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STELLINGEN

. I .
Bepaling van de grensvlakspanning van polymeeroplossingen geeft slechts be-
perkte informatie over het adsorptiemechanisme en de conformatie van het ge-
adsorbeerde polymeer. Wijziging aan het systeem nadar adsorptie heeft plaats-
gevonden geeft meer informatie, vooral bij adsorptie van polyelektrolyten.

Dit proefschrift, hoofdstuk 3 en 4

II
Uit de vergelijking tussen partieel veresterd polyacrylzuur en partieel veresterd
polymethacrylzuur als emulgatoren, blijkt dat het emulgeerproces afhangt van
andere po]ymeerclgenschappen dan die, welke het gedrag, van emulsies nd het
emulgeren bepalen. '

Dit proefschrift, hoofdstuk 2, 5en 6

i
Bij de bepaling van de geadsorbeerde hoeveelheid lysozym aan het lucht-water
grensvlak, zijn YAMASHITA en BuLL zich niet voldoende bewust geweest van de
invloed van de pH op het associatiegedrag van het lysozym.

T. Yamasarra en H, B. BuLL
I. Colloid Interface Sci. 27, 19-24 (1968)

v
De door ABRAMZON, GROMOV en MAKAGONOVA gebruikte methode om uit
grensvlakspanningsmetingen rechtstreeks de geadsorbeerde hoeveelheid poly-
-vinylalkohol (PVA) aan cen geémulgeerd grensvlak te bepalen is onjuist. Het
Teidt tot onwaarschijnlijk hoge waarden van de geadsorbeerde hoeveelheid PVA
per oppervlakte eenheid.

A. A. ABraMzoON, E. V. GroMov en N. N. MAXAGONOVA '
Kolloidn. Zhur. 35, 122-125 (1973)

. v o o
De bewering van MANNING, dat het in de literatuur vermelde verschil tussen
berckende en gemeten elektroforesnelheden van polyelekirolyten het gevolg is
van tegenionbinding, kan alleen juist zijn indien de berekende snelheden gecorri-
geerd zijn voor het relaxatie-effect.

G. S. MANNING, Ann. Rev. Phys. Chem,. 23, 117-140 (1972)

J. TH. G. Overeeex en P. H. WIErsEMA in ‘Electrophoresis’
Vol. II, H, T, Bier red., Academic Press N.Y. (1967)



VI
Op grond van de resultaten van PHipps is het niet uitgesloten dat het verkleinen
van vetbolletjes onder bepaalde omstandigheden veroorzaakt kan worden door
afschuifkrachten in een sterk convergerend stromingsprofiel. Het is echter niet
terecht om te beweren dat daarmee aangetoond is dat deeltjesverkleining d.m.v.
turbulentie niet mogelijk kan zijn.

L. W. Purpps, Nature 233, 617-619 (1971)

VII
De bewering van VAN VLIET, KRONENBERG, CORNELISSE en HAVINGA dat de
fotoaminering van m-nitroanisool in vloeibare ammoniak verloopt volgens een
nucleofiele substitutie reactic vanuit de aangeslagen singulet toestand, wordt
niet ondersteund door de resultaten van de met benzofenon in vioeibare am-
moniak uitgevoerde experimenten.

A. V. VLIET, M. E, KRONENBERG, J, CORNELISSE en E. HAVINGA
Tetrahedron 26, 1061-1067 (1970)

VIII
Andere c_l_an de door MAXCY en SoMMER onderzochte factoren zijn mede verant-
woordelijk voor de verschillen in oproming in geévaporeerde melk.

R.B. Maxcyen H. H. SoMMER
J. Dairy Sci, 37, 60, 306 en 1061 (1954)

IX
De gelerende eigenschappen van verschillende polysacchariden worden door
REES terecht toegeschreven aan de associatie van geordende ketenstukken. Dat

de_ze associatie in bgpeialde gevallen plaats zou kunnen vinden via de vor-
ming van dubbel helices is onwaarschijnlijk.

D. A. Rets, Chem, Ind. 630-636 (1972)

Etherreclame irriteert.

STER, Hilversum 1, 3 en 3, Nederland 1 en 2, dagelijks



X1
De maatschappelijke betekenis van een nationaal wetenschapsbeleid is uiterst
gering als dit beleid zich uvitsluitend kan concentreren op het onderzoek aan
door de overheid gefinancierde instellingen.

X111
Om geen aanleiding tot ergernis te geven dient het binnenkomen van pionnen
bij het gezelschapspel "Mens-erger-je-niet’ beter gereglementeerd te worden.

X1V
De vernietigende verwensingen van het voetbalpublick bij amateurwedstrijden
aan het adres van scheidsrechter en tegenpartij doen vermoeden dat het recrea-
tieve element voor het publiek niet een sportief doch een onsportief karakter
draagt. Het vermoeden wordt bevestigd, indien de daad bij 't woord wordt ge-
voegd.

XY
Over de smakeloosheid van kant-en-klare en wekenlang verse levensmiddelen
valt niet te twisten.

J. Bomm
Wagpeningen, 18 februari 1974



VOORWOORD

Rondom het bewerken van een proefschrift hangt altijd een sfeer, die het
onmogelijk maakt om het proefschrift alleen als resultaat van een aantal jaren
dagelijkse arbeid te zien. De overigens te waarderen belangstelling heeft veelal
minder betrekking op je dagelijkse arbeid dan op je promotieaktiviteit. Wilt U
er even van proeven?

Vragensteller: hoe gaat *t met je promotie?

Promovendus {(ontwijkend): het werk bevalt me uitstekend, geschikte kol-
lega’s e Wageningen heeft voor mij erg veel voordelen.

Vragensteller (hij meent verkeerd begrepen te zijn): ik bedoel je promotie.
Je zit er toch om te promoveren?

Het heeft gelukkig peen afbreuk pedaan aan het genoegen, waarmee ik ge-
durende de afgelopen 3 jaren aan mijn onderzoek heb gewerkt. Vanaf deze
plaats wil ik dan ook iedereen bedanken, dic heeft bijgedragen aan mijn onder-
zoek.

In de eerste plaats richt ik mij tot mijn ouders. Jullie hebben mij alle vrijheid
gegeven om te studeren en me geleerd om de handen uit de mouwen te steken.
Tk heb nooit begrepen waarom het weledelgeboren zijn zich pas openbaarde
nadat ik student was geworden.

Tijdens mijn ingenieursonderzoek op het laboratorium voor Fysische en
Kolloidchemie was me duidelijk geworden dat de werksfeer daar uitstekend
was. In de afgelopen jaren heb ik kunnen ervaren hoe belangrijk dit is. Vooral
het intensieve kontakt met mijn promotor, Prof. Dr. J. Lyklema, wil ik hier
vermelden. Hans, je bent niet alleen in hoge mate geleerd, maar ook in hoge
mate geinteresseerd in het werk van alle medewerkers. Wetenschappelijke dis-
kussies met jou zijn altijd vruchtbaar, omdat je steeds ruimte overlaat voor de
ideegn van anderen. ‘Een goede promotor is nooit weg’ en als je wel weg was,
was jemet bewonderenswaardige precisie nagekomen wat je anderen beloofd had.

Het resultaat van eigen arbeid is aanzienlijk geringer dan op het eerste gezicht
lijkt. Een groot deel van de experimenten is uitgevoerd door studenten tijdens
hun ingenicursonderzoek.,

H. Chabot van Unilever Research Laboratory wil ik bedanken voor het
korrigeren van de engelse tekst en Henny van Beek voor het tekenen van de
figuren.

Ook buiten het laboratorium heb ik de gelegenheid gehad om over mijn
onderzoek te diskussi€ren. Speciaal de kontakten met Dr. M. van den Tempel
en de kontakten met Dr. P. Walstra wil ik hier met name noemen.

Het onderzoek was mogelijk dankzij de financi€le steun van Unilever
Research Laboratory. De wijze, waarop in dit geval de samenwerking tussen
bedrijfsleven en universiteit was geregeld, moge ten voorbeeld worden gesteld.

Lieke, je had steeds veel belangstelling voor mijn werk en begrip voor de
stilte, die soms rondom mij hing tijdens een wandeling langs de Rijn.
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1. INTRODUCTION

1.1. POLYMER ADSORPTION

Ever since antiquity natural water-soluble polymers such as proteins, gums,
starches and their derivatives have been widely used at interfaces. Their function
and structure were often unknown. However, with the development of research
on natural and synthetic polymers and their applications in technology during
the past twenty-five years the knowledge of their properties at interfaces has
been increased.

Polymers adsorb at almost any interface. Due to the sum effect of all mono-
meric units the decrease in free energy upon adsorption per polymer molecule
becomes very high. The mechanism of attachment of segments to the interface
can have various origins such as electrostatic interaction, VAN DER WAALS
forces of attraction, chemical, hydrogen and hydrophobic bonding. JENKEL and
RumMeacH (1951) were the first to propose a model for the adsorption of poly-
mers. They stated that only a part of the segments is really in contact with the
interface (train segments), the other part being present in loops or tails. This
picture is now generally accepted and explains why the amount of polymer
adsorbed per unit area is usually several times higher than the amount of mono-
mers that can be accommodated in the monolayer.

As a consequence of all of this, polymers adsorb normally irreversibly.
* Statistically it is very unlikely that all adsorbed segments would desorb simul-
taneously. Moreover, polymer adsorption is a time-dependent process. When a
polymer molecule reaches the interface it adsorbs but not instantly in the most
advantageous conformation. Exchange of adsorbed against non-adsorbed
segments remains possible and this process gives rise to a growing amount of
polymer at the interface. Eventually, a steady-state value of the adsorption will
be reached, usually in the order of hours. The final conformation depends on
many factors such as polymer concentration, molecular weight, the quality of
the solvent and the way of adsorption. PATAT et al. (1964) and STROMBERG (1967)
extensively reviewed the adsorption of polymers with spccia] emphasis on the
liquid-solid interface.

The theoretical formulation of polymer adsorption, based on the loop-train
model, has been worked out by FriscH and SiMHA (1954, 1955 and 1957),
SILBERBERG (1962, 1967, 1968 and 1970) and by HoEgve (1965, 1966, 1970 and
1971). Although there is no mutual agreement between these theories they
predict similar trends that are more or less in satisfactory agreement with the
experimental results. These theories are restricted to flexible homopolymers,
whereas in experiments this condition is not always fulfilled. Blockpolymers
and proteins can adsorb in conformations deviating considerably from those
predicted for flexible homopolymers.

Meded, Landbouwhogeschool Wageningen 74-5 (1974) 1



In general y decreases upon adsorption of polymers. From investigations at
the L/S interface it can be deduced that the number of train segments per unit
area increases with adsorption (c.g. STROMBERG ¢t al., 1965; KILLMANN et al.,
1973). Moreover, it has been found by radioactivity measurements at the air-
water interface that y can still decrease, even if the adsorbed amount remains
constant (¢.g. ADAMS et al., 1971). This indicates a reconformation of the mole-
cule with an increasing number of train segments. It is therefore reasonable to
assume as a first approximation that the reduction of y is primarily related to
the number of segments being adsorbed in the first layer and not to the total
amount of adsorbed polymer. LANKVELD and LYKLEMA-(1972) stated this al-
ready on account of the adsorption of polyvinyl alcohol (PVA) at the paraffin
oil-water interface. We shall adopt this idea as a working hypothesis and in-
vestigate its validity in due course. '

As polymers are often wsed as emulsifiers we are also inierested in the behav-
iour of polymers at disturbed interfaces. A disturbed interface is subject {0
expansion and/or compression during the time that adsorption takes place.
One must always realize that the findings about the behaviour of polymers at
undisturbed interfaces cannot be directly compared with the behaviour at
disturbed interfaces. In order to explain the emulsifying behaviour of an inter-
facially active compound and the stability of emulsions it is more valuable to
use dynamic techniques than equilibrium techniques (Lucassex and v. D.
TeMPEL, 1972a), LucasseN (1968) has developed a method for measuring surface
tension changes, caused by local periodic area variations. The response of this
surface tension change on the area variation is called the surface dilational
modulus & and it reflects the effectivity by which the uniformity of the surface
tension is recovered after disturbance of the surface. At L/L interfaces this
modulus is probably reflected in the behaviour during emulsification. Due to
agitation the interface is disturbed continuously and the dispersed phase breaks
up into smaller units. Adsorption of an emulsifying agent at this disturbed
interface and its effectiveness to reduce the interfacial tension gradients at these
interfaces determine the coalescence behaviour of the newly created units.

If coalescence of droplets after finishing emulsification is absent, the final
dispersity reflects the behaviour during emulsification. If polymers are used as
emulsifying agents this stability is usually very high. KIrcHENER and MUSSELL-
WHITE (1968) stated that the almost infinite stability to coalescence after
finishing emulsification for such systems is correlated with the visco-elastic
propf?rties of the polymers in thin films, but KANNER and Grass (1969) also
mention examples that disagree with that conclusion. Nevertheless, it can be

cc‘mclu(?ed that in general with polymers as the emulsifying agents the obtained
dispersity reflects the emulsification process.

Meded, Landbouwhogeschool Wageningen 74-5 (1974)



1.3. QUTLINE OF THIS STUDY

This study was undertaken to gain more insight into the behaviour of syn-
thetic polyelectrolytes at undisturbed and disturbed L/L interfaces. LANKVELD
and Lyxrema (1972) already investigated the properties of an uncharged
polymer (PVA) at the same L/L interface. As polyelectrolytes retain many of
the properties of uncharged polymers and can be modified by charging disso-
ciable groups or by changing the ionic strength of the solution, this study pro-
vides an interesting exiension of the study of PVA at L/L interfaces,

To achieve a basic understanding of emulsification with polymeric emulsi-
fiers such as proteins and synthetic polyelectrolytes it is necessary to investigate
their physico-chemical properties at an interface between il and water. In
order to understand these interfacial phenomena at a disturbed interface, first
the simpler system of an undisturbed interface has been considered. We wonder
to what extent these interfacial tension measurements at an undisturbed inter-
face are related to emulsion properties. The experiments at undisturbed inter-
faces imply interfacial tension measurements at the oil-water interface at which
the polyelectrolyte adsorbs or has been adsorbed. Several parameters have been
investigated, such as time of adsorption, polyelectrolyte concentration, charge
density of the polyelectrolyte chain, ionic strength of the solution, nature of the
counterion and effect of spreading the polyelectrolyte compared with adsorp-
tion from solution. Extensive attention has been paid to the effect of the chemi-
cal constitution and to the conformational transition of the polyelectrolytes in
solution. Also changes of conditions after adsorption have been performed.
Since polymer adsorption is normally irreversible upon dilution the properties
of the adsorbed layer depend on its history and one can get additional infor-
mation by changing the conditions after adsorption. For polyelectrolytes not
only concentration variations, but also pH changes and ionic strength variations
are possible. JAFFE and RUYSSCHAERT (1964) used this idea to obtain informa-
tion about the reversibility of polyelectrolyte adsorption at a L/L interface. As
the dynamic interfacial properties of the polyelectrolytes are probably re-
flected in the properties of the emulsions stabilized by polyelectrolytes the
dynamic technique as developed by Lucassen (1968) has been used, although
at the air-water interface.

The properties of the emulsions, which have been investigated concern the
dispersity and the rheology of the emulsions and the adsorption of the poly-
elecirolytes at the emulsified interface. As the stability to coalescence after
finishing emulsification is very high for these emulsions we concerned our atten-
tion to the emulsifying capacity of the polyelectrolytes as a function of the para-
meters mentioned before. With the information obtained by these experiments
it has been tried to gain more insight into the mechanism of emulsification and
to explain the rheological behaviour of the emulsions.

Polyacrylic acid, polymethacrylic acid and the copolymers of the menomeric
acids with their methyl esters have been chosen as the polyelectrolytes. These
are weak polyelectrolytes. As in the study of the properties of polyelectrolytes

Meded. Landbouwhogeschool Wageningen 74-5 (1974) 5



the charge of the macromolecule is an important parameter, it is obvious to
choose model substances for which the charge is controlled by the pH. More-
over, polymethacrylic acid and its copolymer of the methyl ester show a con-
formational transition in bulk as a function of the charge density of the chain
{MANDEL and STADHOUDER, 1964), To some extent these synthetic polyelectro-
lytes may serve as a model for the more practically applied systems with pro-
teins at the L/L interface, although they lack the ampholytic character. Especial-
ly the differences in the chemical constitution of the polyelectrolytes and the
conformational trapsition are valuable contributions in terms of this model.

Meded. Landbouwhogeschool Wageningen 74-5 (1974)



2. CHARACTERIZATION OF MATERIALS

2.1, PARAFFIN

In our model system paraffin was selected as the oil phase. It is virtually
insoluble in water. For the interfacial tension measurcments (chapter 3 and 4)
we used liquid paraffin, laboratory grade ex J. T. BAKER chemicals Co, Deven-
ter, Netherlands. For emulsion experiments {chapter 5 and 6) we always used
liquid paraffin ex MERCK A.G., Darmstadt, DBR., with a density of 880 kg
m~3, The viscosity of both paraffins was about 0.08 Nsm~2.

The interfacial tension, measured against distilled water was 51.0 4+ 0.8
mN m~? for the different samples. The paraffin was used for experiments only if
the interfacial tension did not decrease by more than 1.5 mNm~1 in 24 hours.

2.2. POLYELECTROLYTES

We decided to study the following model substances of which the structural
formulae are collected in fig. 2.1.:
1. the copolymer of methacrylic acid and the methyl ester of methacrylic acid
(PMA-pe).
This copolymer is commercially available. We used Rohagit S, low viscosity
grade ex R6uM A.G., Darmstadt, DBR. The number ratio between the mono-
meric substances of these polymers is always about 2. By titration and elemen-
tary analysis we have checked the composition and found 679% acid groups
confirming the above ratio.

FMA -pe CH, CH
GRS G
{( oo VLo

CCOH COOCH,

PAA-pe
HQ_CH —}——( —CH
i COOH CGOCH,

PrA C|H’ FAA Fic. 2.1, Structural formulae of the poly-
':Hz—'f CHz—fH electrolytes used in this study. For abbre-
00K

o COOH I n viations see section 2.2.

n
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2. the copolymer of acrylic acid and the methyl ester of acrylic acid (PAA-pe).
The fraction of acid groups is 0.63. For further details we refer to section
22.1.

3. polymethacrylic acid (PMA).

4, polyacrylic acid (PAA). : :

The polyelectrolytes mentioned under 2 till 4 have been prepared by us.

Henceforth we shall use the given abbreviations for these polyelectrolytes.
Most of the experiments have been carried out with PMA-pe. A great

advantage of this polyelectrolyte with respect to the more hydrophilic PMA and

PAA is its pronounced surface or interfacial activity, even when it is completely

charged. ScHwARZ (1962) has summarized the emulsifying capacitics of several

hydrophilic colloids and he concluded that predominantly hydrophilic poly-
electrolytes are inadequate emulsifiers.

PMA, PAA and PAA-pe have been mainly used for the sake of comparison,
notably to investigate the influence of the ester and methyl groups on the inter-
facial properties. :

2.2.1, Synthesis and properties
I. PMA-pe

This commercial polyelectrolyte has been prepared by a perl polymerization
of the two monomer components as described by DBP 947115 (1956). About
two thirds of the methyl methacrylate monomer was saponified with NaOIl.
After saponification H,530, was added to make the monomer insoluble. After
addition of the initiator (dibenzoylperoxide) the mixture of the thus obtained
methacrylic acid and the unmodified methyl methacrylate is polymerized for
2 hours at 74°C. The product is purified by washing with water. By changing
the amount of NaOH per unit monomer, the ratio of both monomers in this
polymer can be varied. ' :

A detailed description of this polymer has been given by VOLKER (1961a,
1961b). For commercial use the monomer ratio of 2 is very advantageous,
because in this special case the polyelectrolyte is also soluble as CaZ™ salt,
whereas a lower or higher ratio makes the polyelectrolyte very sensitive to
Ca’* ions (DBP 950182, 1956). The degree of polymerization of Rohagit S,
low viscosity grade, is about 1000 (R6uM A.G., 1972). We tried to check this
valxlue by means of viscosity measurements (see section 2.4.). PMA-pe does not
d1sso}ve in water but only in alkaline solutions, Tn order to prepare PMA-pe
solutions the following procedure has been adopted: to a weighed amount of
PMA-pe the alkaline solution is slowly added under constant stirring. Especially
the first part of this solution must be added very slowly. This dissolution proce-
dure can be accelerated by heating to about 70°C. To avoid degradation of the
polyelectrolyte this process should be carried out in the dark (VBLKER, 1961a).
After complete neutralization (x=1) has been reached it is possible to decrease
the degreP of neutralization by adding HCI without precipitation. Thus it is
even possible to obtain a PMA-pe solution of «==0, However, if the same disso-
lution procedure has been followed at higher ionic strength the limiting value
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of o is not so low. For example in 0.2 M NaCl the lowest attainable value of « is
about 0.08. The procedure described is applicable to a NatPMA-pe solution.
In order to prepare a Ca?*PMA-pe solution a different procedure has to be
followed. Weighed amounts of dry PMA-pe and dry Ca{OH]}, are mixed and
the solution must be prepared by slowly adding water and stirring. Again « can
be reduced to about 0.10 by addition of HCI after completion of this process.

The preparation of PMA-pe of different degrees of esterification has also
been tried both by esterification of PMA (MANDEL and STADHOUDER, 1964) and
by saponification of the complete ester of PMA (polymethyl methacrylate,
PMMA). This saponification is very difficult to carry out and depends on the
stereo-regularity of the starting material (SELEGNY and SsGaiN, 1971). The rate
of saponification decreases from isotactic to syndiotactic PMMA. BEVINGTON
and EBDON (1972) suggested that saponification is only possible for the middle
monomer of an isotactic triade. Complete saponification was never attained.
We also tried to saponify our PMA-pe, because it would be interesting to in-
corporate the effect of the degree of saponification in the interfacial experiments.
In acetonejwater (I/1 volume) with a fivefold amount of NaOH we could not
detect any saponification, when the solution was kept at 40°C for two days.
More rigorous conditions are not allowed, because of degradation of the poly-
mer.

We have no specifications about the PMA-pe other than the information
provided by the manufacturer. A random distribution of the monomers has
been supposed. MARKERT and PENNEwIss (1970) paid attention to this subject,
although their ways of copolymerization differ markedly from that of Réum.
They found that the propagation parameters for the copolymerization of
methacrylic acid and methyl methacrylate do not differ much from each other,
so that no significant preference for the addition of certain radical components
is to be expected.

2. PAA-pe

In contrast with the ester of PMA, this ester can be saponified very easily.
There is no steric hindrance in this polymer. PAA-pe has been prepared by us
by polymerization of the methyl ester of dcrylic acid follwed by a partial saponi-
fication. KAwABE and YanaacIta (1969, 1971) have studied the kinetics of this
saponification. The experimental details of the two steps are:

1. Polymerization of methyl acrylate.
Methyl acrylate (ex BDH) was distilled to remove the inhibitor. 150 ml (about

140 g) of the freshly distilled product was added to 1100 ml benzene analytical
grade (ex MERCK) and 0.225 g «, a'-azobisisobutyronitrile (AM=164) was also
added. The solution was polymerized at 60°C in N, atmosphere for 18 hours.
After polymerization the polymer was precipitated by adding an excess of
methanol and purified by repeated precipitation from its acetone solution by an
excess of methanol. The polymer obtained was dried in a vacuumoven at 40°C.
The yield was 55%. The purity was estimated by complete saponification and
titration with NaOH. The result was 83 %, purity. The remaining 179, is prob-
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ably acetone, it is not likely that any monomer is left because the polymer has
been intensively washed out with methanol. By vacuum drying a certain amount
of solvent remains included.

2. Saponification of the ester. :

To a solution of the ester in a water-acetone mixture (2:5 by volume) so
much NaOH was added that upon complete saponification 379 of the ester
group would remain. After saponification the final polyelectrolyte was precipi-
tated by HCI, vigorously washed with distilled water to remove acetone and
HCI, and finally freezedried. Titration of the freezedried product confirmed
that the degree of esterification was indeed 37 &£ 19 and that the purity of
the product was 859, the rest probably being water.,

The molecular weight of the ester was estimated viscosimetrically and found
to be 1.15 - 10° (sec section 2.4.).

3. PAA and PMA

These polyelectrolytes have been prepared by solution polymerization in
water. H,O, was used as the initiator. 150 ml acrylic acid (ex BDH), freshly
distilled under reduced pressure to remove the inhibitor and 120 g 309, H,0,
are added to 900 ml water. The mixture was polymerized for 6 hours at 80°C
in N, atmosphere under constant stirring. Afterwards the polymerisate was
dialyzed against water for 6 days to remove low-molecular weight substances
(monomer and initiator). After evaporation till a small but viscous volume was
left the polymer solution was freezedried. The purity of this product is 76.4 %

PMA was prepared in an analogous way: 45 g methacrylic acid (ex FLUKA
A.G)) freshly distilled under reduced pressure and 170 g 30% H,0, were
added to 350 ml water, after which the same procedure was applied. The
achieved purity was 79.4 %/,

The relatively Iow purity of these polymers does not mean that they are

g‘uus 2.1. Survey of the polyelectrolytes, used in this study with some propertics. See also
g 2.1. '

poly- % acid M, determination? " parameters
clectrolytes groups ) ‘ : MaArk-HOUWINK
: equation -
PMA-pe - 67.6 oo 105 - information -
‘ manufacturer -
PAA-pe 63.0 11510  acetone, 25°C? ko= 1.9810"*
. a = 0.66
PAA 100 5.0 -10% 10-*MHCL30°C k=69 -10-*
: _ - a = 0.50
PMA (1) S 0.51-10% 210-*MHCL 30°C &k = 6.6 -10~*
: : a=050 -

notes: 1. see section 2.2.3,

2. estimated for polymethyl acrylate, assuming no degradation upon saponification.
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unsuitable for interfacial activity measurements. The impurity is probably just
enirapped solvent, i.e. in this case water. SELIER (1965) found analogous results
for the purity of his polyelectrolytes.

The molecular weights of both polymers were estimated v1scosnmetrlcally
and found to be 5.0 - 10° for PAA and 0.51 - 10° for PMA, i.e. they differed by
a factor of 10. Table 2.1. summarizes some data on these polyelectrolytes.

The polyelectrolytes are insoluble in paraffin. Aqueous solutions of 1000 ppm
PMA-pe of a=0 and ¢=1.0 have been mixed with paraffin. Afterwards we
measured the interfacial tension of this paraffin against distilled water. During
the first 24 hours no significant decrease of interfacial tension was observed.

2.3. THE CONFORMATIONAL TRANSITION OF POLYMETHACRYLIC
ACIDS AS STUDIED BY POTENTIOMETRIC TITRATIONS

2.3.1. Introduction

One of the main objects of our investigation is the influence on the polyelectro-
lyte adsorption of the degree of ionization of the polyelectrolyte and the ionic
strength of the solution. In view of these parameters we have to pay attention
to the conformational properties of the polyelectrolyte in solution. Potentio-
metric titration, as well as viscosimetry (see section 2.4.) are excellent methods to
obtain this information. For proteins e.g. by the titration method the trans-
formation from helix to random coil structure as a function of pH can be de-
tected (HAMORI and SCHERAGA, 1967; NAGASAWA, 1970). LEYTE and MANDEL
(1964) and MANDEL et al. (1967) reported on these potentiometric titrations for
synthetic polyelectrolytes. Usually titration curves of synthetic polyelectrolytes
do not indicate any conformational transition. However, PMA and its deriva-
tives such as PMA-~pe are characterized by a clear change in conformation at
0.1<C%<20.3. This conformational transition makes these weak polyelectrolytes
interesting model substances for proteins, even if the amphelytic character is
absent. It also induced us to look for possible conformational transitions in the
adsorbed state.

Following LEYTE and MANDEL we designated the two conformations as the
a- and b-form. At low values of z the a-form predominates. Then, with in-
creasing o, follows a transition region after which the polyelectrolyte is in the
b-form. At all values of « there is a thermodynamic equilibrium between the
two forms. The a-form is a compact, hypercoiled conformation, whereas the
b-form is more extended. MANDEL and STADHOUDER (1964) mentioned its
presence for PMA and PMA-pe, whereas the transition has not been observed
with PAA or its derivatives. They only exist in the b-conformation. Dusix and
STRAUSS (1970) observed a similar transition for copolymers of maleic acid and
alkyl vinyl ethers. The influence of the stereo-regularity on the transition has
been shown by Nacasawa {1970) and by LEYTE et al. (1972),

It is worth mentioning that this transition has been confirmed by other tech-
nigues, e.g. by calorimetry (CRESCENZI et al., 1972), viscosimetry (ARNOLD and
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OVERBEEK, 1950; KATCHALSKY, 1951; SILBERBERG and MiNLIEFF, 1970) and
spectrophotometry (MANDEL et al., 1967).

For the physical interpretation of this transformation we refer to the dis-
cussion (section 2.3.4.) and to chapter 6.

2.3.2. Theory :

The titration behaviour of a.weak polyelectrolyte deviates from that of a
weak electrolyte. The dissociation equilibrium of a carboxylic acid in aqueous
solution can be written as:

_COOH = —C00~ + H* @)
with K, = [-COO0~] [H*Y/ [-COOH] (2.2.)
The brackets indicate activities. Equation 2.2, can be written as:

pH = pK, — log[(1—a)/a’) 2.3)
with pK, = — logK, = 0.434 AG°/RT 24.)

« = degree of ionization (the prime is used to distinguish this

quantity from the degree of neutralization).

where AG”® is the standard free energy change of the dissociation process. In
this derivation activity effects are neglected.

For an already charged polyelectrolyte, however, the dissociation of a
carboxylic group depends on the additional work to remove a H* ion against
the electrostatic forces arising from the presence of charged groups in the same
molecule. Tt is customary to define an apparent ionization constant X:

PK = pH + log[(1—a')/e’ ] = 0.434 (AG® + 8 G,,/Sa")/RT (2.5.)

where 8G,,/d«’ is the additional electrostatic free energy change per group.
Again in eq. (2.5.) activity effects, other than the electrostatic ones, are neglected.
Eq. (2.5.) indicates that this apparent K is a function of the degree of ionization.
By combining equations 2.4. and 2.5, we find:

pH= pK, — log[(1—o«)/a'] + 0.434 (3G.,,/5¢")/RT a (2.6.)

This description of polyelectrolyte behaviour is based on a model, whereas e.g.
Fiscnir and KUNIN (1956) observed that the titration behaviour of many

polyelectrolytes conforms to the empirical HENDERSON-HasseLBALCH (H-H)
equation over a wide range of a' values. In formula:

pH = pK,, —nlog[(l-ayf’] | @.7.)

in which pK,, and » are constants at a constant polyelectrolyte concentration
and ionic strength. . o :

_ Eq‘uations 2.5. and 2.7. are very suitable for analysing the potentiometric
tlftratlon data of polyelectrolytes. One can obtain pK, from a plot of pK versus
o b_y e?ctra.polation toa’ = 0. Moreover, G,, of a polyelectrolyte having a degree
of ionization «’ can be calculated from the area under the graph of a plot of
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pK — pK, versus o’. In a plot of pH as a function of log[(1—a')/a'] — a so-
called H—H plot — deviations from linearity, e.g. an inflection peint, indicate
conformational transitions in the polyelectrolyte.

2.3.3. Experimental

The potentiometric titrations have been carried out with an Electrofact
combined electrode 7GR221. Titrant was added from a buret into the titration
vessel, containing 50 ml of polymer solution. All titrations were performed
under nitrogen at room temperature (22°C). One single titration took 5 hours.
We used only NaOH as titrant, the molarity of which was adapted to the con-
centration of polymer to preclude differences in polymer concentration between
different titrations. The difference between o and « is only significant at low
pH and rather low polymer concentration,

2.3.4. Results and discussion

Results are presented in fig. 2.2. as H—H plots. They demonstrate the differ-
ences between the polyelectrolytes and the effect of ionic strength. In agreement
with cited literature we observe the conformational transition only for PMA
and PMA-pe. It can be inferred from eq. (2.6.), that the higher the pH, at a

pH pH pH
sol _ 2 b
.\\ .
a ) I\\-\ \
\_ \ \ anl \ Y \\ {70
a0} \ \\ A‘z \\ _ \ ‘.\ \  Cp=1000ppem
. . \
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°r AN \ \ \ AR
* \AAi a kS AL
O3 AN AN \ *—._p
+\. \ \\ \ a\u \\\ \\
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RS A sof "\.,_%\\i* SRR
sol \!* * & o, \\\ Y
’ Y i \ 4 {0;9“‘:\ oﬂ\:
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Fic. 2.2. HENDERSON-HASSELBALCH plots.

a. PAA-pe, 0.01 M NaCl (); PAA, without NaCl {x); PMA, without NaCl ( A).

b. PMA-pe, 0.02 M NaCl (O, e); PMA-pe, 0.20 M NaCl (O, m}. Note shift of 2 pH units at
== 1000 ppm PMA-pe
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given value of log[(f —a')/«’], the higher the additional electric work required
to remove a H* ion from the chain to infinity 8G,,/82’. From fig. 2.2. and eq.
(2.6.} it can be concluded that 3G,;/3a" increases with decreasing lonic strength.
One would expect this trend. Moreover, 3G,,;/3a’ is higher for PMA than for
PAA. This indicates the effect of steric hindrance being higher for PMA than
for PAA. A comparison between PAA and PAA-pe (or PMA and PMA-pe) is
more complicated, because of the differences in ionic strength. For PMA-pe no
significant influence of the polyelectrolyte concentration is observed. Extra-
polation of the linear parts of the curves for PMA and PMA-pe allows us 1o
make a comparison between the a- and b-conformation in the transition region.
3G.,/3¢ is considerably higher for the compact hypercoiled a-conformation
than for the more extended b-conformation. From the slope of the curves it can
be concluded that differences in 3G.,/8«’ are less pronounced at lower degree of
ionization, It should be borne in mind that these comparisons are only possible
if the pK, values are the same for all conditions (see equation 2.6.).

The H—H plots allow also the calculation of the fractional replacement of
the a-form by the b-form as a function of pH in the transition region. Following
LeyTE and MANDEL (1964) we assume that in the transition region the following
linear combination may be written: '

o = (1—vja', + va', ' (2.8.)
in which v = ¢,fc,
¢, = polyelectrolyte concentration in b-conformation
¢, = total polyelectrolyte concentration
a', = degree of ionization in the a-conformation
o', = degree of ionization in the b-conformation
Since o', and &', can be found as a function of pH from the lower and upper
linear parts of the plots we can find v as a function of «'. Fig. 2.3. summarizes
the results of these calculations for different experimental conditions. From
these plots — and also already from the previous plots — we can conclude, that:
1. there is no significant influence of ¢, on the transition region for both ionic
strengths,
2. there is a shift in the transition region with ionic strength. This can be ex-
plained as follows: the transition of a- to b-conformation is promoted by
i.ncreasing o', 1.e. expansion of the coil by charging. At a given « the expansion
is less pronounced at higher ionic strength and hence the b-conformation can
persist till higher o’ values. In respect of the effect of ionic strength different
authors have not arrived at the same conclusion. MANDEL and STADHOUDER
(19_624) found no salt effect on the location of the transition in NaNQ, (up to
107% M). On the other hand, Crescenzi et al. (1972) found a broadening and
upward shift of t‘he transition region with increasing concentration of NaCl
(up to 0.5 M). This difference can be due to the different concentration regions

used. The region studied by us (NaCl, up to 0.2 M) corresponds relatively

better wi‘fh that investigated by Crescenzi et al. and so does our experimental
found shift. ' :

14 Meded. Londhouwhogeschool Wageningen 74-5 (1974)



Fi1G. 2.3. Conformational transition in so-

Caicy lution (a2 b).

wr oy /‘7"_ PMA-pe, 0.02 M NaCl, ¢, = 100 ppm (0O)
osl /+ g » and 1000 ppm ().

a4 PMA-pe, 0.20 M NaCl, ¢, = 100 ppm ()
sk !/ / and 1000 ppm { m).

[+ 4/ PMA, without NaCl, ¢, = 1000 ppm (A).
asr /*;/ a/ H PMA-pe, 0.02 M NaCl, if 2 is based upon
{ / :./ the total number of segments (+).

02f ‘I+/ {
‘/T\‘J/n/- 1 1 I “‘ 1
0 LY 08 03 10

3. for PMA the transition takes place at a lower region of & than for PMA-pe.

However, if o' is not based upon the total number of carboxylic groups as
done, but on the total number of segments {carboxylic and ester groups) the
shift is smaller and may be attributed completely to the difference in the ionic
strength. MANDEL and STADHOUDER (1964) found even a complete merging of v
as a function of &’ for PMA’s of different degrees of esterification at constant
ionic strength, if &’ was related to the total number of segments. It means that
the occurrence of the a-conformation is not specifically due to the carboxylic
groups, but to the methyl groups of PMA in the main chain.

About the origin of the existence of the compact state of PMA and PMA-pe
at low degree of ionization, there is no complete agreement. It is certain that the
methyl group in the main chain is a prerequesite but not the ester group or
acid group. Intramolecular hydrogen bonding between COOH groups is ex-
cluded as a major factor because partial esterification of PMA does not in-
fluence the charge density at which the transition takes place. Two other possible
factors are hydrophobic bonding and nearest-neighbour VAN DER WAALS
forces of attraction between the —CHj; groups of the main chain, From poten-
tiometric and spectrophotometric results MANDEL et al. {(1967) concluded, that
the stabilization of the compact state is not primarily due to hydrophobic
bonding, because in a water-methanol mixture with 405, volume fraction of
methanol the transition is still present. Our viscosimetric experiments of emul-
sions stabilized by PMA-pe in water-methanol mixtures as the continuous
phase are in contradiction with this conclusion (see chapter 6). These emulsion
experiments suggest the occurrence of hydrophobic bonding as the major
factor.

2.4, CHARACTERIZATION OF PMA-PE BY VISCOSIMETRY

2.4.1. Theory N
‘The viscosity-averaged molecular weight M, is related to the intrinsic viscos-
ity [#] by the MARK-HOUWINK relation:
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