 0X50 sol.
A

Baseline for spectrum 2; Both cuvettes demi water.

PHis present, as indicated by the UV spectrum of the clear supernatant
of the sol after centrifugation. Neither the shape of the spectrum
at pH 4.0 nor that at pH 5.8 in the presence of silica was measurably
different from the corresponding sclution spectra. Unfortunately also
no significant differences were found between the solution spectra of
PHis at pH 4.0 and pH 5.8. This is probably because the imidazole ring
of histidine is not part of the polyaminoacid backbone. Another diffi-
culty is the occurrence of a baseline shift of the silica in the pre-
sence of PHis. Probably incipient flocculation in the PHis-silica system
is responsible for this. Therefore nc conclusions can be drawn about ex-
tinction coefficient differences between adsorbed PHis and PHis in
solution.

CD measurements were performed with a single beam apparatus. Direct
corrections for the silica background scattering were therefore not
possible. At the maximum silica concentration which could be used
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Fig. 5.16 UV absorption (difference) spectra of PHis (DP 110) in aqueous solutions
of pH 4.0 and pH 5.8 in the presence of AEROSIL DX50 (0.625 kg.m °) or in
the absence of it.
1. PHis (c' = 9.09 mmol.m >)/AEROSIL 0X50 sol pH 4.0; REF.: AEROSIL pH 4.0.
PHis (cT = 6.09 mmol.m-a) in water pH 4.0; REF.: water pH 4.0.
Baseline for curve 1: Both cuvettes AEROSIL 0X50 sol pH 4.0.
As 1, but pH 5.8; 5. As 2, but pH 5.8.
Baseline for curve 4: Both cuvettes AEROSIL 0X50 sol pH 5.8. -

[ T

without running out of scale (0.625 kg m'3), the maximally possible
concentration of adsorbed PHis was too low by about a factor of five
to detect the CD spectrum of adsorbed PHis. Another difficulty with
the CD measurements on silica sols was that the baseline of the bare
silica sol was not a straight horizontal line but increased progres-
sively with decreasing wavelength towards negative ellipticity wvalues.
Summarizing the following may be concluded:'

i. The measurement of UV spectra of adsorpbed polyaminoacids or other
{bio)polymers with intrinsic chromophores is possible in principle. The
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measurements can be improved when particle aggregation can be avoided.
ii. CD measurements on adsorbed polyaminoacids should also be possible
with modern CD spectrophcotometers when sampling techniques are used.
Besides corrections for adsorption flattening also corrections for
scattering distortions should be made when a guantitative interpre-
tation is wanted (Urry and Yi, 1968; Urry et al., 1970).

iii. In addition alternative spectroscopic techniques may be considered
to obtain information about the conformation and interaction of PL with
silica, such as IR, RAMAN and NMR spectroscopy.

5.4 SUMMARY AND CONCLUSIONS

In this chapter the adsorption of polycations on the surfaces of neg-
atively charged polystyrene and silica particles was investigated as a
special case of the formation of polycation-polyanion complex formation.
This was done analytically (see also chapter 4) and by titration of the
colloidal particles in the H' form with PL.HBr in which the conducti-
vity and pH were simultaneously followed. Also proton titrations of the
silica-PL system were performed.

Just as is the case with the complex formation between linear poly-
electrolytes, the conductometric titration curves k vs €pL show a break.
The break is also the point after which the pH remains constant. It was
concluded that at the breakpoint all —OSOS groups of the latex and Ehe
maximal amount of $i-0" groups of the silica were bound to an -NH,
charge of PL. The composition of the complexes in the conductometric
breakpoint is not charge-stoichiometric and in the case cof latex clearly
superequivalent with respect to the PL charges. In the case of silica
the charge composition in the breakpoint is dependent on the equili-
brium pH and ionic strength. At pH 10.2 the charge (non) stoichiometry
is the same as that at low pH in the PL-latex system, however the
amount adsorbed is higher due to the reduced chain charge density on
the PL moclecules at this pH.

The main cause for the formation of superequivalent complexes is
the rigidity of the colloidal particles and the relative large average
distances between the charged surface groups. This is in contrast with
what is generally observed for the complex formation between dissolved
linear polycations and polyanions. In the latter case 1:1 complexes can
be formed because both polyelectrolytes are flexible. However for dis-
solved systems also deviations from 1:1 stoichiometry are observed at
high ionic strength.
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A clear difference between the PL charged particle systems and most
homogeneous linear flexible polyelectrolyte complexes is that the com-
position of the complex still changes (i.e. increasing adsorbed amount
PL) after the conductometric breakpoint. This shows that also other
than coulombic interactions, such as ion-dipole, H-bonding and hydro-
phobic interactions become effective in that case. This was also con-
cluded in chapter 4 from the salt dependence of the amount of PL ad-
sorbed. The results of the conductometric titrations (x vs cPL) are
not conflicting with the mosaik charge model of Kasper (1971). Compar-
ison of flocculation results and the conductometric titration results
of the PL-silica system suggest that 1:1 complexes may be formed, in
contradiction with other observations. More information is needed to
elucidate this.

The fraction of -NH;, remaining free after adsorption of PL on PS-
particles was estimated by conductometric titrations with polyvinyl-
sulphate. The values found around the breakpoint adsorption: (0.3; 0.4)
show again that the PL molecules adsorb in a rather flat but not en-
tirely flat configuration.

Proton titrations of silica are strongly influenced by the presence
of PL. The silanol groups become more acidic (i.e. they assume a lower
apparent pK) in the presence of PL. The PL molecules adsorbed act as
an effective gcreener of the §i-0" charges, thus promoting the dis-
sociation of the surface groups. This effect is also observed in homog-
eneous polyelectrolyte complexes. The influence of the ionic strength

on the charge-pH curves of silica is reversed in the presence of PL.HBr,
+

because of the competition for surface sites between Na' and NE

charges.

In section 5.3.7 the difficulties met with the measurement of UV
and CD spectra of on silica adsorbed polyhistidine are described.
Spectra of adsorbed PHis are reported.

lysine
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& CONFORMATION OF FREE AND ADSORBED POLYLYSINE
6.1 INTRODUCTION

In the previous chapters the adsorption of PL as a highly charged
polypeptide was considered. Now I will focus on the adsorption prop-
erties of PL-L and PL-DL as a function of the chain charge density,
i.e. as a function of the pH above pH 7. In this pH region not only
the adscrption properties change, but also the properties in solution.
Above pH > 8 there appears a secondary structure in PL-L, but not in
PL-DL at sufficiently low charge density and at still higher pH (above
pH 11) precipitation of both stereoregular forms of PL sets in.

Except the adsorption properties at high pH, also some precipitation
characteristics of both PL-L and PL-DL were studied because at very low
chain charge density multilayer adsorption, i.e. precipitation on an
adsorbed PL layer can take place.

The main questions to be answered in this chapter are:

i. Does the adsorption and/or precipitation behaviocur of PL-L and PL-DL
differ?

ii. Is there a coil to helix transition in adsorbed PL-L and what are
the factors that govern conformational transitions in the adsorbed
state, if any.

The precipitation behaviour was studied by means of turbidity measure-
ments as a function of temperature, pH and time. In addition adsorption
isotherms of PL-L and PL-DL at high pH and adsorbed amounts as a func-
tion of pH were determined to compare the behaviour of both stereo-
reqular PL forms. The occurrence of conformational transitions was
followed by means of proten titrations of adsorbed PL-L and PL-DL. This -
" method is one of the few capable to give structural information of ad-
sorbed PL in the very turbid concentrated latices.

The behaviour of polyaminoacids exhibiting secondary structure in
solution in an anisotropic environment, is not only interesting from
a physical-chemical point of view, but also in biclogy. The secondary
structure of biopolymers, adsorbed at an interface may be of importance
in immunological and cell recognition processes. For technigques such
as immunoadsorption and the use of immobilized enzymes persistence of
the native conformation in the bound state is essential.
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6.2 INTERACTIONS DERTERMINING THE CONFORMATION OF CHARGED POLYAMINO-
ACIDS

Synthetic polypeptides have been found to exist in many ordered con-
formations characteristic of those found in proteins (Fasman, 1967).
In this connection, poly-L-lysine is an especially interesting homo-
polyvaminoacid, in that it can form three conformations. At low pH,
i.e. when the ¢-aminogroups are protonated, the molecule is ‘'randomly’
coiled and typical of soluble synthetic polyelectrolytes. However some
local ordered conformation is probably present at low ionic strength
under these circumstances (Painter and Roenig, 1976). See also section
3.1.2. At high pH and room temperature the eg-ammonium groups dissociate
and the nearly uncharged molecule forms an e-helix. When these solutions
of high pH are heated, almost immediately a precipitate forms, which
has the B conformation (Fasman, 1967; Doty and Gratzer, 1961).

Many factors determine the conformation of a polypeptide in soluticn.
Generally stated, the conformation of a polyelectrolyte in a dilute
solution depends on intra- and intermolecular solute-solute, solvent-
solute and solvent-solvent interactions. The presence of a second
solute, for instance low molecular mass electrolyte, can also exert
its influence. In polyelectrolyte solutions the coulombic interaction
between charged segments is a major factor. This interaction is in-
fluenced by the presence of salt.

The possibility of hydrogen bond formation between the peptide
carboxyl oxygen of one residue and the amide hydrogen of another can
be another important factor in determining the conformation of poly-
aminoacids. Still other factors that play a part are: v.d. Waals,
dipole-dipole, hydrophobic and steric interactions. Especially the
two last mentioned are of importance because they are strongly depen-
dent on the nature of the amino acid side chain. In the case of ad-
sorbed polvelectrolytes, the nature of the interface and the inter-
action with it is important too. The ultimate conformation will be
the coumpounded result. Their relative influence can be changed by
varying the solvent properties and temperature. In the next sections
the most Important interaction forces are discussed in some detail
with particular reference to the conformational properties of poly-
aminoacids.
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6.2.1 'Non bonded’ interactions

The number of possible configurations of a polypeptide chain back=-
bone are strongly limited by constraints in the allowed angles ¢ and
between the N-¢% and ¢%-¢' bonds respectively. Short range repulsive
interactions and dipole-dipole interactions between adjacent amide
groups are important in this respect. The sterically allowed confi-
gurations of a polypeptide chain are also dependent on the nature of
the amincacid side chain group substituted at the c® atom.

Calculated steric diagrams (Ramachandran plots) for residues with
large side chaing but not branched at the B carbon are essentially
the same as that of alanine (CH3 side chain) (see for example Cantor
and Schimmel, 1980). Of course alsc excluded volume effects, which
are dependent on the solute-solvent interactions limit the number of
possible configurations of a polypeptide chain, except at & conditions.

6.2.2 Hydrogen bond formation

A hydrogen bond is generally said to exist between a donor molecule
D~H and an acceptor A, when there is evidence that the two molecules
associate in a fashion specifically involving the hydrogen atom of the
donor. The hydrogen bonds of most importance for protein and polypeptide
structure (i.e. those in a ¢ helix, g sheet) are those between the
backbone amide nitrogens and carboxyl oxydens. Since intramolecular
hydrogen bonding competes with hydrogen bonding to water molecules,
the overall contribution of hydrogen bonding to the structure of poly-
peptides is difficult to assess.

Klotz and Franzen (1962} studied the influence of the solvent on
H-bond formation choosing the solvent-dependent aggregation of N-
methylacetamide as a peptide analog. In water the formation of a H-
bond between two N-methylacetamide molecules appears to be thermo-
dynamically unfavourable (AG® = + 13 kJ/mol) and the enthalpy of for-
mation is nearly zero. However in CCl, both AG® and AH® are negative:
-3.86 kJ.mo1"! and -17.6 kJ.mol™! respectively. The unitary contribution
(i.e. without the cratic contribution to the entropy) to the free energy
of H-bond formation (AG&) in N-methylacetamide dimers in water amounts
to +2.93 kJ.mol~1 {see Olander and Holtzer, 1968). This value can be
compared with the value of the same quantity obtained earlier by Kauz-
mann (1952) from thermodynamic data of Schelimann (1955) on the non-
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ideality behaviour of urea solutions in water. The value of AGG'ob-
tained is -1.7 + 0.4 kJ.mo'l-1 hydrogen bonds. Obviously the results
of Klotz and Franzen and those of Schellman-Kauzmann are conflicting.
The data of Klotz and Franzen are in my opinion more reliable because
they are based on a direct spectroscopic estimation of the amount
of amide protons in H-bonds, while the interpretation cf Kauzmann and
Schellman is deduced from non ideality effects in urea solutions. Be-
sides this, ureum is a poorer peptide analog than N-methylacetamide.
Olander and Holtzer (1968) discuss the data of Klotz and Franzen and
Kauzmann-Schellmann in relation to the helix stability of PGA. When
the non-electrostatic stabilization free energy of the o helix in PL
or PGA, as obtained from potentiometric data (usually of the order of
-{0.2-0.7 kJ.mol-l)) is compared with AG) for the formation of H-bonds
in N-methylacetamide it is c¢lear that when the peptide units in an
a helix are not shielded from water, H-bonds are not a stabilizing
interaction for the « helix formation, but to speak with Olander and
Holtzer (1968): "what, in fact, the data of Klotz and Franzen suggest
is that interpeptide hydrogen bonds are so much weaker than water-
peptide hydrogen bonds that they represent an overwhelming destabi-
lizing influence." '

Klotz and Franzen suggest, that when peptide groups are effectively
shielded from water due to a specific high concentration of hydro-
carbon-like residues, H-bonds can however contribute to the stabili-
zation of secondary structures. The same was quoted by Fasman (1967)
in relation to the helix stability of polyaminoacids but gquestioned
by OClander and Holtzer (1968}, who argue that the effect cannot play
a large role in the PGA helix.

Another point is that the uncertainty in the wvalues of AG; for
H-bonds obtained from model compounds is of the same magnitude as the
entire stabilization free energy of the helix, so prediction of even
the sign of the helix stabilization free energy from the sum of the
individual (relative large) contributions, some stabilizing, some
destabilizing, is very uncertain (Olander and Holtzer, 1968).

In poly-L-lysine and other water-soluble homopolyaminoacids H-
bonding in aqueous solutions seems to be not unimportant in deter-
ming the stabjlity of ordered compact conformations in water. This
is because the helical PL conformation behaves indeed like a H-bonded
structure in that it appears to be more stable at low temperatures
than at high temperatures (lavidson and Fasman, 1967; Hermans, 1968}.
Also the greater stability of the a helix in 50% methanol supports
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this. The peptide units in a PL helix should therefore be shielded
from water at least partially. This can be realized because of the
presence of the more hydrophobic parts of the side groups (—(CH2)4)
in PL, causing a local low dielectric constant environment.

On the contrary the polylysine B structure is more stable at higher
temperatures (322 K) suggesting that hydrophobic interactions are mere
important in this case (Davidscn and Fasman, 1967). In the presence of
an interacting interface intra molecular hydrogen bonding can be en-
hanced because of the possible low local dielectric constant at the
interface. For surfaces capable of forming H-bonds themselves this can
be of importance for determining the structure of adsorbed peclyamino-

acids.
6.2.3 Hydrophobic bonding

The term hydrophobic bonding is used to describe the tendency of
non polar groups to aggregate in an aqueous environment. This aggre-
gation originates from the fact that water-water contacts are thermo-
dynamically much more favourable than contacts between two non-polar
groups or between a non-polar group and water. So, due to the aggre-
gation of the non polar groups the extent of interaction with the sur-
rounding water is diminished. The van der Waals attraction of non-polar
groups for each other plays only a minor part in the hydrophobic effect.
The hydrophobic effect arises primarily from the influence of the non-
polar groups on the structure of the adjacent water (Tanford, 1973).
Consequently, the effect is correlated with the structure of water.
Therefore a quantitative description of the effect requires the choice
of a water model (Franks, 1973). when hydrophobic bonding occurs, hy-
drogen bonds between water molecules are disrupted. The effect is char-
acterized, at least at 298 K, by a relatively small, usually positive
enthalpy change and a large positive entropy change in the range of
6-50 J.K'1 per bond (Némethy and Scheraga, 1962). The free energy of
the formation of hydrophobic bonds at moderate temperatures becomes
more negative when the temperature is raised.

The importance of hydrophobic bonding for the structure of proteins
and polypeptides was first pointed out by Kawzman (1959). Hydrophobic
bonding between the apolar part of lysine side chain residues (-(CH2)4—)
may also be a factor in determining the stability of the ordered confor-
mations of PL-L (Hesselink, 1973; Hermans, 1966). However QOlander and
Holtzer (1968) state that: 'advocates of hydrophobic stabilization
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{(through interaction of side-chain methylenes), if they wish to be con-
vincing, will have to reckon with the annoying fact that a relatively
small fraction of the hydrophobic surface is effectively removed from
contact with the solvent when the coil-to-helix transition occurs'.
When this is true the stability of the helix cannot be explained in
terms of hydrophobic bonding. Also Hermans (1966) deduced from the near
equality of AG® and AH® (the non electrical part of the free energy and
free enthalpy of helix formation) for PGA and PL and the normal values
of PK, for the carboxyl and amino groups that neither hydrophobic bond-
ing nor hydrogen bondihg by the side chains plays an important role
in the stability of the s-helix. Hermans then stated that this argument
does not rule out a contribution of the p and o CH, groups, which are
present in the side chains of both glutamic acid and lysine, to the
free energy of the formation of the ¢ helix. The estimation of the
contribution of hydrophobic bonds to the stabilization free energy of
the polylysine o helix is further complicated by the fact that hydro-
phobic interactions are possible in both helix and ccil forms (Némethy
and Scheraga, 1962; Hesselink, 1973}).

In the antiparallel g sheet of polylysine the lysine side chains
are much more closely packed. Hydrophobic bonding is more important
in this structure (Némethy and Scheraga, 1962) as was also confirmed
experimentally for polylysine by Pederson et al. (1971}.

In the case of adsorption of polylysine on a hydrophobic surface
as for example polystyrene, hydrophobic interactions between polylysine
and the surface are of importance in determining the adsorption proper-
ties of PL as was pointed out already in Chapter 4 and 5. Alsc the con-
formational properties of PL will be influenced by the presence of an
interacting surface as will be shown later. Hydrophobic bonding between
PL side chains and the hydrophobic PS surface can play a role in this.

6.2.4 lIonic interactions

It is well known that the ordered structure, i.e. a-helix in un-
charged polyaminoacids with ionizable side groups is disrupted (helix-
coil transition) when the ionization of these side chains becomes too
high. The cause of this transition is that at a certain degree of ion-
ization the line charge density in the helix conformation exceeds that
in the coil conformation. The pH and icnic strength dependent transition
shows clearly the importance of ionic intractions in these polypeptides.

Charge-charge interactions are of a long range nature even when they
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are shielded by the presence of low molecular mass electrolyte, as is
the case in agueous electrolyte scolutions.

A theory for the charge induced helix-coil transition requires the
computation of the electrostatic free energy of the helix and coil
states which is a difficult matter.

Because of the mathematical difficulties involved, a detailed theory,
in which the electrostatic energy of all combinations of charged and
uncharged helix and coil states would have to be computed is not de-
veloped yet. Progress in this field has been made by ceonsidering both
the helix and coil state as a uniformly charged cilinder, with its
counterions. Since the local charge density is high, the Debije-Hiickel
approximation may not be applied and numerical techniques for the so-
lution of the Poisson-Boltzmann equation are required. These computa-
tions can provide the pH-values and/or salt concentrations at which the
free energy of the perfect helix is equal to that of the coil (Poland
and Scheraga, 1970). This iz the point where the helix-cecil transition
will take place. Local charge effects (i.e. site binding) and specific
ion adsorption, which can be of importance in practical systems have
hitherto been neglected in the above approximation.

Early literature concerning the Poisson-Boltzmann description of the
ionic interactions in a charged macromolecule can be found in the book
'Polyelectrolytes' by Rice and Nagasawa (1961). Later calculations of
the potential of a polyion in solution have been made for example by
Ratchalsky (1971), Fixman (1979) and stigter (1975).

Another complicated problem is the effect of the polyelectrolyte
charge on the conformation of the macromclecule, i.e. the effect on
the chain flexibility and chain dimensions. A review of this matter
has been given by Nagasawa and Takahashi (1972).

Besides the Poisson-Boltzmann description of a polyelectrolyte, the
concept of counterion condensation for the description of the inter-
action of small ions with linear polyelectrolytes as introduced by
Oosawa (see Oosawa, 1957) can be used. This concept was developed
further theoretically by Manning (1969, 1972, 1978).

Counterion condensation is supposed to be governed solely by the
dimension less parameter £, defined as:
2

£ = Tk (6.1)
where e is the elementary charge, ¢ is the solvent dielectric constant,
k is the Boltzmann constant, T is the absolute temperature and b is the
average spacing between the charges on a linear polyelectrolyte molecule.
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e2/4nsz is the Bjerrum length and it has the wvalue of 0.714 nm in bulk
water at 298 K. Manning showed that when £ < 1 no counterions condense
on the polymer, but when £ > 1 counterion condensation occurs.

The fraction of the line charge that is compensated by condensed
counterions is 8M = l-£-1. After condensation the polyelectrolytes
with the condensed envelope of counterions are still highly charged.
An effective charge of g‘l remains, i.e. one charge per Bjerrum length.
These charges are now screened by the counterion atmosphere. This
screening can be treated then in a Debye-Hiickel approximation using
the effective charge density after condensation.

Fixman (1979} pointed out that from a correct application of the
Poisson-Boltzmann equation to polyelectrolytes a certain version of the
condensation model may be derived. The effective chain charge density
determines the adsorbed amount of polylysine as will be shown later.
In the calculated curves of adsorbed amount as a function of the ti-
tration charge as presented in chapter 7 counterion condensation will
be included.

Besides purely coulombic interactions also specific ionic inter-
actions can play a role in polyelectrolyte systems (see for example
Rice and Nagasawa, Chapter 8 (1961)}; Morawetz, Chapter 7 (1965).

For example, bromide binding on the peptide group of polylysine can
reduce the effective chain charge density (Ciferri et al., 1968) and
hence influence the occurrence of the helix-coil transition.

During and after adsorption of charged polyamincacids at charged
interfaces, the polyaminocacid molecules are in the overlapping electric
field of the interface. This can influence the adsorption properties
as well as the conformational properties of the adsorhbing and adsorbed
polyamincacid.

6.3 SECONDARY STRUCTURE AND HELIX-COIL TRANSITIONS IN CHARGED POLY-
AMINOACIDS

Changes in the secondary structure of a polypeptide in solution can
be induced by either a change in temperature or a change of the solvent.
In the case of chargeable weak acid or basic polyaminocacids a change
in pH can also cause a conformational change. In many cases, only small
alterations in an external variable are required to bring about very
dramatic secondary structural rearrangements. The pH dependent confor-
mational transitions are also strongly cooperative. Also the introduc-
tion of an interface can disturk the delicate balance between the
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various interaction forces that are responsible for an ordered confor-
mation in solution, and hence adsorption can cause a conformational
transition.

A good introduction to the theoretical and experimental aspects of
helix-coil transitions in uncharged polvaminoacids has been given by
Cantor and Schimmel (1980). Much more elaborate treatments on helix-
coil transitions in Biopolymers can be found in the books of Birshtein
and Ptitsyn (1966) and Poland and Scheraga (1370).

6.3.1 Theories for the helix-coil transition in charged polyaminoacids

Despite the importance of charge-induced conformational transitions
in biological systems, only very few theoretical studies are devoted
to the effect of charge on the ordered conformations of biological
macromolecules, and as far as I know no treatment at all is available
for adsorbed polypeptides. This is mainly because of the great com=- '
putational difficulties encountered because of the long range nature
of the charge-charge interactions. Therefore temperature-induced helix-
coil transitions, which are biologically clearly less important are
treated theoretically extensively in literature (Poland and Scheraga,
1970).

Zimm and Bragg (1959} were the first who developed a statistical
thermodynamical theory for the cooperative helix-coil transition in
single uncharged polypeptide chains in solution. This theory defines
two parameters, s and ¢. Here s is the equilibrium constant for adding
an amide residue to a helical segment:

s = exp(-ﬂGconf_/kT) (6.2)

o characterizes the initiation of a helical segment, which in turn de-
termines the sharpness of the transition:

4
G = exp(-AGinit/kT) (6.3)

In the presence of an interacting interface the transition can be de-

scribed by effective values of the above parameters s and o

eff eff
{Zhulina et al. 1980). These effective values are then determined by
the interactions with the interface. In most theories of helix-coil
transitions, the interaction between dissolved polypeptides is ne-

glected. This is worse for adsorbed polypeptides because of the high
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volume fraction in the adsorbed layer. .
Zimm and Rice (1960) extended the Zimm-Bragg theory for electrostatic
interactions using the Debije-Hiickel theory for the calculation of
the electrostatic free energy. While the assumption, made by Zimm
and Rice, that the total electrostatic free energy can be made up of
Debije-Hiickel pair interactions is probably quite péor, this theory
illustrates some features and difficulties of treating the helix-coil
transition in charged macromolecules (see also Rice and Nagasawa,
1961). In their treatment Zimm and Rice considered interactions among
four units in the chain, correlating the i; (i+l); (i+2) and (i+3)
units, using the nearest-neighbour Ising model to assign the statis-
tical weights of non-ionic origin and the weight obtained from the
Debije-Hiickel pair interactions for the ionic contributions. Later
several authors simplified the Zimm-Rice theory, mainly for practical
reasons.

The s walue for the uncharged coil to helix transition can be de-

termined from the potentiometric proton titration curve of a poly-
aminoacid:
AG

conf._

- TkT - In s = 2.3 [ (pK ~- pKC) do {(6.4)

app
where pKapp is the measured apparent pK value and pKC the extrapolated
apparent pK for the pure coil.

A recent theory for the description of the charge-induced helix-coil
transition is given by Nakagaki and Ebert (1982). This theory is based
on the helix-coil transition theory of Appleguist (1963), which is es-
sentially a generalization of the Zimm-Bragg theory mentioned earlier.
The electrostatic contributicn to s is accounted for by using the Gouy-
Chapman equation for plane geometry, relating the surface charge I, to
the surface potential ¥ on the helix surface.

The theories mentioned above are only of very limited value for the
description of conformational transitions in the adsorbed state, es-
pecially for charge-induced transitions. Only for uncharged polypep-
tides there are some theoretical treatments of helix-coil transitions
in the presence of an interacting interface (Dimarzio and Bishop, 1974;
Birshtein et al., 1979 and Zhulina et al., 1980). These authors give a
treatment of the adsorption of infinitely long single polypeptide
chains, thus neglecting the interaction between adsorbed chains. There-
fore the results of these theories are probably of limited value for
practical situations where these interactions play certainly a role
as mentioned before.
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In principle it should be possible to extend the existing theories
for the adsorption of uncharged polymers of Roe (1974) and Scheutjens-
Fleer, which take into account interpolymer interactions, for polymers
exhibiting secondary structure. But then first the description of chain
stiffness and adsorption of copblymers of variable composition must be
incorporated in these theories. The polyelectrolyte adsorption theory
of van der Schee (1984) is an extension of the Roe and Scheutjens-Fleer
theory. The extension to the adsorption of charged chains with secondary
structure and the description of charge-induced conformational transi-
tions seems therefore attainable when the theory for uncharged poly-
peptides is completed.

6.3.2 Conformational aspects of poly-DL-aminoacids

In this study experiments were also performed with atactic poly-DL-
lysine in order to compare the results with isotactic poly-IL-lysine.
Some aspects of the conformation of highly charged PL-L and PL-DL are
already discussed in section 3.1. In this section I will focus on the
conformational properties of (nearly) uncharged PL-DL. Racemic atactic
PL-DL dces not show a helix-ceoil transition in the region where the
transition in PL-L is observed. The reason for this may be unfavourable
side chain interactions in the PL-DL molecule. However, at very low
charge density PL-DL may be partially helical. Olander and Holtzer
{1968) concluded from ultraviolet extinction coefficient measurements
that nearly uncharged poly-DL-glutamic acid is partially helical. Also
Gratzer (1967} came to this conclusion on the basis eof the hypochro-
micity observed in poly-DL-glutamic acid by Rosenheck and Doty (1961)
and the dielectric measurements of Wada (1962). However the literature
on the subject is conflicting. For example Heitz and Spach (1971)
argue that both alternating and random co poly-DL-benzylglutamate can
exist in the helical form, while Hardy et al. (1971) assert that alter-
nating poly-DL-benzylglutamate forms a new, as yet uncertain structure.
In a later publication Heitz et al. (1975) conclude that strictly alter-
nating poly-DL-benzylglutamate i.e. without any racemization occurring,
can alsoc show a new type of helix (nDL) besides the o helix.

Conformational energy calculations of Hesselink and Scheraga (1972)
indicate that the energies of left- and right handed a helical forms
of alternating poly~-DL-alanine are almost identical and comparable to
that of the right-handed a-helical form of poly-L-alanine. The same
was found to be true for poly-DL-¢-aminoheptanoicacid) as a model
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for uncharged poly-DL-lysine and some other poly-DL-amincacids. Hes-
selink and Scheraga concluded from this that no steric hindrance to
¢ helix formation is present for these DL copolymers.

Stulz et al. (1983) studied the tacticity and secondary structure
of atactic pely-Dl-leucines with FT-IR and 13C NMR cp/MAS (cross-
polarizatibn/magic angle spinning}. They concluded from their data
that the length of isotactic blocks in these polyaminoacids was 1.5-5
monomeric units. The samples with a DP > 50 appeared to have an e-helix
content of about 50-60% independent of the tacticity.

it seems very likely from the above that also atactic polyaminocacid
can show some secondary structure. This can be of relevance for the
precipitation behaviour of these polyaminoacids (see section 6.4.2).

6.4 PRECIPITATION OF POLY-L-LYSINE AND POLY-DL-LYSINE AT HIGH
pH VALUES

It is well known that most charged polyaminoacids precipitate from
aqueous solution at low degree of ionization. The insolubility of
uncharged polylysine shows that the well known Flory-Huggins inter-
action parameter y must exceed the value 0.5. Charged polylysine is
soluble because of the strong repulsion between the chains.

The description of the precipitation of polyamincacids can be com-
plicated by the possible formation of crystalline or pseudoc crystalline
precipitates, the occurrence of which may be connected with the extent
of secondary chain structure. In this respect an interesting question
is whether or not there are differences in precipitation behaviour be-
tween poly-L- and (atactic) pely-DL-lysine.

The precipitation behaviour of poly-L-lysine and also poly-L-glutamic
acid has been studied before bij Puett and Ciferri (1968) as a func-
tion of salt concentration, pH and temperature. They used their poten-
tiometric and optical titration results (Ciferri et al. 1968) to judge
the position of the precipitation points. Zimmerman and Mandelkern
(21975, a, b) studied the precipitation time, i.e. the time required
to observe precipitation from aguecus solution after the adjustment
of certain conditions, of poly-L-glutamic acid as a function of the pH.
They showed that there are two distinctly different precipitation
regions, which depend on temperature, concentration and pH. Also the
degree of homogeneity of the polymer samples plays an important role.
In cne of these regions, the ¢ region, a variety of physical proper-
ties demonstrate that precipitation occurs without any conformational
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change, while in the so called B region a major conformational transi-
tion occurs. ‘

Poly-L-lysine displays many properties that are similar to those
of PGA-L. Both are known to form gels under appropriate conditions
and both form g precipitates, fhough it is not known yet whether also
in poly-L-lysine two distinct.precipitation regions exist.-

6.¢.1 Experimental

The precipitation experiments were performed with the unfractionated
poly-L and atactic poly-DL-lysine samples obtained from the Sigma chem.
carp. and described before (section 3.1). All cther chemicals used were
of pro analyse quality. The water used was high guality deionized water
obtained from a Millipore super Q water purification apparatus.

The precipitation measurements were performed similar to the pro-
cedure of Zimmerman and Mandelkern {(1975a) and run as follows. A stock
solution of PL-DL or PL-L of 1 kg.m_3 in 0.1 M NaBr pH 6, contained in
a closed titration vessel under N, atmosphere, was kept at the desired
temperature in a water bath. The solution was kept homogeneous by means
of N, bubbling through it. The N2
rated. Then about 2 M NaOH was slowly added to the PL sclution until
the desired pH was reached. At this point, a portion of the solution

was C02—free and water vapour satu-

usually 5.0 cm3 was removed and placed in a well-closed marked test
tube kept at the same temperature. Addition of NaOH to the stock PL
solution was continued until a higher pH was reached and a portion

of the solution was again removed. This process was continued until

a sample at each desired pH from the lowest to the highest was ob-
~tained. The time at which the pH of each sample was adjusted was noted
and considered as time zero for each sample. At regular time intervals}
the onigomgm from an aliquot {0.5 cm3) of each sample was then mea-
sured with a Beckmann 3600 spectrophotometer. In this way the ODignmEm
could be plotted as a function of time for each pH value. Calibration
of the pH electrodes (Schott combined glass-Ag/AgCl) occurred at the
measuring temperature with titrisol buffers (Merck) pH 7.00 t 0.02;
pPH 10.00 = 0.05 and pH 11.00 £ 0.05. The pH measurements were performed
with an Electrofact 36060 pH/mV meter.
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6.4.2 Results and Discussion

When turbid PL solutions, i.e. after phase separation, are looked
at, the turbid solutions, especially at high PL concentration, appeared
to have a more or less gelly character, so no flaky precipitates are
observed. ’

The results of the precipitation measurements performed by us are
shown in fig. 6.1, 6.2 and 6.3. In fig. 6.1 the measured OD is plotted
against time at 303.15 K and 313.15 K for different PL samples and dif-
ferent pH values. In fig. 6.2 the OD after a chosen incubation time is
plotted against the pH for PL-L and PL-DL samples at 303.15 and 313.15 K,
and in fig. 6.3 the time after which an arbitrarely chosen turbidity was
reached is plotted against the pH, for the same PL samples as in fig.
6.1 and 6.2. The precipitation time plotted in fig. 6.3 may be compared
with the precipitation times observed visually by Zimmerman and Mandel-
kern in their experiments on PCGA.

Determinations of the amount precipitated at 293 K in an analogous
way as the amount PL adsorbed, will be reported in section 6.5.3.2.

Above pH 11.0 both PL-L (DP 192) and PL-L (DP 1683) showed an ap-
preciable precipitation after 16 h. This is in line with the findings
of among others Ciferri and Puett (1968) who found precipitation of
PL-L at 298 K above pH 11.3. However in one series of measurement we
did not find any visual turbidity of PL-L (DP 1683) above pH 11.0.

The reason for this is not clear to me.

Precipitation measurements with a PL-L (DP 240) sample which ap-
peared to have about 1 residual blocking group (as judged from the
UV sprectrum) per PL chain showed a precipitation behaviour markedly
deviating from the pure samples: The pH at which the precipitation
started was about 1 pH unit lower than the precipitation pH of a
corresponding PL sample without blocking groups.

Zimmerman and Mandelkern (1975a) showed that there exist quantitative
differences in the precipitation behaviour of unfractioned PGA(M_/M =1.1)
and fractionated samples (Mw/Mn = 1.0), although also the unfractionated
PGA samples show the two precipitation regions mentioned before. Thus
despite the fact that our experiments with PL have been done with un-
fractionated samples, valuable information cohcerning the precipitation
characteristics can be obtained from them.

In contrast with the gradual increase in turbidity with time for
the PL-L samples, the curves for PL-DL show initially a rather steep
increase in turbidity after which further increase is more or less
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linear (compare fig. 6.la and b). However, at 313.15 K the initdal
slopes of the curves is almost the same for both PL-L and PL-DL (see
fig. 6.1c and 4). At longer incubation times the difference between
the curves of PL-L and PL-DL observed at 303.15 K is almost absent at
313.15 K.

The observed increase in turbidity with time can be caused both by
growth of aggregates and the agglomeration of aggregates. Therefore an
increase in turbidity does not necessarily mean an inc¢rease of the pre-
cipitated amount with time.

Measurement of the PL concentration after removal of the precipitate
by centrifugation showed that an increase in turbidity corresponds to
an increasing amount of precipitated PL-L (DP 192) or PL-DL (DP 308)
at least at 313 K. At this temperature and pH 10.7 the fraction pre-
cipitated was about 30% and 50% for PL-DL and PL-L respectively. At
high pH (above 11.5) the precipitated fraction was B0-85% for both
PL-L and PL-DL. The quantitative relation between OD and precipitated
amount is very likely to vary for each sample.

The precipitation curves of PL-L (DP 1683) show much higher turbid-
ities than those of PL-L (DP 192). At 313.15 K the maximum turbidity
~is reached much faster than in the case of PL-L (DF 192). The precip-
itated amount PL-L (DP 1683) at 308.9 K appeared to be constant above
pH 11.3 and amounted 95%. The observed differences between PL-L (DP 192)
and PL-L (DP 1683) are in line with the expectations for increasing
phase separation with increasing molecular mass.

The differences observed by us between the OD-time curves of
PL-L. and PL-DL point in the direction of differences in the growth
kinetics of the aggregates. These differences can only originate from
the difference in stereoregularity between PL-L and PL-DL.

From fig. 6.2 one can see that the pH, where the precipitation
of PL starts at 303.15 K is 10.9 1t 0.1 for PL-L (DP 192) and for
FL-DL (DP 308), and somewhat lower (pH = 10.6) for the high molecular
mass PL-L (DP 1683) as expected for a phase separation phenomena.

At 313.15 K the initiation of the precipitation starts at clearly
lower pH values: pH 10.5 = 0.1 for PL-L (DP 192) and PL-DL (DP 308)
and pH 10.1 1 0.1 for PL-L (DP 1683). This decrease in initiation

pPH was also found by Puett and Ciferri (1968).

As these authors showed, the decrease in initiation pH is essentially
an electrostatic effect caused by the decrease in pK0 with increasing
temperature. In the temperature range investigated, the precipitation
takes place at the same charge density and therefore at lower pH values
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with increasing temperature. Unfortunately in our case the degree of
dissociation cannot be calculated accurately enough from the available
data, because the corresponding titration data are lacking.

It is remarkable that within experimental error the initiation of the
precipitation occurs at the same pH value for both PL-L and PL-DL at
303.15 K as well as 313. 15 K. At 313.15 K the shape of both curves is
also the same over the whole pH region. At the precipitation pH the
degree of dissociation of PL-L and PL-DL can be different. This is be-
cause of a possible difference in PK, of both polyelectrolytes (see
section 6.6.4.2). The turbidity of PL-L (DFP 1683) exceeds greatly the
values found for the low molecular mass samples as stated before.
Probably bigger aggregates are formed.
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Fig. 6.2.2 Precipitation of poly-L-lysine and poly-DL-lysine as a function of pH at
T = 313.15 K.
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1. PL-L (DP 192) t = 7.5 h; 2. PL-DL (DP 308) t = 8.0 h;
3. PL-L (DP 1683) t = 1.0 h.

Another guestion is whether there are already soluble PL aggregates
present before the observed precipitation point. This can be of impor-
tance for the adsorption properties of PL. Some indications for the
existence of such socluble aggregates at pH > pK° {T = 288 K) were found
by Propokova and Ciferri (1972) from the electrokinetic behaviour of
PL-L solutions at high pH. The results may however be an artifact of
the method (Propokova and Ciferri, 1972).

At high pH values and T > 298 K the f-form is the thermodynamically
most stable conformation of PL-L. At 278 K the o helix is the most
stable comformation at high pH values (Davidson and Fasman, 1967};
Pederson et al., 1971). 1f poly-L-lysine in the coil confermatieon is
brought onto high pH with base at 322 K, the polyaminoacid assumes
directly the p conformation with no detectable o helical intermediate.
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Between 298 K and 322 K addition of base to 'coil' PL-L gives first an
o helical PL-L polymer followed by slow conversion to the B structure
(via a coil-like intermediate). Then the formation of B structure is
followed by precipitation with conservation of the B structure (David-
son and Fasman, 1967). In contrast with the result of Zimmerman and
Mandelkern (1975a) on PGA, the precipitation time - pH curves of poly-L-
lysine and alsc poly-DL-lysine (fig. 6.3.1 and 6.3.2) do not show any
evidence for the existence of two distinct precipitation regions. Poly-
L-lysine shows only what Zimmerman and Mandelkern denote as § precipi=-
tation and no ¢ precipitation, the latter being nucleation controlled.
The above is concluded from the fact that there is no abrupt change
in the pH dependence of the precipitation in the investigated pH region
and also from the gradual decrease in precipitation time when the tem-
perature is increased from 303 K to 313 K. Apparently in the case of
PL-L the rate at which the random coil intermediate is generated is
greater than the rate of nucleation over the whole pH region, resulting
in a precipitate in which the PL-L molecules are in the g structure.
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Fig. 6.3.1 Time dependence of the precipitation of poly-L-lysine and poly-DL-lysine.

= 1.0 kg.m O; T = 303.15 K; 0.1 M NaBr.

PL 550
1. PL-L (DP 192) (0D}, m;” = 0.015) vs pH.
2. PL~dL (DP 308) t( ™ " = 0.08) wvs pH.

3. PL-L (DP 1683) t( " " 0.16) wvs pH.
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Both the o-p conversion and precipitation of PL-L have qualitatively
the same pH and temperature dependence {(above 293 K), i.e. the rates of
both processes are increased when the pH or temperature is increased
(see Davidson and Fasman (1967) for the pH and T dependence of the o-p
conversion}. This is not surprising because in both processes the same
interactions play a role. As already concluded from the precipitation
© time~pH curves at 303 K and 313 K, the o-p conversion rate must be
faster than the precipitation rate. A quantitative comparison of the
precipitation times found here and the a-p conversion rates described
in the literature is not possible at the moment, because both processes
depent strongly on such experimental conditions as PL concentration
molecular mass, and electrolyte concentration. .

The precipitation times of PL-L and PL-DL do not differ much, also
the decrease in precipitation time with increasing temperature or pH
lies in the same range for PL-L and PL-DL. Although PL-DL may be par-
tially helical at very low charge density (see 6.3.2), a-p conversion
as it takes place in PL-L is not very likely to occur in PL-DL. There-
fore the similarity in the precipitation behaviour of PL-L and PL-DL
supports the earlier conclusion that a-p conversion via an coil inter-
mediate is faster than the precipitation step itself in PL-L. When a
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coil conformation already exists before precipitation as is probably
the case with PL-DL, the initial precipitation rate can be higher as
can be seen from fig. 6.1.6. However at 313.15 K this difference in
initial precipitation rate between PL~-L and PL-DL is practically dis-
appeared as can be seen from fig. 6.l.c and 6.1.d. Probably this is a
consequence of the fact that the PL-L o helix is unstable at this
temperature.

Now the question arises whether the structures of the precipitates
of PL-L and PL-DL are the same or different. Poly-DL-lysine cannot form
crystalline precipitates because it is an atactic polymer. The preci-
pitate will be amorphous probably a concentrated liguid phase in egqui-
librium with a very dilute one. On the contrary, poly-L-lysine is iso-
tactic and can form a crystalline precipitate (solid-liquid phase
separation) in which the polylysine molecules are in the B conformation.
The fact that the precipitation pHs and temperature dependence of the
precipitation are not very much apart for both polylysines, suggests
that the precipitate of poly-L-lysine is also largely amorphous.

To unravel the precipitation behaviour of PL-L and PL-DL further,
more direct information about the PL-L and PL-DL conformation in the
precipitate and the degree of order in the precipitate is needed.
This information can be obtained for example with technigues such as
Laser Raman spectroscopy and X-ray diffraction. Also much more in-
formation on the precipitation process itself is needed. Especially
the volume fraction dependence as a function of pH, salt concentration
and temperature should be determined in order to make it possible to
construct phase diagrams and to allow for a more complete interpreta-
tion. The precipitation data discussed above are nevertheless very
valuable for the interpretation of adsorpticn experiments at low PL
chain charge density.

6.5 ADSCRPTION OF PARTIALLY CHARGED POLY-L-LYSINE AND POLY-DL-LYSINE
ON POLYSTYRENE

6.5.1 Materials

The poly-L-lysine and atactic poly-DL-lysine samples were the same
as described before. The PS latices used are described in section 3.2.
All other chemicals used were of analytical grade. The water used was
distilled once or conductivity water obtained from a Millipore Super Q
water purification set-up.
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6.5.2 Determination of the PL adsorption on PS particles as a function
of the pH in solution

Adsorption experiments at high pH performed without the use of
buffers which could influence the adsorption, are coemplicated by the
disturbing influence of atmospheric €0, on the solution pH value.
Therefore contact of the high pH PL/latex solutions with the air was
avoided as much as possible.

The amount of base needed to reach a desired pH was first calculated
on a basis of the total amount PL present and proton titration data of
PL. The pH was measured {(only)} after equilibration (16 h) and centrifu-
gation of the sample. Immediately after opening of the centrifuge tube
a sample for the PL concentration determination was taken and instan-
taneously thereafter the pH was measured.

Measurements with PL-L and PL-DL were performed simultaneously.
The same was done for adsorption series at different ionic strength.
In this way the effect of systematical errors can be suppressed.

The preparation of samples for adsorption series at high pH was
done as follows: To a 8 cm3 polyethylene tube with screw cap known
amounts of water, PL stock solution (pH 6) and NaBr solution pH 6
were added. Then a known amount of 0.1 M NaOH was added, immediately
followed by the addition of 1.0 cm3 PS5 latex (pH 6). The tube was then
closed immediately and rotated end over end for 16 hours to attain
adsorption equilibrium. The total velume of the sample was always
5.0 cm>. The PL caoncentration determination was performed as de-
scribed before (chapter 4) except for one difference: 50 mm3 0.1 M HC1
' was added to bring the sample at a pH below 6, i.e. to obtain fully
chargéd polylysine.

Adsorption samples with different starting concentrations eof PL
were prepared in a few separate series to judge the variation of the
adsorbed amcunt with the equilibrium PL concentration. The average
degree of dissociation of PL in an adsorption sample can be calculated
from the added amount of base and the measured equilibrium pH.

Besides the adsorption measurements as a function of the equilibrium
pH, adsorption isotherms were also determined as follows., Before mixing
separate stock solutions of PL, NaBr and latex were brought to the de-
sired high pH with NaOH. Then known amounts of these solutions were
pipetted into polyethylene tubes as described above, to obtain a series
of increasing PL concentration. The subsequent sample handling was the
same as described above. '
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6.5.3 Adsorption isotherms of poly~L-lysine and poly-DL-lysine at
high pH

In section 4.3.4 the adsorption characteristics of fully charged
poly-L- and poly-DL-lysine were discussed. Now the adsorption iso-
therms of these polypeptides at high pH on negatively charged PS5 latex
particles will be dealt with. In fig. 6.4 characteristic adsorption
isotherms of PL.HBr-L and PL.BBr-DL adsorbed on Ps at pH 10;7 + 0.1
are plotted. For comparison an isotherm of PL.HBr-L at pH 6 is also
given. All isotherms are of the high affinity type, although they
are somewhat more rounded at high pH. It is not certain whether the
plateau values found here are really plateaus. At higher PL wvolume
fractions phase separation is possible resulting in multilayer adsorp-
tion.

The observed plateau adsorption of both PL-L and PL-DL is about
4 times higher than at a = ¢ and not measurable different for PL-L
and PL-DL. The somewhat higher adsorption values observed for PL-DL
at higher equilibrium concentrations is caused by the accidental higher
pH (within 0.1 pH unit) of the corresponding adsorption samples.

The plateau adsorption values observed are of the expected magnitude
for uncharged polymers. The large increase in adsorption observed when
the chain charge density is decreased is caused by:

(i) Decrease of the electric repulsion between polylysine segments in
the adsorbed layer. The eiffect is similar to the effect of addition
of electrolyte as discussed in section 4.3.6.

(ii) Decrease of the solvent guality.

The amount of adsorption at pH 10.7 ig about 1.5 times the monolayer
coverage while at pH 6 the adsorption is much less than monolayer
coverage. Hence the fraction cof segments in (short) loops and tails
is much higher at high pH.

The increased roundedness of the isotherms at high pH can be due to
a more pronounced polydispersity effect when the solvent guality is de-
creased, but also to variations of ¢ with surface coverage as theoret-
ical calculations of Evers (1984) for weak acid polyelectrolyte ad-
sorption suggest. The fact that alsc at high pH PL-L and PL~DL have
very similar adsorption characteristics shows that is is not justified
te draw conclusions about the secondary structure of PL-L in the ad-
sorbed layer on the basis of plateau adsorption values of PL-L only.

The fact that PL-L and PL-DL have the same adsorption characteris-
tics at high pH shows that in this case the secondary chain structure
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Fig. 6.4 Adsorption isoctherms of poly-L-lysine.HBr (DP 240) and poly-DL-lysine.HBr
(DP 240) at high pH on PS latex M2 (00 = -60 mCm_z) electrolyte 0.01 M NaBr.

A corresponding adsorption isotherm at pH 6 is also drawnm.

has no influence. Apparently the solvent interaction parameter and
adsorption energy per segment are about the same for the two PL forms
and these parameters are dominating the adsorption. That x is about the
same for PL-L and PL-DL fellows from the similarity in precipitation
behaviour. X5, eff of PL-L and PL-DL will be the same when there is a
preferential adsorption of coil segments. As coil segments are on the
average positively charged and the surface is negative, this is likely
to be the case. It will be clear that more information is needed to
clarify the structure of adsorbed PL. To this end proton titrations:
of adsorbed PL-L and PL~DL have been performed. They will be discussed
in section 6.6.

6.5.3.1 Adsorbed amount as a function of the solution pH
In figs. 6.5, 6.6 and 6.7 the amounts of PL.HBr-L and PL.HBr-DL

adsorbed as a function of the solution pH are plotted for various poly-
lysine samples and salt concentrations. The adscrptions in these figures
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are abo.: plateau adsorption, i.e. they are maximum adsorptions or are
between the middle of the rounded part in the isotherm and the maximum
adsorption. The increase in adsorbed amount with increasing pH is clear-
ly demonstrated. The shape of the curves is at least gualitatively as
theoretically expected, as will be shown in chapter 7. The adsorption
as a function of the pH is reversible, that is: after adsorption at

pH 11.00 we found desorption to occur when the pH was lowered to &
down to the adsorption value at.pH 6.

As one can see from fig. 6.5 the curves for PL-L and PL-DL are not
measurably different, also not in the helix-coil transition region.
Again it is seen that at any ¢ the secondary structure of PL is not
important in determining the adsorbed amocunt.

T T T L T T T T T T
T=294 K T=294 K oodf;
1.4F o 1 14F AR
~ e x’:,adyk
£ s 4
g 2t 12 -
L a a
1.0 1 10F b
I
8l 4 8f :
X
&
B 3 / Bl B
5'_______,-—-"A
)
2
-43__——ﬂ”///x/ﬂ : 4
i(._.-x.-—-r’"/
2t 1 2 .
Il | 1 1 1 1 1 ] 1 1
7 8 9 10 1 7 8 9 10 11
pH pH

Fig. 6.5 Adsorpticen of poly-L-lysine.HBr Fig. 6.6 Adsorption of poly-NL-lysine.HBr

(DP 192) and poly-DL-lysine.HBr (DP 240) (DP 24Q) on PS (latex MQ; o, = -42 mC.m_z)
as a function of pH on PS5 (latex Mﬁ; as a function of pH. 1. 3.10-3 M NaBr;
2 2

o, = -42 aC.m <), 2. 1.107% M NaBr; 3. 1.107! M NaBr.
1. PL-L, 0.01 M NaBr; 2. PL-DL,

0.01 M NaBr; 3. PL-DL, 0.1 M NaBr.
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Fig. 6.7 Molecular mass dependence of the adsorption {open symbols) of PL.HBr-L as
a function of the pH. 0.01 M NaBr; latex M& (Uo = =42 mC.m-z).
Filled symbols: precipitation of PL.HBr-L as a function of the pH in the

absence of adsorbent.

The effect of low molecular mass electrclyte on the adsorbed amount
is clearly present at low pH but almost absent at high pH. This shows
that coulowbic interactions in adsorbed PL at high pH are of minor
importance as expected. At still higher salt concentrations however,
specific dehydration effects may become important in determining the
adsorption and multilayer adsorption (i.e. precipitation) properties,
of PL. Although the effect of the ionic strength is small at pH 11.0,
the amount adsorbed at constant pH is somewhat lower at 0.1 M NaBr than
at lower ionic strength (see fig. €.5 and 6.6). This reversed salt ef-
fect is due to the fact that at constant pH the degree of dissociation
decreases with increasing ionic strength.

In fig. 6.7 the T-pH curves and the corresponding precipitation
curves are plotted for PL-L (DP 192) and PL-L (DP 1683). Whereas at
low pH (e = 0) there is no molecular mass dependence of the adsorption
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above DP 192, this dependence is clearly observed at high pH. The
amount adsorbed of PL-L (DP 1683) at pH 10 is significantly higher
than the wvalue for PL-L (DP 192); 1.5 mg.m"2 and 1.2 mc_:{.m-2 respec-
tively. This is a consequence of the lower solvent guality at this pH.
Above pH 10.3 for PL-L (DP 1683) and pH 10.9 for PL-L (DP 192) multi-
layer adsorption (i.e. phase separation) occurs at about the same pH
values as phase separation starts in solution {see also section 6.5.3.2).
For uncharged polymers such a behaviour arocund the precipitation point
is expected (Silberberg, 1972). The shape of the adsorption curves
shown in fig. 6.7 is expected theoretically for the adsorption of weak
polyelectrolytes from a bad solvent (x > 0.55) (Evers, 1984).

At 293 K and 0.01 M NaBr the pH values where the precipitation of
PL-L DP 1683 and DP 192 starts are almost the same as the values found
by us at 303 K and 0.1 M NaBr. This is at least qualitatively due to
two compensating effects: A decrease of the precipitation pH with in-
creasing temperature as discussed in section 6.4.2 and an increase of
the precipitation pH with increasing electrolyte concentration (Puett
and Ciferri, 1968).

6.5,3.2 Phase separation in solution and near an interface

As shown in fig. 6.7 phase separation in solution and in the pre-
sence of an interacting interface sets in at about the same pH. How-
ever, the mean degree of dissociation @ of PL in the presence of PS
latex can differ from that in the solution at the precipitation pH,
because the average pKapp of adsorbed PL is higher than that of_PL in
solution at the same overall concentration. The calculation of ¢ from
the amount NaOH added, pH and total amount of PL present is possible
but not accurate enough to allow for conclusions about differences in
& at the precipitation pH in the two cases.

Because o of PL in the outer adsorption layers is not very different
from a in the bulk (as will be shown in section 6.6.4.2), no appreciable
precipitation on the surface will occur when the conditions for phase
separation in the bulk are not fullfilled. Silberberg (1972) analyzed
theoretically the multilayer adsorption of uncharged polymers. He con-
cluded that only at close to 8 conditions (X/xﬂ = 0.99) or a PL volume
fraction in the bulk, ¢, close to the critical one at x = Xgrs about one
additional polymer layer could be formed. Further growth occurs only at
worse than 8 conditions. However this is probably only valid for very
long chains. In the case of shorter chains (DP < 100) thicker layers
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can be formed at y values close to the critical one (van der Schee,
1984). It will be clear that charge interactions complicate the pic-
ture in the PL-latex system. Nevertheless the results shown here are
not conflicting with the predictions of Silberberg.

In the absence of precipitation the results in fig. 6.7 suggest the
existence of (pseudo) plateaus values for the adsorption of PL of about
1.3 and 1.5 mg.m™2 for DP 192 and DP 1683 respectively. As said before,
the high adsorbed amount compared with pH 6 must be due to a higher
fraction of segments in loops and tails. Theoretical predictions for
the adsorption of weak polvelectrolytes from a good solvent, as a func-
tion of pH, show a maximum in the case of charge contrast between ad-
sorbents and adsorbate (Evers, 198¢). Such a maximum is not observed
here, probably because precipitation occurs.

At 294 K the a-helical structure which is present in sclution above
pH 10 is slightly more stable than the B structure, and precipitation
without conversion to the B structure might occur in the presence of
already adsorbed PL. There may be different kinetic pathways operative
in the case of precipitation from soluticn or in the presence of an
adsorbing interface. In the latter case only growth of an already ad-
sorbed layer has to be occur, in the former case also (homogeneocus)
nucleation can play a role.

6.6 CHARACTERIZATION OF FREE AND ADSORBED POLYLYSINE BY POTENTIOMETRIC
PROTON TITRATIONS

6.6.1 Introduction

Potentiometric proton titration is an often used method for studying
the charge dependent conformational transitions in mostly agueocus so-
lutions of ionizable polyaminocacids (see also section 3.1.2). Poly-
L-glutamic acid and poly-L-lysine are the most studied ones.

Studies concerning the (thermodynamic) characterization of con- .
formational transitions in poly-L-lysine dissolved in agueous solvents
by means of proton titrations have been performed by: Hermans, J., 1966;
Puett et al., 1967; Ciferri et al., 1968; Ptitsin, 1971; Grourke and
Gibks, 1971; Pederscon et al., 1971; Barskaya, 1971; Conio et al., 1974;
Cosani et al., 1974 and Tseng and Yang, 1977. Generally, comparable
proton titration data of these authors are in reasonable agreement.
The intrinsic pK values found by these authors is generally lower than
thoge reported here. This is inherent to the extrapolation procedure
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to « = 1 used by these authors, i.e. the values reported in the li-
terature are not based on determinations of PK, values of a monomer
analog as is done here. Proton titrations of atactic poly-DL-lysine
have been reported by Chou and Scheraga {1971).

Proton titrations of poly-L-aminoacids in interaction with solid-
liguid interfaces or membranes are not reported yet in the literature.
In this study the proton titration technique was used to characterize
the conformation of adsorbed polylysine. )

6.6.2 Principle of the method

Because of the high charge densities which can build up on a poly-
electrolyte chain, the titration behaviour of a weak polyacid or poly-
base in aqueous solution deviates from that of the corresponding monomer
analogs. The dissociation equilibrium of an isolated ammonium group in
PL can be written as:

R-Na' 2R -pNH, + H (6.5)

The thermodynamic dissociation constant Ka o is then

’

. (R-NE,) (H') o.6)
a.m (R-NH~ ) '
3
where parentheses denote the activity of each species.
Since the activities of the species R-NH; and R-NH,, are not known,
but only their analytical concentrations {in brackets) the dissociation
constant Kom defined by )

I

. - [R-NEH, ] (H") ©.7)
°,m [R-NH;] '

is used instead of K which is a true intrinsic constant. The m in

.
the subscript denote:'%he medium in which the groups are. On the con-
trary Ko,m is not a true intrinsic K, since it is still dependent on
the ionic strength and the species concentration. In principle the

thermodynamic constant K, m valid for -NH3 groups of PL in a certain
chemical environment can be obtained by extrapolation of K, .m values
to zero ionic strength and zerc concentration of the component under

investigation.
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Equation 6.7 can be written as:

_ o
pH = pKo,m + log g (6.8)

in vwhich o is the degree of dissociation of the ammonium groups defined
by

[R'NH2]
@ = - (6.9)
[R-NH3)+[R-NH, |
ac®
and pK, . = -log K, , = 0.434 ﬁfﬂ

pKo,w is used when water is the sclvent, pKo,s for an aminogroup at
an interface. AG; is the standard free enthalpy change of the dis-
sociation in the medium investigated. In this derivation activity
effects other then for H' are ignored.

In a poly-cationic acid the dissociation of each cationic group
depends also on the electric field of neighbouring other cationic
groups. Generally, the free energy of dissociation now consists of an
electrical term aG,q in additien to AG;. This can be taken into account

by modifying (6.8) into:

= pH - log 7o = %232 (4P - ac,

=2 (6.10)

PRapp 1)
in which PK, is the apparent dissociation constant, related to the
sum of the standard free enthalpy change AGE and the additional electro-
statip free enthalpy change AGel. In (6.10) AG,q is the electrical
reversible isothermal work, to bring a proton from infinity to the

surface of the macroion. It follows now that

o 0.434
+ log =3 - —RT

pH = pK 4G, (6.11)

Because of the definition of AG this guantity is equal to the change

.
of the electrostatic free entﬁzapy Ggqpr of the macroion, when the
charge of the polymer is increased by one unit. Equation 6.11 is only
valid when all titratable groups contained in the definition of « have
the same pKo’m. This is for biopolymers not the case and as will be
shown later on also not for adsorbed homopolyelectrolytes.

When ZH is the amount of protons dissociated from the cationic
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polyelectrolyte, AG,, can be written as

aG_.(2,;)
4G,y = - ———aél = (6.12)
H

It follows now that

Gel(a) 1 o
== = = 2.303 RT § {pH - log 72— - pK_ } da (6.13)
ZHrmax " 1l-o o,m
_ -1 . . . . , .
where o = ZH'ZH,max in which ZH,max is the maximum number of ionizable

groups with the same pKo,m value.

One can in principle obtain ch““1 from a plot of pKapp vs o by extra-

polation to ¢ = 1. The electrostatic free enthalpy Ge1 cf the poly-

electrolyte can be calculated from the area under the graph

(pKapp - PRom
The total free enthalpy of an adsorbed or dissolved polyelectrolyte

) vs «.

as a function of pH can be directly obtained from proton titration
data as was shown by Pfeil and Privalov (1976). Generally this free
enthalpy is a function of c¢omposition, P, T, pH and ionic strength.
From the equation

dG = (33—) dN = My {(polyelectrolyte)dN = My (solution) dN
P,T

= (ug = 2.303 RT.pH) dN (6.14)

in which N is the average charge on the polyelectrolyte chain,
it follows after integration:

N
G(N) = G(N°) - 2.303 RT J pH &N (6.15)

NO

where G(N®) is the free enthalpy in some reference state in which the
charge on the polyelectrolyte is FN° (see Preil and Privalov, 1976 and
Norde and Lyklema, 1984).

Equation 6.10 is very suitable for analyzing the potentiometric
titration data of charged pelyaminoacids in solution and in the ad-
sorbed state.
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Gel(a) can'also be expressed as

;zlifl = RT jl ;;9 do (6.16)
H,max o
where ¢b is the electrostatic potential at the place on the macroion
where the proton associates (e.g. Nagasawa, 1971).

From equation 6.16 it follows that the electrical free enthalpy of
a polyelectrolyte can be obtained by charging the macroion from the
uncharged state to the actual degree of icnization (l-a). When ¢b(u)
can be calculated correctly, equation 6.16 and 6.13 should give the
same results. This is what many publications on polyelectrolyte ti-
trations are dealing about (e.g. Nagasawa, 1971).

In a polylysine helix or f structure the amino groups are closer
together than in the ce¢il conformation. Hence, AGel of helical reds
exceeds AG of PL coils. Therefore for pelyelectrolytes exhibiting
a conformational transition, a plot of pKapp vs o shows two distinct
parts with different slopes (see fig. 6.8): At low r the curve applies
to PL in the coil conformation, at high e the curve is that for the
helical structure. The transition region between these parts is the
coil-to helix transition region (see also section 3.1.2).

Among others Zimm and Rice (1960) and Nagasawa (1971} showed that
the ncn-electrostatic part of the free enthalpy change of the helix-
coil transition of ionic polypeptides (AGgoﬁf) can be obtained from the

curve pK VS o as:
PRapp
o 1 .
AClong = 2-303 Zy oy RToj [P (helix)-pK, o (coil)]du (6.17)
This equation is identical to equation 6.4.
As the required plots of pKapp(hellx) and pKapp(c01l) vs o cannot

be measured over the entire o range an extrapelation procedure must
be adopted to calculate AGgonf'

In synthetic polyelectrolytes other than charged polyaminocacids
conformational transitions are not often observed. An exceptioen to
this is the conformational transition in polymethacrylic acid (PMA)

and the methacrylic acid methyl esther copolymer PMA-pe.

Qr s.

On charging these polymers a transition occurs from the compéct, s0=
called hypercoiled form {a) to the common extended conformation (b).

Also here acgonf can be calculated with (6.17) (Leyte and Mandel, 1964).
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PK o pps PH =log {a /1)

Fig. 6.8 Schematic titration curve for pely-L-lysine.

The transition in PMA-pe does also take place when the polyelectro-
lyte is adsorbed on paraffin droplets (van VIiet and Lyklema, 1978).

In section 6.6.4.1 and section 6.6.4.2 the proton titraticns of PL-L
and PL-DL will be compared with the corresponding solution titrations,
in order to trace conformational transitions in the adsorbed state,
pK shifts due to adsorption and as a consequence of adsorption, the
amount of untitratable groups in a c¢ertain pH region.

Now first some other aspects of proton titration in heterogeneous
media will be discussed. .

6.6.2.1 Suspension effect in polyelectrolyte/charged particle systems

When measured pH values are to be used in the calculation of pK
values one must be aware of the meaning of the measured pH value.
In simple electrolyte solutions the meaning of the measured pH value
is usually taken as pH = —log(H+) in which (H+) is the proton activ-
ity of the solution (e.g. Bates, 1964).

As the liquid junction potential is about the same in the various
buffers used and the measuring solution, this definition is justified
(see Bates, 1964). However, when highly charged particles are present
a potential difference can be observed when the irreversible reference
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electrode is positioned in the particle suspension or in the suéer-
natant or dialysate of that suspension, irrespective the position of
the glass electrode. The difference between the pH observed with the
ref.electrode in the suspension and the real pH is called the suspen-
sion effect.

The effect is equivalent to the difference in electrical potential
between the two salt bridges of two identical electrodes inserted in
a suspension and its equilibrium liguid. The suspension effect is due
to unegual mobilities and concentrations of cations and anions in the
neighbourhcod of the salt bridge tip and is therefore a liquid junction
potential (Honig, 1972; Overbeek, 1953).

According to Overbeek (1953) the liguid junction potential is equi-
valent to the potential of the Donnan cell, i.e. the measured potential
difference between the particle suspension and its equilibrium liquid
thus

AED.F
PH = PH e -~ 7.3 7T (6.18)

where ED’ the measured potential of the Donnan cell, has the same sign
as the charge of the polyion. The magnitude of the suspension effect is
dependent on the charged particle concentration and small electrolyte
concentration. For highly charged particles, the mobility differences
between the microions are the dominant contribution to the ligquid
junction potential. In that case the potential of the Donnan cell can
be approximately calculated from (Overbeek, 1953).

K
AEy = &= 1n Susp. (6.19)

Ksolut.

in which k is the specific conductivity. At salt concentrations appre-
ciably higher than the eguivalent concentration of particle charges,
the suspension effect is negligibly small. For this reason and also
for practical ones, most proton titrations of polyelectrolytes in this
study (overall polyelectrolyte concentrations usually < 0.0025 rM.)
have been performed in the presence of 0.1 M NaBr.

More details concerning the suspension effect can be found in the ex-
tensive review on the subject of Chernoberezhskii (1982).
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6.6.2.2 pK__. and the distribution of fixed charges in adsorbed
polyeiectrolytes

The observed pKap of a class of groups with the same pKo,m ig de-
pendent on the low M electrolyte concentration, the polyelectrolyte
segment-segment interaction, the pH and the value of pKo,m' Now I will
pay attention to the first two effects mentioned, in relation to the
proton titrations of dissolved and adsorbed PL at the same overall
residue and salt concentration. Under these conditions one must realize
that the distribution of fixed polymer charge (i.e. the titratable
groups) will be completely different in both cases.

As the polymer volume fraction in the adsorbed layer is much higher
than that in the corresponding solution, the titration curves are also
expected to differ. Because of the higher electrostatic segmental in-
teraction in the adsorbed layer pKapp is expected to shift to lower
values in the adsorbed state. The above was also noticed by Buscall
and Corner (1982}, who measured the titration curves of latices with
a grafted PAA layer.

The concentration effect due to adsorption can be simulated by
measuring the pKapp vs o curves of PL at various (high} residue con-
centrations as Buscall and Corner did for PAA. It must be realized
then, that at polymer concentrations of a few % the suspension effect
may be substantial even at 0.1 M salt. To obtain correct results the
PH must be measured with the salt bridge o¢f the ref. electrode in the
equilibrium liquid. In the case of adsorbed polylysine and PL in
solution, the ref. electrode with salt-bridge was in the suspension
and not in the equilibrium liquid, but here the suspension effect is
small (CPL << CNaBr)' hence the measured pH is to a good approximation

- equal to the pH of the equilibrium liguid.

Buscall and Corper (1982) were aware of the above although they do
not mention the suspension effect explicitly. They measured the pKapp
vs a curves of PAA at 0.01 M NaCl from 0.1-5% (w/v), with the reference
electrode in the polyelectrolyte solution. The curves were recalculated
to obtain the pKapp vs a curves as if they were measured in the equilib-
rium liquid. This was achieved by treating the equilibrium between the
PAA solution and the equilibrium solution as a Donnan equilibrium under
conditions simulating the adsorbed PAA layer - solution eguilibrium.

. , . app
with increasing PAA concentration as expected and not to decrease as
in the untreated measurements. Although the sign of 3pK /ac

The recalculated pKapp vs o curves were found to shift to higher pK:

app PAA in
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the equilibrium liquid is predicted correctly by Buscall and Corner

from the measurements in the PAA solutions, the magnitude of this

quantity is probably in error and so is their estimate of the average
volume fraction PAA in the adsorbed layer. The main objections are:

1. The assumption that the mean residue concentration in the adsorbed
layer is much larger than the added NaCl concentration is not con-
sistent with the estimated volume fraction in the adsorbed layer.

ii. The assumptions made about the activity coefficient of the polyion
in the adsorbed layer from ion condensation theory are only valid
at high dilution and not at the fairly high concentrations in the
adsorbed layer.

May be the investigation of the influence of the bulk polyelectrolyte

concentration on pKap can be best performed using a reversible re-

ference electrode without salt bridge. However when a saltbridge is
necessarily, the measurements should be done in the equilibrium ligquid.

6.2.2.3 Medium effect on pKo,m
The pK ,m value of an —NH3 group in an adsorbed PL-layer will differ
from the solutlon value because of the following:

i. The negative PS surface charge is also present when PL is uncharged.
This causes a shift to higher pKo,m values.

ii. The cationic groups of an adsorbed polycation in the first adsorp-
tion layer will be in an polystyrene environment and conseguently
experience a lower dielectric constant than in the bulk. This re-
sults in a lower value of pKo,m'

iii. Due to the high volume fracticn of PL in the adsorbed layer the
mean dielectric constant is also shifted to lower values in the
adsorbed layer. In fact there is a distribution of £ values. The
effect on pKo,m is the same as that mentioned under 2, but probably
less important.

when extrapolations to zero adsorbed amount and zero surface charge are

made only the effect mentioned under 2 is left. Therefore strictly only

that effect on pKo,m is a medium effect and appears also in the value
of Ka,m'
wWhen titration measurements are performed on latices with adsorbed

PL at 0.1 M NaBr the suspension effect will be small as pointed out

earlier.

The change in pK, . upon adsorption of PL is defined as

Atero = pKo,s - ch"w (6.20)
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s, PK, still depends on the surface charge, 9, and the veolume fraction
PL in the adsorbed layer. The medium effect AL PKY will be the largest
for the polymer segments in trains at the surface. In this respect the
heterogeneity of the polystyrene surface plays also a role: A PL seg-
ment in the neighbourhood of surface sulphate groups will have an en-

hanced pK due to ion pair formation and PL segments embedded in a

]

PS matrix (benzyl groups) will have a decreased pK0 g as said before.

values not very different from

PL groups in tails will have PK, o
!

those in the solution.

As the pKo,s value at the surface can differ considerably from that
in the outer adsorption layers, difficulties arise with the definition
of u-in the adsorbed state. The slope of a pKapp vs ¢ plot in which
o = Zy/Zy max (With 2y
molecule) has therefore not the same meaning as in equation 6.10 where

the average amount of protons dissociated per

_ 5 soX
«= ZH/ZH,max H,max

in which 2% is the total amount of groups of class X
with the same PK, o value, ’
[

An impression of the effect of the dielectric constant on the pKo,m
of cationic acids can be obtained from the data of Gruanwald et al.

(see King (1965} p. 195). The pKo,w
10.70, whereas pKQ'm in 65% methanol (¢ = 40.6) is 9.58. This corres-

ponds to a degree of dissociation a at pH 11.0 of 0.67 and 0.96 re-

(¢ = 78.3) of methylammonium is

spectively. So for adsorbed PL at o, =0 there should be a markedly
higher a at pH 11.0 than in the solution. However, as will be shown
later on, the surface charge o, is the dominant factor which determines
the average shift in pKo,m of adsorbed PL in experimental situations.
This shift results in a lower &« at pH 11.0 in the case of adsorbed PL.

The theoretical descriptioen of the surface charge effect on the
dissociation of e—NH; groups can be done in different ways. When the
effect is regarded as due to ion pair formation (i.e. discrete charge
model) which, as was shown in chapter 5, is the case indeed at low
ionic strength, the effect can be included in pKo,m’ The description
will be difficult because except £ at the surface also the acidity
quotients and ion pair dissociation quotients of -050;...Na+;'-osog...
NH;-R and -NHg...Br- must be known, together with the appropriate
statistical factors.

When the surface charge is considered as homogeneous (smeared out
surface charge model) as in the polyelectrolyte adsorption theery
of van der Schee (1984) the charge effect can be included in the
electrostatic potential calculations and need not be included in the

assumed value of pKo'm.l
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6.6.3 ZExperimental

6.6.3.1 Materials

The polylysine.HBr samples used in the titration experiments have
been described in section 3.1.1.

The polyglutamic acid sample used was obtained from the Sigma Co.
and used without further treatment.

The PMA~pe used (leoé) was a sample manufactured by Réhm, A.G.,
Darmstadt, Germany and commercially available as Rohagit S, high
viscosity grade.

Solutions of PMA~-pe Na salt were prepared in the dark as described
by van Vliet (1977). The solution used was dialyzed against water to
cbtain a NaCl-free PMA-pe solution.

The concentration of PL.HBr was determined by titration with poly-
vinylsulphate as described before (section 4.2.2).

Adsorbed or desorbed amounts of PL.HBr were determined with the
depletion method as described in section 4.2.3 and section 6.5.2. The
polystyrene latex samples used in the titration experiments have been
described in section 3.2. The water used was distilled once or it was
conductivity water. All other chemicals used were of analytical grade.

6.6.3.2 Potentiometric titrations

Potentiometric titrations of PL, PMA-pe and PGA in solution and
adsorbed on PS latex particles were performed under N
a well-closed double walled titration vessel (~ 40 cmg) with thermo-
statted water being circulated through the jacket at 293.15 % 0.05K.
Usually the titration volume was 20.0 cm3. The N, used was coz—free
and saturated with water vapour of 293 K. To that end the N2 was passed
through a soda lime column and wash bottles filled with 30% KOH, dilute
sto4 and water (293.15 % 0.05 K) respectively. The titration vessel was
kept under the slight N2 overpressure of ca. 30 mm water during the

atmosphere in

titrations. During a titration the purified N, was continucusly passed
over the solution and allowed to escape through a waterlock or wash
bottle containing a solution of Ca(OH)z. The solutions were stirred
by means of a magnetic stirrer.

The pH was measured with an Ankersmith Al6l1 or Electrofact 36060
digital pH meter, using combined glass-Ag/AgCl electrodes from Schott
(N58 or N59) or Electrofact (7GR111). The pH meter was standardized
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before each titration with Titrisol (Merck) buffers pH 7.00, 4.00 and
9.00.

Additions of calibrated 0.1 M NaOH or 0.1 M HCl (titrisol) were
done with Mettler DV10/DV20l or Methrohm 655 Dosimat automatic micro-
burettes via a rubber cap in the cover of the titration vessel. Depen-
dent on the pH range, additions of 5-40 mm3 0.1 M NaOH or ¢.1 M HC1
were made in the titration experiments. After each addition it took
2-5 min to obtain an equilibrium pH value. During the pH readings the
titration sample was not stirred. One single polyelectrolyte titration
i.e. in one direction, took 2-5 hours. The amount of titrant added was
corrected for by subtracting a blanc titration of the solvent (see also
below)}. Results of titrations in the presence of PS were corrected for
the volume of thg polystyrene present.

6.6.3.3 Sample preparation

Polylysine solutions and solutions of polyglutamic acid for titra-
tion purposes were prepared from a weighted amount of the polyaminocacid
dissolved in 0.1 M NaBr in a 50 cm3 measuring flask, to obtain an ac-
curately known concentration of polymer, usually between 300-500 g.m_3.

PMA-pe solutions for titration experiments were prepared by dilution
of a stock PMA-pe solution (see section 6.6.3.1) with the desired NaBr
solution.

Before each titration, N2 was bubbled through the solution for at
least 20 min. For comparison reasons the titrations of the polyelec-~
trolytes in aqueous solution were performed at about the same overall
concentration as those in the adsorbed state. Two different methods
of sample preparation were used for the titrations of adsorbed poly-

-electrolytes.

Method 1

This method is analogous to the one used by Norde (1978) for pre-
paring titration samples of proteins adscrbed on PS latex. Prior to
mixing the polystyrene latex, polyelectrolyte solution {(usually PL.HBr)
and NaBr solution were adjusted to the desired pH if necessary. 30 cn®

polystyrene latex (ca. 7%) were mixed with 10 cm3

NaBr and 10 cm3
PL.HBr solutions of known concentrations in 50 cm® Sovivel flasks
with leak proof screw caps (teflon sealing). The final NaBr concen-
tration was 0.1 M unless otherwise stated.

The total concentration polyelectrolyte was chosen in such a way as




154

to ensure adsorption saturation. Then the flasks were rotated end over
end for several hours at 298 K to allow for adsorption equilibration.
After gentle centrifugation at 293 K, the polylysine concentration in
the supernatant was determined in the usual way. The locose sediment
was redispersed in 20 em® 0.1 M NaBr of the same pH as the eguilibrium
pH after adsorption and rotated end over end for 16 hours.

Then the dispersion was centrifuged again. The concentration PL in the
supernatant was determined again and appeared always to be very low,
i.e. corresponding to a desorbed amount of less than 2-4%, which is
within experimental accuracy.

Again the sediment {(~ 2 cm3) was redispersed in 20 cm” 0.1 M NaBr
solution and N2 was slowly bubbled through the solution for one houg
to remove any CO2 absorbed during the sample handling. Then 20.0 cm
of the sample was pipetted in the titration cell and N, was passed
over the solution for ancther 20 min to allow the pH electrode to come
into equilibrium with the suspension. The starting pH was then about
7.0. After a titration the dry weight of the latex was again determined.

Blanc titrations of latex samples without PL were also performed.
These titrations (corrected for the PS volume) did not differ signi-
ficantly between pH 5 and 11 from those of the same volume 0.1 M NaBr
solution. Therefore the latter type of titrations was usually also
used to obtain blanc corrections in the titrations of adsorbed PL (see
also below).

3

Method 2

Purified PS latex (~6%(w/v); H form) titrated with NaOH to the
equivalence point pH 7, was concentrated by means of destillation
under vacuum at 313 K to ca. 18% (w/v). Polylysine solutions in 0.1 M
NaBr (pH ~ 6) were prepared as described before.

In a small beaker 15.0 cm3 PL.HEBr in 0.1 M NaBr and known vclumes
of x cm3 NaBr solution and y cm3 concentrated latex both at pH ~ & were
mixed. The concentration of the NaBr was such that the final NaBr con-
centration in the mixture, corrected for the solid content of the latex,
was always 0.1 M. N, was bubbled through the mixture for one hour. Then
20.0 cm® of the mixture with respect to the agueous phase (i.e. V{(total)
=V(PS) = 20.0 cm3) was brought in to the titration cell. Thus the
agqueous volume was kept the same for the various titrations. In this
way it was possible to prepare PL/latex samples with a varying surface
coverage and -equilibrium concentration PL, but with exactly the same
total amount of PL. The mixture in the titration cell was stirred under
N, atmosphere for another 20 min, then the sample was titrated.
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Titrations of concentrated latex samples containing no PL.HBr were
uged for the blanc corrections. In some cases these blanc titrations
had a higher (15% at pH 11.00) NaOH consumption than that of a corres-
ponding volume of electrolyte solution. Fortunately this extra amount
NaCOH cancels when the blanc correction is performed. That the results
remain unaffected by the higher NaOH consumption of some latex samples
follows also from the fact that the results obtained were the same when
the blanc titration was as expected. Further the results obtained with
method 2 at T = T (pH6)} were always consistent with those obtained with
method 1. .

The sample preparation at a pH of adsorpticn of 11.00 was analogous
as described under method 2 but performed completely under N2 atmosphere.
To this end the concentrated latex and NaBr solution were pipetted in
the titration cell, and titrated under N, up to pH 11.00. In a second
smaller titration vessel a PL.HBr sclution was pipetted and also ti~-
trated under N, to pH 11.00. Then with a syringe, a known volume of
the PL solution was taken from the PL solution (pH 11.00) via a rubber
cap and brought inte the titration vessel containing the latex also
via a rubber cap, while the latex was continuously stirred. Then the
PL/latex system was left under stirring for one hour to allow for ad-
sorption eguilibrium to establish and the titration with 0.1 M HCl was
started. The amount of added PL was such that the concentration in the
bulk was negligibly small.

6.6.4 Results and Discussion
6.6.4.1 Data treatment

In fig. 6.9.1 and 6.9.2 the primary data of a typical titration
curve for PL-L dissolved in 0.1 M NaBr and adsorbed on PS (method 1)
are plotted. The correspeonding blanc titrations are also shown.
Experimental instead of calculated blanc titrations were used in the
experiments because of observed deviations of the glass electrode
above pH 10.5 in some cases. A similar argument was also used explic-
itly by Marini et al. (1980) for titrations of cytochrome C.

In the case of adsorbed PL the measured blanc curve was recalculated
~ to that corresponding to the same aqueous volume as the PL/PS latex
system. In using these blanc titrations it is implicitly assumed that
the free proton activity coefficient is not significantly influenced
by the presence of PL. Volume corrections for dilution effects in the
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Fig. 6.9.1 1. Potentiometric proton ti- Fig. 6.9.2 1. Potentiometric proton ti-

tration of PL.HBr-L (DP 1683) CpL = tration of PL.HBr-L {DP 1683) adsorbed on

586 g.m-3 (2.82 rmol.m-3); Vinit = PS (latex [‘Il; o, = -74 mC.m-z) initial

20.0 cm3; c = 0.1 M. aquecus volume 18,37 cm3', [d = 0.1 M.
NaBr 3 -3 NaBr -2

2. Blanc titration of 20.0 ¢m €pg = 85.65 kg.m ~; rPL = 0.4 mg.m ".

0.1 M NaBr. 2. Blanc titration of 18.37 cm3 0.1 M NaBr.

polymer and blanc solutions due to the addition of titrant were negli-
gibly small below pH 11.00.

It can be seen from fig. 6.9 that above pH 10.0 fairly large bklanc
corrections are needed. The titrations were not extended beyond pH 11.0
because the blanc corrections become then too large to obtain a reliable
titration curve. In addition precipitation of PL occurs above this pH.

In principle the accuracy of the masurements can be improved when
higher PL concentration can be chosen but then also higher latex con-
centrations are needed. At latex concentrations above 15-20%, no good
stirring of the latex-PL system appeared to be possible above pH 8-9.
This was due to a drastic increase in viscosity of the latex-PL system
above pH 8-9. Most titration results of PL-L reported in the literature
have been performed at 3-10 times higher PL-L concentration than has
been used here, hence a higher accuracy can then be obtained.

In fig. 6.10.1 and 6.10.2 the titration curves of PL-L in solution
and adsorbed on PS, after subtraction of the blanc titration are shown.
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Fig. 6.10.1 Titration curve of PL.HBr-L Fig. 6.10.2 Titration curve of PL.HBr-L
(DP 1683) after subtraction of the {DP 1683) adsorbed on PS (latex Ml) after
amounts of NaOH used for the blanc. subtracting of the amount of NaOH used for

See further fig. 6.9.1. the blanc. See further fig. 6.9.2.

In the PL/latex system only adsorbed PL-L is titrated because nc mea-
surable amount of PL-L is present in solution at the initial pH (see
method 1).

As the maximal adsorption increagses in the titration direction ne
desorption occurs on titration. As nc significant pH changes were ob-
served due to the PL adsorption process at low pH, there is no titra-
tion of -NH; groups due to adsorption. The fact that the titration
curves of adsorbed PL were identical with that of the blanc between
pPH 3 and 7 suggest the same. Therefore the starting point of the
titrations in the adsorbed state is well-defined.

As has been reported by other authors, the major experimental pro-
blem in the potentiometric titration of ionic pelypeptides {or other
pelyacids) is the determination of the endpoint, where the polyamino-
acid reaches the uncharged state. For PL this point lies above pH 12.5
and it is clearly not reached in the titrations shown here. The oc-
currence of precipitation and very large blanc corrections usually
prevent the determination of this end peint.




158

In order to compute a and pKapp, the values of titrant added where
a = 0 and ¢ = 1 are needed. The starting point where the titration
begins (¢ = 0, pH ~ 7 for PL) can usually be established within narrow
limits from the titration data (< 1 pmol) see fig. 6.9.

In the literature several methods for obtaining the end point (i.e.
the total amount of titratable groups) are adopted by different authors.
In several publications on the subject matter the method of positioning
the pKapp vs o curves is not mentioned explicitly at all.

when ion exchanged polyelectrolytes, which are completely in the
' or oH" form are used, the total amount of titrable groups can be
obtained directly from the titration curve. When the titration data
(pH vs A pmol NaCOH) of a polysalt are incomplete or inaccurate in the
region of the uncharged polysalt, usually a kind of iterative pro-
cedure has been adopted to obtain the total amount of titratable
groups from the titration data. These methods are based on the fact
that small differences in the chosen end point give markedly dif-
ferent pKapp vs o Curves. One or more assumptions about the shape
of the pKapp vg o curve (for example linearity of the helix and coil
branches) are then invoked to obtain an end point satisfying the con-
ditions chosen. See for example Hermans (1966) and Tseng (1975, 1977).
Such a procedure has also been used by van VIiiet and Lyklema (1978) to
position the titration curves of PMA-pe adsorbed on paraffin droplets.

Alternatively, o can be calculated from the titration data when the
total amount of ionizable groups present is known independently, for
example from the weighted amount of pelymer or, in the case of poly-
aminoacids, from the N-content of the titration sample. The advantage
is that despite the fact that no complete titration curve is available,
no extra assumptions are needed to obtain pK_ . vs o plots. However, it
is implicitly assumed, that the pKO'm value of all titratable groups
is the same in a homopolyacid, a condition which is not necessarily
gatisfied in the case of an adsorbed polyelectrolyte, as I will show.
Then the pKapp vs o curves cannot be interpreted with the simple
theory presented in section 6.6.2. Especially the slope of the pKapp
vs o curves has then no clear physical meaning. In this study the
following ways for the calculation of o and o' are used for the titra-
tions of PL in solution and adsorbed:

ZH _ Apmol NaOH

T pmol P(res)

at = (6.21)

ZH,max

in which Apmel NaOH is obtained from plots such as given in fig. 6.10
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and ymol P (res) is the total amount PL g-amino groups present on a
weight basis. The apparent pK calculated from w' and the measured pH

1
is defined as pK' _ = pH-log T%ET‘ Further

app
4 .
- H
o = ngfj— (6.22}
H.max
; : eff. _ _ ohon . non N
in which zH,max = zH,max ZH , with ZH is the amount of ionizable

groups which are virtually untitratable, when compared with PL in
solution in the same pH regicn.

. . . . . eff. _
For peolylysine in solution it is assumed that ZH,max = zH,max' S0
¢ = o' in that case. The pK vs o curves for PMA-pe and PGA were

app
calculated from- the titration data only, in a way similar to that de-

scribed by Tseng (1975) and van Viliet and Lyklema (1978}.

This was necessary because the weighted and/or adsorbed amount PMA-pe
and PGA was not known accurately enough in these cases. As a conse- '
guence of this procedure approximately « is obtained and not a'.

when PKo,m can be taken as independent of the position in the ad-
sorbed layer (i.e. the variation of the dielectric constant in the
adsorbed layer is negligibley small) equation 6.10 can be applied to
plots of pKapp vs ¢ for adsorbed polyelectrolyte.

As will be shown later, the magnitude of a dip or hump in pKapp
vs a' plots is influenced by the choice of the total amount of ti-
tratable groups, i.e. it is dependent on the definition of a.

As pointed out before, extrapolation of pKapp vs o curves for PL
in soluticn to ¢ = 1 should give the pKo,m value of the g-amino group.
Of course the value found will depend on the way the extrapolation is
made: linear or curved. To avoid such an ill defined extrapolation the
PKo,m value of the PL monomer analog s-amino-capron-amide was deter-
mined here potentiometrically. In this way extrapolations of pKapp
vs o curves of PL towards higher ¢ values can be made more reliable.
A similar procedure was also adopted by Terbojevich et al. (1972) for
titrations of poly-L-histidine.

The results of the e-aminocapronamide titrations are shown in fig.
6.11.

At 293.15 K the pK, of the g~aminogroup is 10.79 + 0.02 in 0.1 M NaBr
and 10.63 + 0.03 in 0.01 M NaBr.

From the data in fig. 6.10 PK, was calculated and plotted as a
function of «'. The curve of PL-L in solution (fig. 6.12.1) shows
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Fig. 6.11 pK vs o curves of £-aminocapronamide, a monomer analog of PL in 0.1 and
0.01 M NaBr.

clearly the characteristic helix-coil transition. In addition it can
be seen from this figure that the magnitude of the dip in the curve
is strongly dependent on the actually chosen end point. In the case
of adsorbed PL no transition is observed (fig. 6.12.2).

When pKépp = pH - log T%%' is plotted against «' for adsorbed PL, the
maximal value of o' is not 1.0 but lower when there is a fraction of

non-titratable groups. Therefore estimations of pK are not a priori

0,8
possible by extrapolation of the pKépp vs a' curves in this case.
Because of the large blanc corrections involved the pK! vs a

app
{or pKapp vs o) curves are less accurate at high a values.

The random errors in the measured pH and added umol NaOH are small,
but the pKa vs o curves are subject to a systematic error, the mag-
nitude of which differs in an uncontrolable way in repeated experi-
ments. The consequence of this is that fairly large uncertainties are
possible in the slopes of the pKapp ve a curves, and in the case a
conformational transition occurs in the value of AG, ¢+ the non
electrical free energy change of the transiticns. Nevertheless, the
trends observed in one experiment are very reproducible.

The accuracy of AGconf determined from titration data is dependent
on: 1. systematic errors in the titration procedure. 2. the choice of
the end peint {see fig. 6.12.1) and 3. the quality of the extrapolation

procedure. Because of these factors the obtained value of AG may

conf
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Fig. 6.12.2 pK;P vs o' of PL.HBr-L (DP 1923)

P -
adsorbed on P§ (latex M]; o, = -70 mC.m 2)

according to method 1. fpg = 85.6 kg.m-s;
Tpi = 0.4 mg.m—z. Total adsorbed amount
PL.HBr: 33 pmolr. Curve 1: o' calculated
from the total adsorbed amount and Apmol
NaOH. Curve 2: a' calculated from the total
adsorbed amount, minus the total amount

—050; groups present and Aumol NaCH.

vary by a facter of 2 to 3. For further information about this matter
the reader is referred to Olander and Holtzer (1968), Nagasawa and
Holtzer (1964) and to Tseng (1975).
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6.6.4.2 Proton titrations of free and adsorbed polylysine

Solution behaviour
In fig. 6.12.1 and fig. 6.13 pKapp vs o curves of PL-L and PL-DL are
shown. As expected the conformational transition in PL-L is c¢learly vi-
sible, but PL-DL shows no transitien in the investigated pH region.
At about the same polymer concentration the coil part of the pKapp
vs o plot of PL-L lies above the plot of PL-DL. This must be an
effect of the different stereoregularity of the two PL forms. Such
an effect of the stereoreqularity has alsc been observed for the
titration curves of isotactic and syndiotactic PAA (Nagasawa, 1971).
However, Chou and Scheraga (1971} found that the coil part of the
PL-L curve was identical with that for PL-DL. As expected the slopes
of the PL-L and PL-DL curves in the coil region are the same within
experimental error.

The data in fig. 6.13 suggest that in PL-DL the pKo,w of the £-
amino groups is lower than in PL-L. This is expected on the basis of
data of Ellenbogen (1952) who found that the PK, value of the £-
aminogroups of lysine peptides decreased by 0.1-0.4 pK units when
d-lysine was incorporated in the peptide.

In one experiment the pKapp vs o curve of a more concentrated PL-DL
solution was measured. One can see in fig. 6.13 that the pKapp vs o
plot of this concentrated PL~DL solution lies above the curve of the
more dilute one. As explained before the results must be corrected for
the suspension effect at high PL-DL concentraticn to cobtain the true
concentration effect. Although the observed PL-DL concentration effect
is as expected, it can not be ruled out completely that the observed
difference is within experimental error. Further experiments are needed
to elucidate this point further. As pointed out earlier the pH measure-
ments ought to be performed in the equilibrium liguid.

The non-electrostatic free enthalpy of the helix formation (AGconf/
zH,max) as calculated from the titration curve of PL-L in solution
(fig. 6.12.1) is beteen ~0.]1 and =0.3 kT. The wvalues found by other
authors lie also in this range. The obtained accuracy is far too low
to justify an unravelling of the various contributions to AG

conf”

As pointed out before the value of AGconf/Z is small compared

H, max
with the constituent contributions of among others, H-bonding and
hydrophobic interactions which are partly internally compensating.
In the adsorbed state, Xg 18 often at least as large as AGconf/ZH,max'
So when a large fraction of segments is bound to a surface the occur-

rence of a conformational transition may become suppressed.
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Fig. 6.13 pKapp vs o curves for PL-DL in 0.1 M NaBr.
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1. PL-DL (DP 240) Cpr = 38.4 molr.m .

2. PL-DL (DP 308) cpy = 4.87 molr.m‘3.

Adsorbed poly-L-lysine

In fig. 6.12.2 pKépp vs o' curves 6f PL-L, adsorbed according to
method 1, are shown. As noted already in section 6.6.4.1 no confor-
mational transition like the one observed in sclution is present under
conditions of constant adsorbed amount. As the adscorbed laver is rather
flat this is not unexpected. Of course a shift of the transition to
very high pH values is not excluded, but it is improbable because the
fraction of trains will remain high also in the uncharged state.

Also no transition was found when PL-L was adsorbed at pH 11.0 at
=T (pH 6) (methed 2) first and then titrated with HCl to low pH.
Unfortunately the accuracy of these experiments was not high enough to
allow for conclusions about a difference in slope of the pKé p vs o
curve at pHads 6 and pHads
at pH 11.00 PL molecules adsorb as a helix or as some other secondary
structure and stay in that conformation on going to lower pH. However
the 'freezing' of an adsorbed helix despite the charging process is

11.0. One would expect a higher slope when
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very unlikely, because the helix stabilization free energy is very
small compared with the increasing electrostatic free energy with de-
creasing pH. Hence it is more likely that at pH 11.0 PL-L helices un-
fold upon adsorption when I < rmaX
fraction ¢,.

(pH 6), i.e. at very low volume

On the other hand one could imagine that when at pH 11.00 an ad-
sorbed helix would be the thermodynamically most stable conformation,
also at low surface coverage, this conformation is not attained during
the time of measurement in the case of prior adsorption at pH 6 be-
cause of sterical constraints. The conformational properties of ad-
sorbed PL as a function of the chain charge density and adsorbed amount
will be discussed in more detail later on.

Titrations of PL-L adsorbed at 0.01 M NaBr (I’ = const) showed that
also at lower salt concentration no conformaticnal tramsitions occur.

In chapter 5 it was shown that the surface —OSO3 groups:;t the PS
surface form ion pairs with -NH3 groups at least up to 10 M NaBr.
The steep rise of curve 1 in fig. 6.12.2 shows that part of the groups
belonging to ZH,max have a higher pKo,m value thus indicating that ion
pair formation also occurs at 0.1 M NaBr. Further the curve indicates
that the effect of the lower dielectric constant at the surface on
pKo,m at zero surface charge is much less important than the effect of
ion pair formation. As pointed ocut before extrapolation of curve 1 in
fig. 6.12.2 to a = 1 has no meaning.

Another indication for ion pair formation in ¢.1 M NaBr stems from
proton titrations that 1 performed on complexes of poly-L-lysine and
polyvinylsulphate in 0.1 M NaBr. In this case at pH 11.00 o' appeared
to be only 0.2, while for free PL o' v 0.85. When the -0SO;,-NH, ion
pairs at the PS surface with PL adsorbed are taken as effectively
untitratable, a' can be recalculated as

- Apmol NaOH
Hmol P(res)-ao.F.AT

(6.23)

in which L is the surface charge of the latex, F the Faraday constant
and AT the total Pslsurface area in the system.

Using these o values curve 2 in fig. 6.12.2 is obtained. As now the
degree of dissociation is related to a class of g-aminogroups having
their pK values probably not far apart, an analysis of the curve
accordlng to equation 6.10 is justified although not rlgorous. For
curve 1 this equation is certainly not applicable. Extrapolation of
curve 2 (fig. 6.12.2) to ¢ = 1 is now possible. Such an extrapolation
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results in a pl(o’m value which is about the same as in solution, in-
dicating that e¢-aminogroups in adsorbed PL-L, not inveolved in ion pair
formation, behave not very differently from those in solution. Unfortu-
nately, there can be an unknown increase of o, due to the presence of
0.1 M NaBr as discussed in Chapter 3. For that reason the To value
(determined before contact with excess NaBr) used in the calculation
of curve 2 (fig. 6.12.2) can be underestimated up to a factor of two.
However at pH 11.00 o in curve 2 is 0.8, near to the value found in
soluticn at that pH. Hence the underestimation of g, seems to be less
than a factor of two.

From the above it appears then that the e¢-aminogroups in adsorbed
PL can be divided in two classes:
1. -NHY...0S0] groups having a pK

3 3 0,s
not titrated at all under the experimental conditions.

appreciably higher than PK, and

value which is about the same as pK

+ .
2. -NH3 groups having a pKQ's

O, W’
The comparison of the proton titrations of adsorbed PL with the
solution behaviour can be done better when sample preparation method 2
is used. In fig. 6.14.1 and 6.14.2 characteristic results of these
titrations are shown. Curve 1 is the titration of PL-L (DP 1683) in
solution, curve 2 the titration of PL~L adsorbed at constant adsorp-
tion (I = I nax (pH6)) and curve 3 is the titration of adsorbed PL-L
(DP 1683) with increasing adsorbed amount up to pH 9.5 and constant
adsorption above that pH. The proton charge-pH curves in fig. 6.14.1
show clearly that at pH 11.00 the amount of dissociated protons de-
creases in the order PL-L in soluticn, PL adsorbed at T' = I (pH) and
PL-L adsorbed and I = rmax (pH 6) = constant. Hence the results ob-
tained with sample preparation method 2 show much more clearly the

fraction of aminogroups with an increased pKo,m value.
Curves 1 and 2 in fig. 6.14.2 show the same trends as those obtained
with sample preparation method 1.

As explained before the pKépp vs a' curves calculated from the data
in fig. 6.14.1 may not be interpreted according to equation 6.10. This
means that the slopes of these curves contain also other effects bhe-
sides the consequences of the decrease in Gny+ Furthermore, the inter-
section points obgerved in fig. 6.14.2 have no clear physical meaning.

In curve 3 of fig. 6.14.2 there is first a decrease in pK} until
¢' = 0.35. Above this value the curve behaves similar to curve 2, but
is displaced to higher o' wvalues. It is also above a' = 0.35 that T
remains constant again, i.e. the bulk PL is exhausted. The question
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T=2935K
T T T T 0.1 M NaBr.
10.8f
T=293 15K '

40F 01 M NoBr. L pK"w

10.6
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10.4F
0.2
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10.0
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3.6

Fig. 6.14.1 Proton titrations of PL-1 Fig. 6.14.2 pK;pp vs @' curves for the same
{DP 1683) in 0.1 M NaBr and T=293.15 K. titrations as presented in fig. 6.14.1.
Total amount of PL.HBr: 47.2 pmolr
(weight basis). Overall concentration
PL: 2.4 molr.m-3. Total amount poly-
styrene (latex HS’Go = -39 mCm-z):
1.11 g {curve 3), 2.22 g (curve 2),
1. PL-L in solution;
2. PL-L adsorbed. I
(pH 6) = const.;:
3. PL-L adsorbed. I' = I (pH)
if pR < 8.5 and I =T (pH 9.5)
= const. for pH > 9.5.

1]
-

max

now arises whether the minimum in curve 3 of fig. 6.14.2 is only
caused by a coil to helix transition in the adsorbing or adsorbegd
PL-L molecules. To find this out we performed an titration experiment
with PL-DL in solution and in the presence of P$ latex under exactly
the same conditions as used for the determination of curve 2 and 3
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in fig. 6.14.2. The results of these titrations are shown in fig. 6.15.
No minimum in the pKé vs o' plot appeared. This is evidential for
the occurring of a change in the secondary structure of adscorbed PL
when I' = I (pH) {(curve 3 of fig. 6.14.2). Now it can be concluded that
no coil te helix transition in the adsorbed state occurs when I =T
{(pH 6), but that such a transition can occur when at each pH maximum
adsorption is reached. _

Curve 1 in fig. 6.15 represents the solution titration of PL-DL. It
is comparable to the corresponding one in fig. 6.13. The curve for ad-
sorbed PL~DL in fig. 6.15 is stronger curved than the curve for con-
stant adsorption of PL-L in fig. 6.14.2. Also in the case cof increasing
adsorption of PL-DL during titration, a strong rise in pKépp is ob-
served above @' = (.35 just as in the corresponding case with PL-L.
Also for the PL-DL/latex system the adsorbed amount stays constant
above o' = 0.35. The observed difference in behaviour between PL-L
adsorbed at constant adsorption (curve 2 fig. 6.14.2) and that of PL-DL
at increasing adsorption (fig. 6.15 curve 2) shows that alsc the ad-
sorption process as such may be looked at as a phase transition, with
its ensuing consequences for the titration curves.

In fact this is not unexpected, because the adsorption of macro-
molecules is a phase transition of second order, at least for infinite
molecular mass (Birshtein et al., 1979; Dimarzio and Bishop, 1974).

The sigmoidal shape of the I' vs pH curves of PL-L and PL-DL points also
in that direction.

Now 1 shall return to the interpretation of the pKapp vs o' curves
in scome detail. Generally the amount of protons dissociated per poly-

lysine molecule ZH can be written as

m n K(i) eyi(zH)a_l
Z =3 i om (6.24)
1= v 8y _

1+ K(l) !

in which there are n; groups with a dissociation constant K(li and
potential ¢ with respect to the bulk solution. Y (Z ) = e by /kT. ag+
is the proton activity. From the titration results I presented above
it became clear that in adsorbed PL it is a good approximation to con-
sider just two kinds of -NH; groups. Those forming ion pairs with —0505

groups and those who are not. Let the pKo m values of these groups be
’
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Phagp. | T=293.95K
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Fig. 6.15 Proton titrations of PL-DL (DP 308) in 0.1 M NaBr (curve 1) and in the

presence of P§ (latex M5,00-= - 39 mCm-z} 1.11 g, (curve 2), T =T (pH),
const. pH > 10. Tatal amount of PL-DL: 48.R8 pmolr,

pH < 10 and T
(overall): 2.4 molr.m_a.

“pL-DL
respectively. Equation 6.24 can then be written as:

(1) {(2)
pKo'S and pKo'S
Z.) ¥, (Z,) _
(1) Y12 (2) Yaléy! 3
n Kys © i, "2 %5 A+ (6.25)
Z.)
(2) Ya2¢%y)_4
1+ Ky s® H+

“ -y (2y)
(1) ¥1t%ml-1
1+K's® B+
A mean potential §(ZH) can be substituted for yl(EH) and YZ(ZH) because
the adsorbed layer is rather flat and the effect of the surface charge
on K, . is included in Kél) Together with

(]
o]
1l
=
+
=
[,*]
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and (6.26)

£= ——
l’11+1'12

equation 6.25 can be written as

¥ (a') ¥y (o)
1y Y ) o x(2) -1
f K e a (1-f) K e a
ot = o,s H+ 0,8 H+ (6.27)
e ' oy 1)
(1y ¥ (") 4 (2y Y (@) 4
1 + Ko.s e aH 1 + Ko,s e apgh
L)
From eguation 6.27 it follows that pK'pp = pH - log %:E' is a compli-
cated implicit function of ag*. nglii pKézg, f., o' and y(a'). The

situation would become even more complicated when a continuous distri-
buticn of Ko, values and y as a function of the distance from the
surface has to be introduced.

From fig. 6.14.1 and table 6.1 it can be seen that in adsorbed PL-L
and PL-DL at pH 11.0 there is an untitrated amount of -NH; groups with
respect to the solution titration. The magnitude of this amount per n®
PS surface is within the relatively large experimental error indepen-
dent of T and it is in the same range as the surface charge of the latex.
Hence the -NH; groups in ions pairs are virtually untitratable in the
PH region 7-11 as suggested before from the data given in fig. 6.12.2.
Therefore the first term in equation 6.27 can be neglected. Then the
following equation applies

pK!

1 -y ! -
ipp = PH-109 s = log I%f%ET + ng?é +0.434 § (a') (6.28)

One now clearly sees that the strong rise of the pKépp vs o' plots
is caused by the first term on the right side of equation 6.28 and shows
the presence of groups with strong deviating pKo,m within the definition
of . A similar effect can cccur with the proton titrations of proteins
when the amount of groups belonging to one class is taken too large
(Tanford, 1962), somefhing which can happen even more easily in the

case of adsorbed proteins.

When Ké}; and Ké?; are not as far apart as in the case for adsocorbed
pelylysine, a transition in a plot of pKépp vs a' caused by the differ-
ence between Ké%; and Ké?; can accidently be misinterpreted as a con-
formational transition.

When the amount of non-titratable groups in PL adsorbed at pH 11.0
is taken equal to the amount of ion pairs then n,, n, and £ are known.
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Table 6.1 Titration data of PL-L and PL-DL adsorbed on PS {latex M

5
- _ -2, - 2 -1 . . -
6, = 39meg ; As = 9.2 m“g 7) and in solution. cNaBr =
0.1 kmol.m ~; T = 293.15 K. Sample preparation according to
method 2.
Total Total Titr.Am. Non.Titr. a' o (oo+0PL)
‘amount surface pH amount pH pPH pH
PL Area 11.0 pH 11.0 11.0 11.0 11.0
(umol ) (m?)  (pmol)  (mC.m %) (mC.m"2%)
PL-L (DP1683) 47.2 - 40.5 - 0D.86 0.86 =~
in solution
PL-DL (DP308) 48.8 - 42.6 - 0.87 0.87 -~
in solution
PL-L (DP1&83)
adsorbed at
pH 6.5 on PS. 47,2 20.42 29.5 +52 0.63 0.81 +43
'=const=0.48
mg.m-2

PL-L (DP1683)

adsorbed at

pH 6.5 on PS. 47.2 10.21 35.5 +47 6.75 0.84 +72
r=r{pH) pH<9.5

T=I (pH9.5)=0.96

mg.m_2 pH>9.5

PL-DL{DP308)

adsorbed at

PH 6.5 on PS 48.8 10.21 36.0 +62 0.74 0.85 +82
=r{pH), pH<10

F=r (pH10)=0.99

mg.m'z,pH>10

With ¢ = ZH/n2 the plots in fig. 6.14.2 and 6.15 can be recalculated
to obtain pKapp = pH - log a/l-a vs o plots. When it is further sup-
posed that the dielectric constant effect on pKé?; is small, the pKapp
vs a curves obtained {(fig. 6.16) are related to one class of groups
i.e. with the same pKo and hence an analysis according to eguation 6.10
is warranted. A similar reasoning can be followed for, say, the car-
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boxyl groups in a protein (Tanford, 1962). The fact that the o values
at pH 11.00 are nearly the same as for PL in scolution (see table 6.1}
suggests indeed that ng?; differs not much from pKo,w‘

It can be seen from fig. 6.16 that the pKapp vs o plots of adsorbed
PL-L and PL-DL have, when I' = const., a higher slope and lower values
of pKapp‘ Both effects are due to stronger electrostatic segment-
segment repulsion in the adsorbed state, compared with the bulk solu-
tion. The importance of thege interactions was also found from the
salt dependence of the adsorbed amount as described in Chapter 4.
At higher a« wvalues the pKapp vs o curve of adsorbed PL crosses the
corresponding solution curve., The intersection point is shifted to
higher ¢ values when I' increases. Above the intersection point pKapp
is higher than in solution. Only the intersection point of curve 3 and
1 in fig. 6.16 is at sufficiently low ¢ value to be accurate enocugh
for further interpretation. The change of sign of ApKapp (= pKapp(ads)-
BKapp {bulk) at the intersection point means that the mean potential
¥(e) changes sign with respect to the potential at the place of a dis-
sociating group on a PL molecule in solution.

From electrokinetic measurements on PS plugs with adsorbed PL-L
(r = Fmax(pH 6) = const; 0.1 M NaBr) we found that the streaming
potential changed sign alsc about pH 10.0, i.e. at about the same
pH as the occurrence of the intersection point. Because at this pH
the surface charge is still neutralized by -NH; groups (see table 6.1)
the negative streaming potential found must be due to incorporation
of Br ions. That such an incorporation of anions can occur was also
inferred from the magnitude of the slopes of conductometric titrations
of PS latex with PL (see chapter 5).

In principle the area enclosed between curves 3 and 4 in fig. 6.16
contains information about the non-electrostatic free enthalpy cof ad-
sorption of PL. By the same token the area hetween curves 4 and 5
represents the non-electrostatic free enthalpy of the conformational
transition in PL near the PS surface. It can be seen from fig. 6.16
that the adsorption free enthalpy is much greater than the non-
electrical free enthalpy of the helix-coil transition. Hence the inter-
molecular interactions between PL molecules in the adsorbed layer and
the interactions of PL with the PS surface are much stronger than the
intramolecular interactions responsible for the helix stability.

This suggests that the hydrophobic interaction between the alipathic
parts of the PL side chains with the hydrophobic PS surface is important

as was concluded before from the strong rise of the adsorbed amount
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T

10.6

10.4+ -
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10.0F

Fig. 6.16 Proton titrations of PL-L and PL-DL in solution and adsorbed on P5 (latex
M., 0 = -39nC.m %) with o = By/Zy may- 1 PL-L (D 1683) in 0.1 M NaBr
solution; 2. PL-DL (DP 308) in 0.1 M NaBr solution; 3. Adsorbed PL-L
(DP 1683) T = rmax (pH 6) = const; 4. Adsorbed PL-DL (DP 308) I' = I' (pH)
pH < 10, [ = const (pH > 10); 5. Adsorbed PL-L (DP 1683), T =T (pH)
pPH < 9.5, T =T (pH 9.5) = const. pH > 9.5. The same titrations are plotied

in fig. 6.14 and 6.15 for o' = Z.z-1 .
?

with increasing electrolyte concentration up to at least 1 M NaBr (see
chapter 4).

In the case of a surface which can form H«bonds with the solvent or
sclute, such as silica, there may be a competition between inter-
molecular H-bonds and H-bonding with the surface, which can markedly
influence the helix stability at the interface.

6.6.¢.3 Comparison with other experimental systems
For sake of comparison 1 performed some titration experiments with

PMA-pe adsorbed on positively and negatively charged PS and PGA ad-
sorbed on positively charged latex. The sample preparation was accord-
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ing to method 1, except that the pH of adsorption was about 8. The
titrations were done with HCl.

In fig. 6.17 and 6.18 the pKapp vs o curves calculated from the data
in a kind of iterative way are plotted (see section 6.6.4.1). Due to
the calculation procedure the degree of dissociation obtained is about
equal to o = ZH/ngiax' but the position of the curves of adsorbed PMA-
pe or PGA with respect to the solutien curve remains rather uncertain.
Nevertheless it is striking that at intermediate o values ApKapp shows
the same trends as found for adsorbed PL, at least when the signs of

the charges are taken into consideration.

app. |

5.4

52}

5.0p-

-

4.8 1

3

Fig. 6.17 Titration curves of PMA-pe (M ~ 106) in solution (curve 1) and adsorbed
(pH ~ 8) on negatively charged PS (Go = -50 mC.m-z) (curve 2) and posi-
tively charged latex (curve 3).
curve 1: 44.2 pmolr PMA-pe, V = 20.0 cm
curve 2; 11.3 pmol ~PMA-pe, V = 19.36 cm3, 0.825 g PS (negatively charged).
curve 3: 56.0 pmolr PMA-pe, V = 18.47 cm3, 1.65 g PS {(positively charged).

3




174

T ——————T—
5,3r T=293.15 K 4

01 M NaBr.
Phopp.

5.6

5.4

5.2

5.0

4.8

4.8

b= .

4.2 ]

Fig. 6.18 Titrations of PGA-L (DP 150) in solution (curve 1) and adsorbed on

positively charged PS latex. ' =T (pH 8) = const.

max

The only information that can be obtained with certainty from the
curves is the presence or absence of a conformational transition. In
solution the transition from the compact to the extended form of PMA-pe
and the helix-coil transition in PGA are clearly visible. In the ad-
sorbed state (I' = constant) only in PMA-pe adsorbed on negatively
charged PS latex a transition in the same « region as in solution is
observed, while in the case of charge contrast between adsorbent and
adsorbate and I' = constant during the titration, no transition is ob-
served. These results are in line with our observations on the PL-
latex system.

In the literature only a few studies on conformational transitions
in the adsorbed state are reported. Casper et al. (1974) found a helix-
coil transition in a copolypeptide of glutamic acid and methyl gluta-
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mate adsorbed at the air-water interface on changing the bulk pH, which
was very similar to the transition observed in PGA solutions. Van VIiet
and Lyklema (1978) reported a conformational transition as a function
of pH in PMA-pe adsorbed on emulsion droplets. The properties of this
transition were also very similar to those in aqueous sclution.

Miller and Bach (1973) found that negatively charged DNA preserves
its double helical structure when adsorbed on negatively charged mercury,
but unfolds when adsorption takes place at positively charged mercury.

Pefferkorn et al. (1982) concluded from static and dynami¢ membrane
properties that in PGA molecules adsorbed on a porous cellulose aéetate
filter a helix-coil transition still exists.

From the above it is obvious that a conformational transition at
constant adsorption can take place when the surface charge and the
polyelectrolyte charge have both the same sign, but when a charge
contrast exist no transition at I' = const can occur. A transition in a
flat adsorbed helix is only likely to occur when the adsorption free
energy per segment is of the same magnitude as the helix-stabilization
free energy per segment and when there are no kinetic barriers for the
transition to take place. The latter possibility is more unlikely for
liguid-liquid interfaces because molecular rearrangements can occur mere
easily in those cases. A transition in a flat adsorbed helix will how-
ever be shifted along the pH axis with respect to the transition in .so-
lution, because the effective s value will be different in the adsorbed
state. However, in the caseg where a transition is observed, the char-
acteristics are about the same as those of the transition in solution.
Therefore the observed transitions in adsorbed polyelectrolytes are
transitions in secondary structure of loops and tails of the adsorbed
molecules. Such a transition is most likely to take place when the
average loop and/or tail size is large enough to allow for any second-
ary structure.

In the case of polyelectrolytes the extension of the adsorbed layer
depends mainly on the distance between the chargeble groups on the
polymer chain and the effective adsorption energy per segment Xg, eff
In the cases where a transition was observed (at constant I') the surface
charge was zero or had the same sign as the polymer charge. Probably Xg
is close to the critical value in these cases, because then the poly-
electrolyte adsorption theory predicts still an appreciable adsorbed
amount but the adsorbed layer is more extended than for higher Xg
values. In the case of charge contrast between adsorbate and adsorbent

2

Xg off will be much higher than for o, = 0 mC.m™“. The consequence of
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this is a much more flat adsorbed layer {at I << rmax) not aliowing

a conformational transition to occur. Also the fact that in the case
of a negatively charged surface, positively charged coil segments are
preferentially adsorbed plays a role in the case of charge contrast

{see section 6.6.5).

The adsorbed layer of on parafin adsorbed PMA-pe is more extended
than is usually found for homepolyelectrolytes, as a consequence of
the emulsification process, i.e. there are long PMA-pe tails dangling
in solution (van Viiet and Lyklema, 1978). The observed conformational
transition in adsorbed PMA-pe is very likely to occur because of these
tails.

when the adsorbed amount is allowed to increase with decreasing
chain charge density, an adsorbed layer with longer tails and loops
can be formed in which a helix-coil transition occurs as shown earlier
{fig. 6.16). When PL-L is adsorbed at pH 11.0, i.e. from the helix
conformation in solution, the first adsorbing molecules can be unfolded
but when the adsorbed amount increases rearrangements occur, resulting
in an adsorbed layer with partially helical loops and tails.

6.6.5 General discussion

The results concerning the conformational aspects of adsorbed PL-L
are schematically depicted in fig. 6.19. The behaviour of adsorbed PL-L
molecules 1is strongly determined by the presence of -NH;..OSOE ion
pairs over the whole pH region. Due to these ion pairs there is a high
adsorption energy per coil segment, preventing the formation of second-
ary chain structure at high pH at least at low surface coverage (I' =

% T J. Only when at high pH, T' ~ T

max) max there may be a fraction helix
in adsorbed PL-L as depicted in fig. 6.19.b.

As menticned before the stability of a polypeptide helix as compared
to that of a random coil is the result of a delicate balance of many
interaction forces. At low surface coverage this balance is clearly
displaced in favour of the coil.

There are several ways for reaching the adsorbed state at a chosen
pH value. For example, the adsorbed state of PL-L molecules at pH 11.0
depicted in fig. 6.19.a and 6.19.b can'be reached by adsorption at
pH 6 first (process I) and a subsequent increase of the pH to 11.0
(process II). Alternatively the route via process III and IV can be
followed. Because of the fact that the 7-pH curves are reversible
both routes will give the same adsorbed layer structure.
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Fig. 6.19 Schematic picture of the conformational properties of adsorbed and free

PL-L.

As explained earlier the results of the proton titrations at dif-
ferent pH of adsorption suggest strongly that also in the case shown
in fig. 6.19.a the structure of the adsorbed layer is independent of
the route followed.

Zhulina, Birshtein and Skvortsov (1980) investigated theoretically
the adsorption behaviour of uncharged polypeptides on solid surfaces
and especially the effect of secondary chain structure and helix-coil
transitions on these properties. These authors considered the adsorp-
tion of infinitely long isolated chains. Hence intermclecular segment
interaction is not taken into account. In most theories of helix-coil
transitions in solution intermolecular interaction is also not consid-
ered. The effect of the pelymer concentration is a sharpening of the
trapsition (smaller o) with increasing polymer volume fraction (Grover
and Zwanzig, 1974). For adsorbed chains the neglect of intermolecular
interactions is much worse than in solution in most experimental situa-
tions. This is the case because investigations concerning the secondary
structure of a polyaminoacid are usually performed at rather low volume
fraction in solution but necessarely high volume fraction in an ad-
sorbed layer. However it is more relevant that the fraction of seg-
ments in trains is strongly overestimated in theories of the adsorp-
tion of single chains at the bulk volume fractions normally encoun-
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tered (Fieer and Lyklema, 1983). 1In their theory Zhulina et al. de-
scribe a polypeptide chain in fact as a copolymer in which the chain
segments can be either in a helical or a ceil state.

Just as in solution the helix-coil transition is described by them
with the cooperativity parameter o and the helix growth parameter s.
In the presence of an interface the effective values of ¢ and s are
determined by the wvalue of the adsorption energy. Zhulina et al. con-
sider now three cases.

i. helix and coil segments have both the same xg value.
h

s than a coil

ii. a helix segment has a larger adsorption energy y
segment (xg).

iii. a helix segment has a smaller adsorption energy than a coil seg-

ment xg < X:~

In this model a completely flat adsorbed helical polypeptide has a
fraction of segments at the surface of 1.0. In a real helical chain
this can be % or % at the most. As the fraction of segments in trains
is strongly overestimated in the theory of Zhulina et al. at the usual
values for Xg of about 1.0, they consider in fact flat adsorbed coil-
and/or flat adsorbed helix sequences and the transitions between them.
Hence probably only the adsorbed states depicted in fig. 6.19.a can
be compared with their results, because ¢, is very low at pH 11.0 in
that case. The situation in fig. 6.19.a is clearly a case in which
Xg
sorbent. In this case Zhulina et al. predict that adsorption leads to

< xg, because of the charge contrast between the adsorbate and ad-

a strong decrease of the helical content when xg is above the critical
value, which is in line with the experimental findings presented here.

In the terminology of Zhulina et al. the adsorption of PGA on the
uncharged water-air interface is a case where xg > xg because it is
unfavourable to have charged coil segments adsorbed. The formation of
a helix is then promoted at the surface, also in line with the exis-

tence of a transition in that case.
6.7 SUMMARY AND CONCLUSIONS

In this chapter the conformation of adsorbed polylysine was dis-
cussed together with the adsorption and precipitation properties of
both poly~-L-lysine and poly-DL-lysine.

It was shown that the coil to helix transition in PL-L which takes
place in agueous solution, was not present in the adsorbed state on
negatively charged polystyrene latex, at low constant surface coverage.
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At high surface coverage adsorbed PL-L appeared to be partly helical.

In section 6.2, the interaction forces determining the conformation
of charged polyaminoacids were discussed and in section 5.3, existing
theories for helix-coil transitions in charged polyaminoacids were
discussed briefly. Also the possibility of secondary structure in poly-
DL-aminoacids was discussed in this section. _

Because at low chain charge density polylysine can precipitate from
solution, the precipitation properties of PL-L and PL-DL were inves-
tigated. It appeared that the precipitation characteristics of PL-L and
PL-DL were the same except for some minor differences probably con-
nected with the absence of seccndary structure in PL-DL. It was con-
cluded from the data that PL-L shows, at least above 303 K, only one
type of precipitation and not two as Zimmerman and Mandelkern (1975 a)

found for PGA. The precipitates of PL-L and PL-DL are probably amorphous.

Also the amount of PL adsorbed as a function of the pH was the same
for PL-L and PL-DL. Hence the secondary chain structure does not in-
fluence the adsorption properties. In the presence of an adsorbed layer,
the precipitation of PL started at the same pH as in soluticn. Hence
multilayer formation occurs only at worse than 8 conditions.

In section 6.6 the conformation of adsorbed PL was investigated
potentiometrically. After an explanation of the method, the meaning
of potentiometric data of adsorbed weak polyacids was analyzed.
Special attention was paid to the definition and calculation of the
degree of dissociation and the implications for the analysis of the
titration data. For comparison reasons also titrations of adsorbed
PMA-pe and PGA were performed.

The titration results showed that, as a rule, it can be stated that
at constant (low) adsorbed amount, no conformation like the one in
solution occurs, when there is a charge contrast between the polyacid
adsorbate and the adsorbent. This is because the effective adsorption
energy per segment is high in these cases, compared with the non-
electric conformational transition free energy per segment.

In the case of PL-L, ion pair formation with PS surface groups and
probably alsc hydrophobic interactions with the surface are responsible
for the unfolding of adsorbing helical mclecules. Only at high adsorbed
amounts, when appreciable numbers of tails and loops are present these
- tails and loops can be partly helical.

The titration results show further that only in the first adsorp-
tion layer the degree of dissociation « can deviate significantly from
the bulk walue. This deviation is largely determined by the ion pair
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formation with the surface -050; groups. Outside the first layer the
titration behaviour is roughly the same as it is for PL molecules in
solution.
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7 POLYELECTROLYTE ADSORPTION THEORY AND THE ADSORPTION OF CHARGED
POLYAMINCACIDS*

7.1 INTRODUCTION

in the previous chapters the adsorption of pelylysine was considered
mainly from an experimental point of view. Now the charged oligo- and
polypeptides will be considered as model polyelectrolytes and some of
the previously cbtained experimental results will be compared with the
predictions of the polyelectrolyte adsorption theory of van der Schee
{1984). This comparison serves several purposes:

i. Under some conditions, charged polypeptides behave as random poly-

~  electrolytes, then they are suitable model substances to test the

theoretical predictions about the influence of meclecular mass, pH,
and ionic strength on adsorption.

ii. Charged oligopeptide adsorption bridges the gap between adsorption
of monomers and polymers, or rather between ions and polyelectro-
lytes. The theory for the adsorption of ions is relatively ad-
vanced and a number of equations have been put forward, such as
those of Stern and Frumkin-Fowler-Guggenheim. Polymer adsorption
theory is based on statistical considerations and it is useful
to cover the overlap range between the two categories.

iii. Adsorption of charged polyaminoacids capable of forming secondary
structures assume an intermediate position between the adscrption
of flexible polyelectrolytes and proteins. It is of interest to
find out the relevance of seccndary structure in the theoretical
description of polyaminoacid adscorption.

The substance under consideration is (mono, oligo-, poly-)lysine.
The polylysines have been described in chapter 3. Oligolysines up to
DP 16 were synthesized by a procedure described by van der Schee and
Tesser {(1983). The experimental methods used and experimental results
obtained have been described in detail in the previous chapters.

The adsorbed amount of PL.HBr on PS and PL.HF on AgIl is expressed
in mg PL.HBr per m® in both cases.

Special attention will be paid to the effects of pH and ionic
strength (I) on the adsorption, these variables determining the charge
and the screening of the charge respectively.

* Part of this chapter has been published in coauthorship with H.A. van der Schee
and J. Lyklema. Croatica Chem. Act. 56, 695-704 (1983).
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7.2 THEORY

Hitherto, no suitable polyelectrolyte adsorption theory existed.
The only one available is that by Hesselink (1977) but it is inadequate
because, among other defects, it assumes an exponential segment density-
distance p(z) relationship, thereby following Hoeve's polymer adsorption
theory (Hoeve, 1970). Although for polymers, this is a reasonable as-
sumption, it is incorrect for polyelectrolytes. Rather, an ab initic
theory is needed in which p (z) is computed for various I and pH and
the most logical approach is to extend one or more of the present day
suitable polymer adsorption theories with an electrical term. Recently,
this has been achieved by one of us. A more complete account is given
by van der Schee (1984). We shall now briefly review the principles and
some important results.

As a starting point, two polymer adsorption theories may be consid-
ered, viz. those of Roe (1974) and Scheutjens-Fleer (8F) (197%). These
two theories have much in common. Both are lattice theories in which
polymer ceonfigurations are formulated through step-weighted random
walk statistics. The likeliness to find after j segments in a certain
chain the (j + i)-th one in a given lattice layer depends essentially on
three factors: (i)} lattice parameters, such as the coordination number,
(ii) interaction parameters with other molecules that may already be
present in this layer, and in first approximation quantified through
the Flory-Huggins interaction parameter y and (iii)}, only for the layer
adjacent to the surface (train segments} a surface interaction energy
parameter Xg- The canonical partition function Qs is then formulated
and maximalized to obtain the equilibrium distribution.

The way in which this is achieved is different in the Roe and SF
theory. Roe writes Q in terms of p(z) and maximizes the former with
respect to the latter. In doing so, he makes an approximation that
virtually amounts to the neglect of end effects (tails). The SF picture
does not make this simplification, Q, being written in terms of indi-
vidual chain conformations, and also being maximized with respect to
these conformations, Therefore, the Roe theories gives only p(z).,
whereas SF theory distinguishes between loops and tails. This 'fine
structure' has proved to be of great relevance for steric interaction
because it followed from the theory that it is wvery likely that a
number of long tails will be present in most adsorbates under condi-
tions met in practice.

Both the Roe and SF theory have now been amplified with an electro-
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static term. If it is done according to the Roe picture, the canonical
partition function Q for a polyelectrolyte at a given profile p(z) is
obtained from Q0 by multiplication with exp. (-Fel(p)/kT), were Fel(p)
is the electrical free energy of that profile p{z). This free energy
can be found, using some charging process, based on a model of the
distribution of charges and their interacticns. In the present case,
a lattice distribution of the charges was assumed and the distribution
of small ions was taken to obey Boltzmann statistics. Several charging
processes were considered and their equivalence proven, more or less
as double layers around particles (Verwey and Overbeek, 1948). 1f SF
theory is used as the starting point, each segmental weighing factor is
multiplied by an electrical term exp.(-F$i/RT) where . is the poten-
tial in layer i; this latter guantity being again found by some model
picture, : '
It appears that for polyelectreclytes the difference between the
ROE and SF picture is less pronounced than for uncharged polymers.
The reason is that the effect of tails is less important in the charged
systems. As the mathematical elaboration is more easy with the Roe
picture, we shall give below only results based on this theory. A some-
what more detailed account is given by Marra et al. (1983).

tog ¥

-10 N

1
5 0 15
layer number i

Fig. 7.1 Semilogarithmic concentration profiles for a polyelectrolyte chain of DP 240
with one charge per Bjerrumlength (0.7! nm) ¥ = 0.6; Xg = 4.85, Yo = 0.78.
Lattice site length 0.5 nm., o, = -0.2 charges per surface site. The ionic

strength T is indicated.
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Fig.47.1 gives p(z) for an adsorbed polyelectrolyte. As the distri-
bution is based on a lattice picture, p jumps stepwise and the distance
is counted in terms of layer numbers i. In fact, the ordinate gives in
stead of p the logarithm of the volume fraction 45 in each layer. The
.semilogarithmic plot was chosen to accentuate certain gqualitative fea-
tures. '

- In fig. 7.1 the upper curve applies to an uncharged adscrbate. The
decay is almost linear, which would correspond to an exponential distri-
bution p(z). The deviations from linearity are a conseguence of the
presence of tails (for this curve SF theory was used).

“ !Two significant new features deserve attention. The first is that

‘aﬁ low I, a region of negative adsorption (¢i < ¢bulk) occurs in the
profiles. Obviously, this is due to the high repulsive potential gene-
rated by the polyelectrolyte segments present in the layers adjacent
to the surface (Note that due to the logarithmic scale the depths of
the minima are exaggerated). The presence of these minima demonstrates
the inadequacy of polyelectrolyte adsorption theories with a pre-set
p(z}).

The second feature of fig. 7.1 is that electrolytes remain effective
in the range above I ~ 0.1 M. Thus the theory is in agreement with the
experimental observations in fig. 4.8, where the salt dependence of the
PL adsorption on Agl and PS is shown. In our approach,‘Boltzmann statis-
tics was employed, implying that the ions were considered point charges.
Not wvery significantly differing results were obtained if the volumes
of the ions was taken into account, using Roe's multicomponent ad-
sorption theory (Roe, 1974), so that the conclusion may be drawn that
the persistence of electrolyte effects up to very high concentrations
is due to the fact that enough volume is available around and be-
tween the macromolecular chains to accomodate all ions.

7.3 CHOICE OF THE PARAMETERS

In this chapter we want to compare numerical results from the poly-
electrolyte adsorption model of van der Schee with experimental data
concerning the PL/latex, PL/AgI and PL/silica systems.

For the calculations the following parameters are needed: the lattice
~ type, the number o¢f segments per chain, the (non electrical} energy
parameters x andlxs, the chain charge density and the polymer concen-
tration. In order to convert the results to experimentally measurable
quantities, the monolayer capacity must also be estimated.




189
7.3.1 Coordination number of the lattice

The model of van der Schee uses a lattice where either a segment or
a solvent molecule can be placed on a site. Several lattice types are
possible, e.g. a hexagonal or a cubic one.

Following Roe {1974) and Scheutjens and Fleer (1979) a hexagonal
lattice was chosen. The coordination number is then twelve. Both Roe
and Scheutjens and Fleer showed that the results are insensitive to
this parameter.

7.3.2 Monolayer coverage, area of a lattice site a, and the distance

between the lattice layers r,

The parameters used in the polyelectrolyte adsorption theory and also
in the theories for uncharged polymers are essentially dimensionless.
In order to compare experimental and theoretical results the system has
to be scaled. One way of doing this is to calculate the parameters a
and r, from the specific volume of the lysyl group and its molecular
mass 128, .

Applequist and Doty (1961) found for the specific volume a value
of 0.782 m3.kg_1. The wvolume of a lysyl residue is then 0.166 nms.
when the lattice is iseotropic, a, is 0.3 nm2 and r. is 0.55 nm. This

leads to a saturated monolayer coverage of (.67 \"ng.m_2 based on lysyl

2 when Br  as the counterion is incorporated.

residues or 1 mg.m
The distance between the amino groups calculated in this way,
0.55 nm, is larger than the minimal distance between the charges
when this distance is defined as Mapning (1978) does, i.e. the dis-
tance b between the projection of the side chain groups on the linear
backbone of the chain.
The value of b is then 0.36 nm (see fig. 3.1)}. The value obtained
from the specific volume corresponds more to the actual distance between
two neighbouring amino groups in the PL chain, because of the rather

bulky side groups.
7.3.3 The chain charge density

As the distance between the charges in fully protonated PL («=0)
is smaller than the Bjerrum length in the case of a (1-1) electrolyte,
counterion condensation according to Manning (1978) will occur (see
also section 6.2.4). After condensation a net charge of E'l remains,
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i.e. one charge per Bjerrum length. The effective o is then 0.22,'when
0.55 nm is taken for the distance between the amino groups. The value
0.55 nm is probably better than 0.36 nm because the PL chain is not an
ideally thin rod as presupposed in the Manning theory.

In the polyelectrolyte adsorption model of van der Schee the poly-
electrolyte charges are smeared cut in planes parallel to the surface.
This involves the assumption that charges are further away from each
other than the segment length. Hence in this model the role of coun-
terion condensation will be underestimated at least in the bulk. As a
correction, effective values of o are used in the calculations, al-
though in the adsorbed layer the premises of the Manning theory are
not satisfied.

Especially the condition of an infinite, straight line charge is
contradictory with the flexible polymer concept, especially so in the
adsorbed layer. Further, the polyelectrolyte concentration in the ad-
sorbed layer is not al all very dilute. Nevertheless it is assumed
here that the Manning theory is approximately applicable. Above Yo T

0.22 no condensation occurs and a is identical to o again.

eff

7.3.4 The polymer-solvent interaction parameter x

The Flory-Huggins sc¢lvent interaction parameter x accounts for the
short range non coulombic interactions between a solvent molecule and
a polymer segment.

As was shown in section 6.4 and section 6.5, PL-L and PL-DL preci-
pitates are formed at high pH. From this effect it can be concluded
that y is greater than 0.5. For fully charged PL the theoretical ad-
sorption isotherms are not very sensitive to the wvalue of x chosen
(van der Schee, 1984). However at low chain charge density near the
phase separation point this is not so (0. Evers, personal communication).
For charged polylysine we chose rather arbitrarily x = 0.6 and indepen-
dent of pH, assuming that the hydration of the aminogroup is not de-
pendent on the charge state of this group.

7.3.5 The non-electrical energy of adsorption parameter Xg

In the case of AgI as the adsorbent the non-electrical energy of
adsorption parameter Xg Was estimated by van der Schee from data
cbtained from coagulation experiments with the PL monomer analog and
the short oligomers. To that end the Xg Parameter was adjusted in
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such a way, that at the experimental determined adsorbate concentra-
tion, where coagulation takes place, the theoretical potential outside
the first layer was very low. The arithmetic average of the values ob-
tained is 4.85 (van der Schee, 1984). In the case of PS as the adsorbent
Xg is probably lower than for Agl, because the adsorbed amount of PL
for comparable situations is lower in the case of PS (see chapter 4).
Using a Xg value of 4 it was found that a reasonable fit of the experi-
mental results with PS was obtained.

7.4 RESULTS AND DISCUSSION
7.4.1 Dependence on electrolyte concentration

In chapters 4 and 5 it was shown that there is a strong influence of
the ionic strength on the adsorption properties. This is not surprising
because electrical interactions are strengly dependent on the concen--
tration of indifferent electrolyte. Therefore the salt concentration is
an important variable.

In fig. 7.2 experimental and theoretical results are shown for PL,
adsorbed on AgI. The theory is capable of explaining the rise of ad-
sorption with increasing jionic strength and it is observed that this
effect continues well beyend C¢.1 M.
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Fig. 7.2 Adsorption of poly-L-lysine on Agl. Comparison between theory and experi-
ment. Theoretical adsorbed amounts are excesses and expressed as equivalent
monolayers. Experimental conditions: pAg = 11.0; T = 293 K; pH 6; PL-L
DP 300. Theoretical parameters: ¥ = 0.6; X = 4.85; r = 300; o, = -0.1efa2,

with a2 = area per lattice site = 0.3 l:un2
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Although the salt effect found for PS and Agl, which is similér, is
explained well by the theory, this is not so for silica as adsorbent.
In this case the T vs log Cgalt plots have a maximum at constant pH
and are convex at constant surface charge, this in contradistinction
with the AgI on PS cases where the experimental as well as the theoret-
ical curves are concave.

It appeared not poséible to fit the results obtained with silica
by adjusting Xg- Probably the theory is not suitable to describe the
salt effect in this case because Xg is near Xs, cr in this case and be-
cause ilon exchange processes are relatively more important, as was
shown in chapter 5. Discrete charge effects (i.e. ion pair formation}

which cannot be described by the theory are important in the latter.
7.4.2 Influence of the surface charge

Theoretically it is expected that the adsorbed amount increases
nearly linearly with increasing surface charge. This linearity is also
found experimentally for the adsorption of PL on Agl (van der 3chee,
1984) and also in this study for the adsorption of PL on silica. How-
ever the agreement between theory and experiment is only gqualitative.
Discrete charge effects may be responsible for this discrepancy.

7.4.3 Influence of the chain charge density

Although the polyelectrolyte adsorption model of van der Schee is
not suitable for the description of the adsorption properties of weak
polyelectrolytes, the surface excess as a function of the degree of
dissociation can be approximately calculated when it is assumed that
o does not change upon adsorption. So « is then taken as independent
of the distance z to the surface. As was shown in chapter 6 this as-
sumption is reasonable for PL segments in loops and tails.

In fig. 7.3 theoretical and experimental results are shown for
PL-L DP 190 adsorbed on PS as a function of the pH. The experimental
a was calculated from the total amount PL present, the added amount
NaOH and the equilibrium pH. In the theory underlying fig. 7.2 it was
assumed that ®off = 0.22. A consequence is that the,theoretical 3exc.
is constant for values of &« below 0.22. considering the various un-
certainties and approximations the correspondence between the theo-
retical and experimental trends is reasonable.
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Fig. 7.3 Adsorption of poly-L-lysine-HBr on polystyrene as a function of pH (a)-
Comparison between theory and experiment. Theoretical adsorbed amounts are
excesses and expressed as equivalent monolayers. Experimental conditions:

- -2 = L7 = . =
DP 190; o, (latex) = =42 mC.m °, O 5¢ = 0.22; T = 293 K; “NaBr = 0.01 M.
Theoretical parameters: cubic lattice; ¥ = 0.6; L 4; r = 300; g, =

0.1 e/a%, with a2 = 0.3 am?, T = 1072 M.

At high o the measurements indicate that precipitation occurs (see
fig. 6.2). No suitable calculations are available in the region of
¢ = 1, s0 no comparison with theoretical results in the phase separa-
- tion region is possible at the moment.

In fact it is remarkable that a theory for the adsorption of
exc ()
curves of a polymer which is very likely to be partially helical in
the adsorbed state at high pH and rmax‘ Apparently the PL molecules
adsorbed at high pH behave as if they are more flexible than PL
molecules in the bulk, in accordance with the cbservation that PL is
only partially helical at T nax (pH 11). This is also in agreement with
the fact that the adsorption behaviour of PL-L and PL-DL is the same.

The polyelectrolyte adsorption theory can be improved when a is
considered to vary with z. Also the variation of the dielectric con-

flexible polyelectrolytes predicts reasonably well the o

stant with z can be taken into account (0. Evers personal communication).
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The general conclusion is that the agreement between theory and ex-
periment is sufficiently satisfactory to consider the chosen approach
as a promising development, warranting further elaborations.
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SUMMARY

The purpose of this study was to obtain insight in the characteris-
tics of weakly basic (or acidic) polyaminocacids at solid-liquid inter-
faces. A study of polyelectrolyte properties as well as secondary
structure at the interface was intended.

In these respects poly-L-lysine (PL-L) is a very suitable adsorbate
because at low pH the positively charged PL-L behaves as a highly
charged, more or less flexible, polyelectrolyte. At low chain charge
density, PL-L assumes an a-helical or B structure dependent on tempe-
rature. Poly-DL-lysine does not show a coil-to helix transition and
therefore, it is suitable as a reference for PL-L in adsorption studies.

An ocutline and general background of this study is given in chap-
ter 1. Some aspects of polyelectrolyte adsorption and polyaminoacid
adsorption are reviewed in chapter 2. Chapter 3 presents a selection
of relevant properties of peolylysine and the adsorbents used. In the
following an overview of the most important results is given.

Adsorption isotherms of poly-L-lysine and poly-DL-lysine on ne=-
gatively charged polystyrene are not significantly different at low
pH, but alsc not at high pH. Also the increase of the adsorbed amount
with increasing ionic strength or pH are the same for PL-L and PL-DL.
Hence, there is no influence of differences in chain flexibility and
secondary structure between PL-L and PL-DL on the adsorbed amount
(chapters 4 and 6).

Secondary structure plays only a minor role in the precipitation
characteristics of PL-L (chapter 6). Precipitation of PL-L occurs in
the presence of polystyrene latex at the same pH as it does in the
bulk. This indicates that multilayer formation occurs, as theoretically
expected, when the sclvent becomes poor (chapter 6).

Information about the secondary structure and conformational tran-
sitions in PL-L adsorbed at polystyrene is obtained from proton-
titrations of adsorbed PL-I. and PL-DL (chapter 6). At constant {low)
adsorbed amount, no conformational transition in PL-L, comparable
to the coil to helix transition in solution occurs. The charge con-
trast between the polyaminoacid and the adsorbent is largely respon-
sible for the absence of such a transition in PL-L (and also in other
systems}.

Only at high adsorbed amounts, when appreciable numbers of tails and
loops are present, formation of secondary structure in adsorbed PL is
possible. Then adsorbed PL-L can be partly helical.
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Analysis of the titration results further shows that only in the
first adscorption layer the degree of dissociation of the PL side groups
is significantly lower than it is in the bulk. This deviation is large-
1y determined by the presence of -NHg - 050;
It is because of the formation of these ion pairs and also because of
hydrophobic interactions that at high pH PL-L helices unfold upon ad-

sorption at low surface coverage (chapter 6).

ion pairs at the surface.

Polyelectrolyte adsorption properties of PL at low pH have been in-
vestigated with hydrophilic (silica and borosilicate glass) and hydro-
phobic (polystyrene (PS){latex) and silveriodide)} adsorbents. The effect
of chain length, ionic strength and surface charge have been considered
{chapter 4). The effect of the PL chain charge density on the adsorption
has been investigated with PS as the substrate in chapter 6.

At low ionic strength fully charged PL adsorbs in a rather flat con-
formation. In all cases the plateau value is far less than a monolayer
of PL segments and no pronounced effect of the hydrophobicity of the
substrate is present. Under these conditions the adsorption is inde-
pendent of the chain length. An increase of the adsorbed amount is
prohibited because the formation of loops and tails is prohibited as
a consequence of the strong repulsion between the PL charges.

At low ionic strength the adsorption of PL on silica and polystyrene
particles was also monitored conductometrically and potentiometrically
(chapter 5). Phenomenologically, the binding of PL on negatively charged
particles is to a certain extent analogous to the complex formation
between polycations and polyanions in homegeneous solution. Plets of
conductivity against polylyéfne concentration shows in both cases a
break. In the PL - sclid particle systems the amount adsorbed in the
breakpoint is always lower than the maximum adsorption determined
analytically, indicating that also other interaction forces than
coulombic ones are important. In most cases the adsorption of PL in
the breakpoint is supereqguivalent, which is often not the case in
homogeneous polyanion-polycation complexes. The main cause for the
formation of superequivalent'complexes is the rigidity of the solid
particles and the relative large distance between the charges on the
surface. In the breakpoint every negative charge on the surface is
bound to an ammonium group of PL (forming ion pairs). However, not all
-NH3 groups are bound to a negative surface charge. Titration of the
adsorbed PL with polyvinylsulphate shows that the fraction free ~NH3
groups arcund the breakpoint is about 0.3-0.4, indicating flat adsorp-
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tion. As expected, in the case of silica the charge composition in

the breakpoint is dependent on the equilibrium pH and ionic strength.
A relation between the occurrence of conductometric breakpoints and
iso-electric adsorption seems to exist in the case of silica.

The adsorbed amount increases with increasing negative surface
charge (chapter 4). In the case of silica, a linear dependence is
found, as also predicted by the polyelectreclyte adsorption theory
of van der Schee (chapter 7).

The adsorbed amount increases strongly with decreasing PL chain
charge density. Above pH 11.0 phase separation is found to occur. As
the repulsion between PL segments reduces, more loops and tails can
develop and hence higher adsorption wvalues are reached, until phase
separation occurs, when the chain charge density is too low to keep
the PL dissolved. Between pH 6 and 11.0 the adsorption-pH curves of PL
are predicted satisfactorily by the theory of van der Schee.

In the case of the hydrophobic adsorbents polystyrene and silver
iodide the adsorbed amount increases progressively with increasing
salt concentration at low pH at least up to 1.0 M (chapter 4). Also
the adsorption-ionic strength curves are predicted well by the poly-
electrolyt adsorption theory mentioned. In these cases loop and tail
formation is possible because of the screening of the PL charges by
indifferent electrolyte. The coagulation concentration of PS and Agl
sols in the presence of PL is strongly dependent on the polymer con-
centration in the bulk. When the saturation adsorption is largely
reached (i.e. large excess PL {(above the saturation level) left in
the bulk solution) the coagulation concentration increases with in-
creasing PL chain length, indicating the formation of longer loops
and tails.

The weakening of the attraction between positively charged -NH;
groups and negative surface groups due to addition of electrolyte
does not suppress the adsorption with increasing salt concentration
because the non-ionic adsorption energy is large as a conseguence of
hydrophobic interactions. This is not the case with silica as the
adsorbent for PL, where hydrophobic interactions between PL and the
surface are absent. Therefore in this case the decrease of the effec-
tive adsorption energy can suppress the increase in adsorbed amount
significantly. Indeed, no increase of the adsorbed amount, at constant
surface charge, is found above 0.01 M salt (chapter 4). In line with
these findings proton titrations of silica in the presence of poly-
lysine at varicus ionic strengths {chapter 5) show that at higher ionic
strength Na* jons can compete with PL ~NH; groups for surface sites.
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LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations

CD Circular dichroism

DP Degree of polymerization

EM Electron microscopy

i.e.p. Iso electric point

IR Infrared

MEBE Methylene blue

NMR Nuclear magnetic resonance

oD Optical density

PA Polyaminoacid

PAA Polyacrylic acid

PGA Polyglutamic acid

PHIS Poly-L-histidine

PL.HBr Polylysine hydrobromide

PL-L Poly-L-lysine (HBr)

PL-DL Poly-DL-lysine (HBr)

PMA-pe Copolymer of methacrylic acid and the methyl ester
methacrylic acid

PO Poly-L-ornithine

PS Polystyrene particle

PSS Polystyrene sulphate, anionic polyelectrolyte

PVS.K Polyvinylsulphate, potassium salt

p.z.cC. point of zero charge

r.p.m. revolutions per minute

Symbols

Asp specific surface area

AT total surface area

a, area of a lattice site

ayg, activity of hydrogen ions

b average spacing between the charges on a fully

stretched polyelectrolyte chain
c concentration
concentration indifferent electrolyte
CpL, concentration polylysine.HBr

Cpr, overall concentration PL.HBr

of
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diameter

field strength

donnan potential

elementary charge

fraction ion pairs

Faraday constant

electrical free energy

Gibbs free energy (free enthalpy)

change in free enthalpy

free enthalpy change for the increase of a helical
sequence with one unit {(amide residue)

free enthalpy change for the initiation of a helical
seguence

standard free enthalpy of dissociation in medium m
electrostatic contribution to the free enthalpy change of
association of a polybase

enthalpy

change in enthalpy

layer number, index

ionic strength

Boltzmann constant

dissociation constant

thermodynamic dissociation constant of a (cationic}
acid monomer analcg in medium m

dissociation quotient of a (cationic) acid monomer
analog in medium m at a certain salt concentraticn and
acid concentration {(i.e., the so called intrinsic K
of a polyacid) '

apparent dissociation constant

total persistence length of a polyelectrolyte

non electrostatic persistence length

electrostatic persistence length

molecular mass

number average molecular mass

vigscosity average molecular mass

weight average molecular mass

number of charged groups on a polyelectrolyte chain
pressure _

fraction of segments of adsorbed meolecules attached to
the surface
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gas constant

length of a lattice site

equilibrium constant for the increase of a helical
sequence with one unit

Kelvin temperature

uniformity coefficient

volume

dimenszionless potential

number of dissociated groups on a cationic pelyacid
maximum number of dissociable groups on a caticnic
polyacid

maximum number of dissociable groups of class x with

the same intrinsic dissociation constant

non . nen
= zH,max - ZH with ZH ‘
are untitratable in an adsorbed polyelectrolyte, when

compared with the solution titration in the same pH

is the amount of groups which

region
. Do _ X
degree of dissociation: o = ZH/ZH,max
. e
degree of dissociation: o ZH/ZH,max

degree of dissociation taking ion condensation into account
adsorbed amount per unit area of adsorbent

adsorbed amount at the plateau of an adsorption isotherm
adsorbed amount at a conductometric breakpoint

adsorbed amount at the point of iso-electric adsorpticn
dielectric constant

excess amount adsorbed expressed in equivalent mono-
layers

residual charge fraction after ion condensation
conductivity also reciprokal Debye length

wavelength

molar conductance

chemical potential, dipole moment

dimensionless ion condensation parameter

ratio between the total numbers of positively charged
and negatively charged groups in a polyion-charged
particle complex

this ratio at maximum adsorption

this ratio at a conductometric breakpoint
polyelectrolyte space charge density as a function of
the distance z from the surface
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equilibrium constant for the initiaticn of a helical
sequence

surface charge density

total polylysine charge in an adsorbed layer expressed

as surface charge )

turbidity of a sol in the presence of polyl}gine and salt
turbidity of a stable sol without PL and without electro-
lyte

relative turbidity T,

I/TO

volume fraction polymer

polymer volume fraction of layer i

idem in the bulk sclution

Flory-Huggins solvent quality parameter
idem, critical

polymer adsorption energy parameter
critical value of Xg

idem, effective
Xg of a helical segment

Xg of a coil segment

potential

potential as a function of distance

potential at the lattice center of layer i, or poten-

tial at the place of ionizable groups i
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DE ADSORPTIE VAN POLY-L-LYSINE EN POLY-DL-LYSINE
AAN VAST-VLOEISTOF GRENSVLAKKEN

SAMENVATTING

In dit proefschrift is de adsorptie van de zwak basische pelyaminoc-
zuren poly-L-lysine en poly-PL-lysine bestudeerd.

onderzoek naar de adsorptie-eigenschappen van geladen polyaminozuren
kan inzicht verschaffen over de eigenschappen van c¢-helices en andere
secondaire structuren, die cok in eiwitten voorkomen, aan grensvlakken
en de rol van ladingsinteracties hierin. Bovendien zijn deze macro-
moleculen geschikte modelpolyelectrolyten voor het onderzoek van de
adsorptie van polyelectrolyten.

Poly-L-lysine is in dit verband een zeer interessante modelstof om-
dat dit polyaminozuur in oplessing bij lage pH een sterk positief ge-
laden polyelectrolyt is en bij hoge pH (»10), afhankelijk van de ion-
sterkte en temperatuur, in de «-helix of B conformatie voorkomt. Poly-
DL-lysine komt alleen in de kluwen conformatie voor. Daarom kan, door
een vergelijking van poly-L en poly-DL-lysine, informatie verkregen
worden over het effect van de stereoregulariteit en secondaire struc-
tuur in oplossing op de adsorptie.

In hoofdstuk 1 wordt het belang van de adsorptie van geladen macro-
moleculen, met name de eiwitten, voor tal van biologische en techno-
logische processen aangegeven. In dit hoofdstuk wordt ook de opzet en
achtergrond van het onderzoek geschetst.

Hoofdstuk 2 behandelt enkele algemene aspecten van polyelectrolyt
adsorptie. Tevens bevat dit hoofdstuk een kort overzicht van de lite-
ratuur over de adsorptie van geladen polyaminozuren. De adsorptie van
geladen polyaminozuren aan vast-vloeistof grensvlakken van niet bio-
logische oorsprong blijkt nog slechts weinig onderzocht te zijn.

Een aantal relevante eigenschappen van de gebruikte materialen
staat in hoofdstuk 3. Vooral het oplossings- en conformatiegedrag van
poly-L-lysine en eigenschappen van de meest gebruikte adsorbentia,
polystyreen latex, silica en borosilicaatglas, zoals specifiek opper-
vlak, oppervlakte lading en hydrofobiciteit, worden beschreven aan de
hand van eigen metingen en literatuurgegevens.

Adsorptie experimenten bij maximale keten-ladingsdichtheid worden
besproken in hoofdstuk 4. De polylysine moleculen zijn dan hoog gela-
den polyelectrolyten en hun adsorptiegedrag is dan vergelijkbaar met
dat van andere flexibele polyelectrolyten.
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De invloeden van ketenlengte, electrolytconcentratie en oppervlakte
lading worden bestudeerd voor zowel hydrofiele {silica, borosilicaat
glas) als hydrofobe (polystyreen, Agl) adsorbentia. In dit hoofdstuk
wordt ook de kolleoidale stabiliteit tegen coagulatie door zout bespro-
ken voor polystyreen latex en Agl solen in aanwezigheid wvan PL.

Bij lage ionsterkte (I < 0.01 M) is de geadsorbeerde hoeveelheid
altijd veel lager dan een monolaag van polylysine segmenten. De ad-
sorptie neemt toe met toenemende wandlading van het adsorbens, maar
hangt nagenoeg niet van de polylysine ketenlengte en de hydrofobici-
teit van het adsorbens af. Een toename van de adsorptie wordt verhin-
derd, omdat de vorming van lussen en staarten onderdrukt wordt t.g.v.
de sterke repulsie tussen de segmenten. Er zijn bij geen enkele zout-
concentratie waarneembare verschillen tussen de geadsorbeerde hoeveel-
heid van poly-L en poly-DL-lysine gevonden.

De invloed van de zoutconcentratie op de adsorptie is tweeledig:
enerzijds neemt de repulsie tussen de PL segmenten af met toenemende
zoutconcentratie, waardoor de lus- en staart-fractie kan toenemen en
dus ook de adsorptie, anderzijds wordt ook de attractie tussen de PL
segmenteﬁ en negatieve oppervlakte groepen minder als de zoutconcen-
tratie toeneemt, waardoor de adsorptie kan afnemen. Bij negatief ge-
laden polystyreen en Agl neemt de adsorptie sterk toe met toenemende
zoutconcentratie, minstens tot 1.0 M zout. Bij het hydrofiele silica
is, bij constante wandlading, boven 0.01 M zout, geen toename in ad-
sorptie meer waar te nemen. Dit komt omdat bij silica geen hydrofobe
attractie tussen PL segmenten en het oppervlak aanwezig is zodat de
effectieve adsorptie energie per segment veel lager is dan bij PS en
Agl.

De zoutconcentratie waarbij cocagulatie van latex- of AgI sclen op-
treedt in aanwezigheid van polylysine is sterk afhankelijk van de poly-
meerconcentratie in de bulk. De resultaten wijzen erop dat, indien de
verzadigingsadsorptie ruimschoots bereikt is, de lus- en staartfractie
toeneemt met de polylysine ketenlengte en hoger is dan bij lage ion-
sterkte.

In hoofdstuk 5 wordt de binding (i.e. adsorptie) van positief ge-
laden polylysine aan negatief geladen kolloidale deeltjes (polystyreen
en silica) bestudeerd m.b.v. conductometrie en potentiometrie. De ad-
sorptie van PL wordt vergeleken met de complex-vorming tussen lineaire
polyanionen en lineaire polykationen. Ook worden proton-titraties van
silica in aan- en afwezigheid van PL besproken. Uit deze proton titra-
ties blijkt dat de silanol groepen sterker zuur zijn in aanwezigheid
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van PL. Bij hogere zoutconcentratie kunnen Na+ ionen, -NH; groepen ver-
dringen van -Si-0  groepen aan het silica oppervliak. Dit is in overeen-
stemming met het feit dat de adsorptie niet meer toeneemt boven 0.01 M
zout.

Evenals in het geval van opgeloste polyanicnen en polykationen ver-
toont de geleidbaarheid als functie van de polylysine concentratie sen
knik. De pH is na het knikpunt constant. De geadsorbeerde hoeveelheid
in het knikpunt is lager dan de maximale adsorptie. De samenstelling
van het 'PL-kolloide' complex in hebt knikpunt is niet ladingsstoichio-
metrisch en in de meeste gevallen is de PL adsorptie supereguivalent.
Dit komt doordat de vaste deeltjes niet flexibel zijn en de negatieve
oppervlaktegroepen relatief ver van elkaar zitten. In het knikpunt is
elke negatieve oppervlaktegroep gebonden aan een -NH; groep van PL
(ion-paren), maar het omgekeerde geldt niet.

Uit titraties van aan polystyreen deeltjes geadsorbeerd PL met
polyvinylsulfaat, blijkt dat de fractie vrije -NH; groepen 0.3=0.4 is.

Hoofdstuk 6 handelt over de secondaire structuur van geadsorbeerd
poly-L-lysine en de invloed van de secondaire structuur op de adsorptie
en precipitatie eigenschappen van PL. Ook wordt de invlced van de pH
(i.e. dissociatie graad) op de adsorptie van PL aan polystyreen be-
sproken.

De precipitatie-tijd en precipitatie pH van poly-L-lysine zijn bij
303 en 313K nagenoeg gelijk aan die van poly-DL-1lysine. Blijkbaar heeft
de secondaire structuur geen grote invlced op deze eigenschappen.

De adsorptie van PL neemt sterk toe met toenemende pH, omdat t.g.v.
de afnemende repulsie tussen de segmenten de lus- en staartfractie toe-
neemt. Bij de pH waar ook in oplossing precipitatie optreedt, gebeurt
dit ook in aanwezigheid van polystyreen latex.

Protontitraties van geadsorbeerd PL laten zien dat in het geval van
constante (lage) geadsorbeerde hoeveelheid geen conformatieovergang
plaatsvindt. Alleen wanneer bij elke pH de verzadigingsadsorptie be-
reikt is, wordt een conformatieovergang in geadsorbeerd PL waargenomen,
omdat dan de lussen en staarten lang genoeg zijn voor de vorming van
secondaire structuur. Bij hoge pH en maximale adsorptie is geadsorbeerd
PL-L waarschijnlijk gedeeltelijk in de c¢-helix conformatie. T.g.v. ion-
paar vorming met de negatieve oppervlakte groepen, blijkt de dissociatie-
graad van geadsorbeerd polylysine alleen in de eerste adsorptielaag
(treinfractie) behoorlijk lager te zijn dan in opleossing. De ontvouwing
van PL-L in de a-helix conformatie t.g.v. adgorptie bij lage oppervlakte
bezetting is waarschijnlijk het gevolg van de vorming van deze ion-paren
en hydrofobe interacties met het polystyreen oppervlak.
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In hoofdstuk 7 wordt de pH en zoutafhankelijkheid van de adsorptie
van PL aan polystyreen en Agl vergeleken met de voorspellingen van de
pelyelectrolytadsorptietheorie van van der Schee. In deze gevallen is
er een goede overeenstemming tussen experiment en theorie.
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