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STELLINGEN

1
De waarde van de Flory-Fox constante, @, is voor polyelectrolyten aanzienlijk
lager dan voor ongeladen polymeren. Het voor polyelectrolyten aannemen van
een voor ongeladen polymeren gebruikelijke waarde (& = 2.5 x 102!) kan
daarom aanleiding geven tot een aanzienlijke onderschatting van moleculaire

afmetingen.
CLELAND, R. L. (1968) Biopolymers 6, 1519, Hoofdstuk II
van dit proefschrift.

2
Het verdient aanbeveling, gezien hun aminozuur samenstelling, de nomen-
clatuur voor de as-cascines te herzien.

3
De veronderstelling van Lawrence etal., dat in melk caseine niet de effectieve
aminozuurbron zou zijn voor melkzuurstreptococcus vindt onvoldoende steun
n de door hem aangehaalde gegevens.

LawgrencE. R. C., THoMas, T. D. and TERZAGHI, B. E. (1976)
J. Dalry Res. 43, 141.

4
Hoewel de toevoeging van struktuurvormende en onverteerbare polysacchari-
den aan levensmiddelen het gehalte aan dietary fibre verhoogt, zou het hypo-
criet zijn om een dergelijke toevoeging zonder meer aan te merken als een ver-
rijking van ons voedsel.

5
Bij de karakterisering van aromastoffen uit komkommers heeft Forss et al.
geen rekening gehouden met het optreden van nevenreakties ttjdens de isolatie
en identifikatie van onverzadigde carbonylverbindingen.

Forss, D. A., DUNSTONE, E. A., RaMsnaw, E. . and STARK, W.
{1962) J. Food Sci. 27, 90.




6
In theoretische beschouwingen over complex coacervatie moet aan het model
van Veis de voorkeur boven dat van Voorn gegeven worden.
VEs, A. in ,.Biological Polyclectrolytes”™ M. DEKKER Inc.

N. York (1970).
Voorn, M. (1959) Forschr. Hochpolym. Forsch. 1, 192.

7
Men dient er rekening mee te houden dat de vorming van 8 amino 1,7 nafthyri-
dine, in de reaktie van 1,7 nafthyridine met kaliumamide in vloeibare am-
moniak via een Sy (ANRORS) mechanisme zou kunnen verlopen.
PAUDTLER, W. W. and KrEss, T. J. (1968) I. Org. Chem. 33,

1384, SMIG GY and vaN DER Pras, H. C. (1975). Recl. Trav.
Chim. Pays-Bas 94, 125.

8
Er is in onvoldoende mate onderzocht of ethanolamine, dat veelvuldig gebruikt
wordt als nakoppelingsreagens bij met bisoxiraan geaktiveerde sepharose,
zich inert gedraagt t.o.v. eiwitten.

9
Het vanwege een te hoog aantal E. coli bacterién afkeuren van oppervlakte-
water als zwemwater is niet geheel juist.

10
Het zou weinig zinvol zijn om, in door melkzuurbacterién gefermenteerde
levensmiddelen, grenzen te stellen aan aantallen staphylococcus aurews.

1
De plaatsing van verkeersdrempels ter bevordering van de verkeersveiligheid
is discutabel.

12
De toename van de kriminaliteit onder werkende en studerende vrouwen doet
vermoeden dat alleen de sterksten de weelde van de emancipatie kunnen
dragen.

13
Uit de uitlatingen van t.v. verslaggevers bij voetbalwedstrijden zou men kun-
nen afleiden dat aan hen een keurkorps van (scheids-)rechters verloren is ge-
gaan.

T. H. M. SNOEREN
Wageningen, 10 november 1976
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I. INTRODUCTION

1.1. POLYSACCHARIDES AS STABILIZING AGENTS

Polysaccharides are widely used as additives in the food industry as a conse-
quence of their gel-forming and/or thickening capacities. They are commonly
extracted from fruit residues, seeds or seaweeds, which yield for example
pectins, starches, agar, alginates, furcellaran and carrageenan. Others, such
as dextran and xanthan, are produced by microbial fermentation (Glicksman,
1969). More recently developed types of stabilizers are derived by chemical
modification of natural products, e.g., low-methoxy-pectin, methyleellulose
and carboxymethyl starches. Even the use of synthetic vinylpolymers has been
suggested (Glicksman, 1969).

The usage of these gums to stabilize or to improve the body of such products
as jams, pie fillings, sauces and mayonaise is due to their thickening or viscosity-
increasing effect. Gel-formation, which is a property of a comparatively few
polysaccharides is the basis of their application as suspending or gelling agents
in products such as chocolate milk, puddings, desserts, aspics and mousses.
The properties and applications of gums are reviewed by Whistler and Be
Miller (1959) and Glicksman (1969).

In this thesis special attention will be paid to the properties of carrageenans
and to the mechanism of the so-called milk reactivity on which their application
in the dairy industry is based. Experience has shown that of all the known
carrageenans, the so-called x-carrageenan component is the most effective as a
stabilizer of chocolate milk. It interacts in low concentrations {about 0.029,)
with the casein of milk to produce complexes which have an increased viscosity.

1.2. CARRAGEENAN

Carrageenans are isolated from the cell walls of red secaweeds such as Hypnea
muciformis, Chondrus crispus, Gigartina stellata and Eucheuma spinosum.
These are derived from three major families of red algae whose botanical
descent is shown in Fig. 1.1. Carrageenans are condensation products of
D-galactose units linked together at the a 1,3- and § 1,4-positions. Smith and
Cook (1953) showed that carrageenan extracted from Chondrus crispus can
be separated into fractions differing in chemical composition and sulphate
content, by precipitation with potassium salts. The fraction precipitated was
designated as x-carrageenan and the part remaining in solution as A-carrageen-
an.
As might be expected, the physical properties of the carrageenans depend

1



Chiorophyceae Phaecophyceae Rhodophyta Cyanaphyceae
class {green algaet {brown aigae) {red algae} {blue-green algae

order
! I
family Gigartinaceae | Solieriacess ] | Hypq‘eﬂceae l
_1
genys Gigartina | |ridaea I LChondrus ] | Eucheuma I | Hypnea l
[ [

Gigartina Gigartina Chondrus Eucheuma
stellata pistillata Crispus spinosium
. Iridaea Hypnea
species flaccida muciformis
Gigartina Gigartina Chendrus Eucheuma
acicularis radula ocellatus <ottonii

Fig. 1.1. The botanical descent of red algac. (adapted from Brochure PierrefittesAuby,
Paris, 1972).

on their molecular weight, on their sulphate content and on the accompanying
cations. The molecular weight and the sulphate content depend strongly on
the season and area of harvesting and the algae species involved.

The chemical structures of the two different components isolated from
Chondrus crispus by the selective potassium precipitation have been deter-
mined by O'Neill (1955). Lambda carrageenan consists of 1,4-linked galac-
tose-2,6-disulphate and 1,3-linked galactose-2-sulphate units leading to a
sulphate content of about 379, whereas x-carrageenan consists of 1,3-linked
galactose-4-sulphate and 1,4-linked 3,6-anhydro galactose units, with a sul-
phate content of about 239 (cf. Fig. 1.2).

A third carrageenan component has been extracted from the red seaweed
Eucheuma spinosum. The chemical structure of this so-called i-carrageenan
has been elucidated by Mueller and Rees {1967). It is structurally identical
with x-carrageenan except for the sulphate group on the c,-position of the
anhydro galactose unit and a sulphate content of about 31%. This gives i-car-
rageenan a more hydrophilic character. Other carrageenans such as u- and
v-carrageenan are considered as biological precursors of the x- and i-forms
respectively.

Solutions of - and :-carrageenan can easily gel, depending on the tempera-
ture and the cations present. Lambda-carrageenan forms only sofutions of
increased viscosity. This different rheological behaviour leads to different
applications, as was pointed out by Glicksman (1969) and Whistler and Be

2




[ ey cy | Fig. 1.2. The chemical structures of the
- , three main components of carrageenan.
050y 0 ¢ 0
0 0 K- carrageenan
OH OH 0
CHo0H CHy050;
/
o ) 0
0 ‘- carrageenan
L 0504 003 |,
[ CHyoH CHy ]
~ /
0503 o o 0
0 0 «~ carrageenan
L 050 _Jn

Miller (1959). Only few data are available on the molecular weight and shape
of the x-carrageenan molecule. Cook et al (1952) studied carrageenan extracted
from Chondrus crispus, by ultracentrifugation and viscosity measurements,
and interpreted the carrageenan molecule as an ellipsoid of revolution. This
interpretation can however be questioned since the relations for an ellipsoid of
revolution pertain to inpenetrable macro-molecules. Masson and Caines (1954)
studied carrageenan extracted from Chondrus crispus by viscosity measure-
ments and osmometry. They interpreted the data obtained on low molecular
weight carrageenans as indicating fairly stiff rods.

Since molecular weight and shape are of primary importance for our under-
standing of the physico-chemical behaviour of the carrageenans, I have
repeated the molecular characterization of »-carrageenan by means of light-
scattering, viscosity and ultracentrifuge experiments. It will be shown, as will
be discussed in Chapter I, that the description of x-carrageenan as a random
coil is more appropriate.

As mentioned above, in the presence of different cations and depending on
the temperature of the solutions, x-carrageenan forms a gel which has been
described as an interconnected network of polymer chains with the solvent
and other solutes in the interstices (Rees, 1969) (cf. Fig. 1.3). Anderson et al
(1969) suggested that the junctions of »- and :-carrageenan networks consist
of double-helical crosslinks. As will be shown in Chapter III a conformational
change can indeed be observed at the temperature of incipient gelation. Also
the influence of the ionic strength on the gelation temperature can be inter-
preted as a coil-double helix transition, as will be shown in Chapter III.




Fig. 1.3. Schematic picture of the ix-car-
rageenan molecule in the sol and gal state
according to Rees (Rees, 1969).

Sol

Addition of x-carrageenan to chocolate milk, in concentrations which are
normally of an order of magnitude smaller than those needed for gel formation,
prevents the sedimentation of cocoa particles. It has been shown that the
stabilisation is based on a specific interaction between x-carrageenan and
x~casein (Grindrod and Nickerson, 1968; Payens, 1972; and Snoeren et al,
1975). By means of experiments, to be discussed in Chapter 1V, it will be dem-
onstrated that the interaction between x-carrageenan and x-casein (milk
reactivity) is electrostatic in nature.

In Chapter V some applications of the milk reactivity will be described. It
will also be shown that the effectiveness of x-carrageenan as a stabilizer de-
pends strongly on its molecular weight.

1.3. CASEIN

Casein is the main protein component of cow’s milk and consequently it plays
an important role in the stability of dairy products. For the major part, it
occurs in milk as nearly spherical colloidal particles with diameters up to about
300 nm (Schmidt et al, 1973). It has been shown that these particles, the so-
called casein micelles, consist of a large number of spherical sub-units with a
diameter of about 20 nm. These sub-units are called the sub-micelles (Egg-
mann, 1969 ; Schmidt and Buchheim, 1970; Schmidt et al, 1973) {cf. Fig. 1.4).
Presumably the sub-micelles are cemented together by calcium bonds between
the carboxylic and ester-phosphate groups of the protein moiety (Schmidt and
Payens, 1576). The sub-micelles which survive exhaustive dialysis against
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Fig. 1.4.
Electronmicro-
graph of a casein
micelle. Technique:
freeze-etching.

distilled water consist of protein only. Casein is not a single protein, but it
consists of three main components: a,,-, f- and x-casein and the minor com-
ponents: ts3-, tsy-, %ss-, ¥-, R-, S- and T-casein. The molecular weights of the
three main components o, -, §- and x-casein are about 23600, 24000 and 19000
respectively (Mercier et al 1971, 1972, 1973). Alpha,,- and f-casein are sensitive
to calcium ions, whereas x-casein is not. On the contrary, the latter component
is able to stabilize the other casein components against the flocculating action
of calcium ions by the formation of stable micelles. This led Waugh (1958) to
develop a micelle model of casein, elaborating on the earlier hypothesis of
Linderstrom Lang (1929) concerning the role of x-casein as protective colloid.
During the last few years many alternative models have been proposed for the
casein micelle. A review has recently been given by Schmidt and Payens (1976).

The different casein components have a strong tendency to self association
and complex formation, which reflects their tendency to form micelles in milk
{Payens and Van Markwijk, 1963 ; Payens and Schmidt, 1965; Schmidt, 1969;
Zittle and Walter, 1963 and Nijhuis, 1974). The self association of «,,- and
B-casein is mainly due to hydrophobic forces, but in case of x-casein aggrega-
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tion by formation of covalent disulphide-bonds is also important (Macthlay
and Wake, 1971).

The stabilizing properties of »-casein are completely destroyed by the acnon
of the enzyme Chymosine (EC 3-4-23-4) which splits off a polypeptide of maolec-
ular weight 6 700 from x-casein (MacKinlay and Wake, 1971). The remaining
part of x-casein, which is called para-x-casein, is no longer able to stabjlize
the casein micelle against flocculation by caleium ions. Kappa-casein contpins
varying amounts of different carbohydrates such as galactose, galactpse-
amide and N-acetylated neuraminic acid (Wheelock and Sinkinson, 1969). The
isoelectric point of »-casein depends strongly on its neuraminic acid content.
The heterogeneity of x-casein which depends on the neuraminic acid conkent
and on the genetic variants, can be demonstrated by starch gel electropho'resis
(Schmidt et al, 1966).

As has already been mentioned above, x-carrageenan specifically mteracts
with x-casein (Grindrod and Nickerson, 1968 ; Payens, 1972 and Snoeren et al,
1975). It will be demonstrated that in this respect the electrical charge distri-
bution along the polypeptide chain is of primary importance (Snoeren et al,
1975). This will be dealt with in Chapter IV.

It is worth while to pay some attention to the so called minor oc,-componbnts
ViZ a3~ + ts4- and ass-casein. Their amino acid composition and terminal
ends have been reported by Ribadeau Dumas, (1970) and Hoagland et al (19!71)
The two proteins o5 and o, seem almost identical (Ribadeau Dumas et al,
1975), and are characterized by a high phosphorus- and by a high lysine content.
It was suggested by Hoagland et al (1971) that «,.-casein consists of one mo-
lecule of each, a,;- and-a,,-casein, linked through disulphide bonds. The molec-
ular weight of o;- and/or a;,-casein has been estimated by ultracentrifugation
experiments (Toma and Nakai, 1973) and from the amino acid composition
(Ribadeau Dumas et al, 1975} as 31 800 and 26000 respectively.

In the Appendix of Chapter IV attention will be paid to these minor com-
ponents and to their interaction with x-carrageenan.

Other minor components such as y, R, § and T'S have been recognized as
fragments of S-casein (Gordon et al,, 1972).




II. THE PHYSICAL CHARACTERIZATION
OF #»-CARRAGEENAN

2.1 INTRODUCTION

The chemical structure of »-carrageenan has been established as a condensation
product of & 1,3-linked galactose-4-sulphate and 8 1,4-linked 3,6-anhydro-
galactose (O'Neill, 1955). As a consequence of the - and B-linkages the
galactose rings are alternately in the 1 C and the C1 configuration (cf. Fig. 2.1).

0450
CHa20K
2 0 0

OH
OH

c1 1C

Fig. 2.1. Conformational structure of x-carrageenan.

The hydrodynamical behaviour of the carrageenan molecule in aqueous
solution as determined by ultracentrifugation and viscosity measurements has
been interpreted by Cook et al. (1952) as that of an ellipsoid of revolution. Mas-
son and Caines (1954) on the other hand interpreted — on the basis of osmometry
and viscosity studies — the degraded carrageenans with number average molec-
ular weights less than 75000 as stiff rods. Both studies were carried out on
unfractionated carrageenans. "

The hydrodynamic and light-scattering measurements described in this
chapter, lead to the conclusion that it is more appropriate to describe the
x-carrageenan molecule as an expanded coil. It will be shown that the factors
governing the expansion can be divided into two categories. The first comprises
those reflecting the chain geometry such as the size of the monomer unit, the
length of the bond joining them, the valence angle and the steric hindrances to
free rotation about these intermonomer unit links. These constant factors
determine a basic chain dimension termed the “‘unperturbed dimension’. The
second category of factors determining the expansion of the x-carrageenan
coil are the so-called long-range interference effects such as the physical
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volume of exclusion and the electrostatic interactions between the ionized
ester sulphate groups.

For an interpretation of the physico-chemical properties of x-carrageenan
it is necessary to know the molecular parameters of x-carrageenan such as the
molecular weight, the shape of the molecule and the width of the molecular
weight distribution. These parameters, therefore, were determined with
fractionated x-carrageenan samples covering an extended molecular weight
range, by different physical methods such as light scattering, viscosimetry and
ultracentrifugation.

2.2, MATERIALS AND METHODS

2.2.1. Materials

The x-carrageenan samples H, and P100 were obtained from the commercial
samples Genulacta K 100 and Genulacta P100 manufactured by Kebenhavns
Pektin-fabrik, whereas sample HMR was obtained from the commercial
sample Satia HMR of Pierrefitte-Auby, Paris. Sample EC was extracted from
Eucheuma cottonii and was a gift from Pierrefitte-Auby. Kappa-carrageenan
samples of different molecular weight were further prepared either by hydro-
lysis of sample H,, (yielding the samples Hq, H, o, Hy g, Hsand A,,) and sample
EC (EC,, and EC;) or by ultrafiliration of sample H, (PM 30 and XM 100A).
Hydrolysis was carried out at 100°C in aqueous solution brought at pH 3.0 by
addition of hydrochloric acid. Samples were removed after different time
intervals and neutralized after cooling by addition of 0.5 M sodium hydroxide.
For fractionation by ultrafiltration a commercial sample of Genulacta K100
was dissolved to a concentration of 0.2% in distilled water, that had been
adjusted to pH7 with 0.5M sodium hydroxide. Filtration was carried out
with Amicon ‘diaflo’ filters types PM 30 and XM 100A.

All the x-carrageenan samples were exhaustively dialysed against distilled
water whichhad been adjusted to pH 7 with 0.5 M sodium hydroxide, and then
freeze-dried. It is worth-while to note that adjusting to pH7 before freeze-drying
1s necessary, since freeze-drying at lower pH values leads to hydrolysis of the
product.

The commercial samples used were screened for their chemical composition
by the infrared method described by Snoeren and Poll (1973) to ascertain that
only x-carrageenan was used. The estersulphate content (SO,) of the com-
mercial samples, determined by the method described by Hansen and Whitney
(1960) was 23.1%, + 0.4%, which corresponds well with the chemical structure
of x-carrageenan presented in the introduction.




2.2.2. Light scattering

The excess light scattering of a polymer solution gives information about the
molecular weight and the size of the polymer molecule. The relation between
the scattered light and the molecular weight is given by (Tanford, 1961 ; Stacey,
1956):

Ke/Ry=Y<M>, + 2<A,> ¢ +0(c?) (2.1)

in which: ¢ is the concentration of the polymer (g ml~1);
<A,> the average osmotic second virial coefficient (mol ml g=?2)
<M>, the weight average molecular weight defined as

<M>,= ); c: Mif X ci,

with ¢; the concentration of species iin g ml—1.
Further Ry, the reduced intensity of the scattered light at angle 8 and a dis-
tance r between the scattering centre and the light receptor, is given by

Ry = r*ipliy(1 + cos? §) (2.2)
and K is a constant given by
K = 212 n2 (dnjdc)? [ N2* (2.3)

in which, ny represents the refractive index of the solvent, dn/dc the refractive
index increment of the solution, A the wavelength of the light in vacuo and N
Avogadro’s number.

For very dilute solutions Eqn. (2.1) reduces to

Ke/Ry= lj<M>, + 2 <A;>c (2.1a)

For particles the dimensions of which exceed 0.05 4, the optical path length of
the light scattered by different points on the particle in the direction of obser-
vation may result in interference phenomena (Tanford, 1961). The phase dif-
ference is zero for the beam scattered in forward direction. As we shall see, the
dimensions of the x-carrageenan molecule are such that interference may be
expected, and the results must therefore be extrapolated to zero scattering
angle to obtain the molecular weight and the second virial coefficient. This
can be done by arranging the data obtained at different concentrations and
angles in a so-called Zimm plot (Tanford, 1961), in which K¢/Rj, is plotted
against &’c + sin? 8/2, where &’ is an arbitrary constant, selected to obtain a
well spread plot.

The weight average molecular weight of the x-carrageenan is then obtained
by the relation,

lj<M>. = [(Ke/Rp)g=0]e=0 (2.4)

The second virial coefficient is obtained from the same plot as



2 <dy> [k = lim (@ (Ke|Re)g= ofdc] 2.5)

From the limiting slope of the ¢ = 0 curve the radius of gyration (R,) can be
derived. The radius of gyration is defined as

where r; is the distance of the element with mass m; from the centre of mass of
the molecule considered.

For polydisperse material a z-average of R,? is obtained from the Zimm plot
according to the relation (Tanford, 1961)

<R2>, = <M>,32%/1672 lim [d(Kc/Rg) c = ofdc] 27

where <R92> z = ?.ciMi Rg%/?CiMi (28)

The light-scattering measurements were carried out with a CENCO-TNO
apparatus provided with a mercury lamp. A system of slits and lenses in com-
bination with an interference filter produces a homogeneous, parallel and
monochromatic beam of light of wavelength 546 nm. The intensity of the
scattered light is determined, using the turbidity of benzene as a reference:
Ry = 15.6 x 107% cm (Kratohvil et al., 1962). The scattering was measured
between 30° and 150° at intervals of 15°.

On account of the high scattering power of dust particles the sclutions to be
analysed must be made completely dustfree. The x-carrageenan solutions
were therefore filtered directly into the cylindrical light scattering cell, through
a filter (Gelman) with a pore size of 200 nm (Schmidt, 1969). Prior to the
measurements the solution was dialysed exhaustively against the buffer
(0.1 M NaCl, 0.005 M. EDTA, pH 6.7):

2.2.3. Measurements of the refractive index increment

The refractive index increment was measured with a Zeiss interferometer.
The measurements were carried out with z-carrageenan solutions which had
been clarified by filtration as described in previous Section and subsequently
dialysed against the buffer solution. The refractive index increment was
measured relative to the dialysis. buffer, so that the value obtained was at
constant chemical potential of the buffer salt (Tanford, 1961).

The measurements were made at a temperature of 20°C. The x-carrageenan
concentration was determined with the phenol sulphuric acid method as describ-
ed by Dubois et al. (1956).
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2.2 4. The partial specific volume

The density measurements from which the value of the partial specific volume
was derived were carried out with an Anton Paar Digital Densitometer
D.M.A. 02 ¢ (Kratky et al., 1969). The densities plotted as a function of the
concentration yielded a straight line from which the buoyancy factor was
calculated as

dpjdc = (1-vp,)
where p, is the density of the solvent.

(2.9)

2.2.5. Viscosity measurements
Viscosity measurements were carried out at 20°C + 0.02° in Ubbelohde
viscosimeters with different efflux times (87 sec. and 320 sec. for water). Prior
to the measurements the dialysed solutions were filtered through a G-3 glass
filter to remove dust particles. Solutions of different ionic strength were pre-
pared by adding Na(l to the 0.005 M EDTA buffer pH 6.7. Before each ex-
periment the viscosimeter was cleaned with concentrated nitric acid.

The relative viscosity of the x-carrageenan solution with respect to the dial-
ysis buffer was calculated by:

N = ning = p(X11-X,{1)/polX 10— X /t0) (2.10)

where p and p, represent the densities of the x-carrageenan solution and the
dialysis buffer respectively, ¢ and ¢, are the efflux times of the solution and the
buffer respectively and X, and X, are the calibration constants characteristic
of the viscosimeter used.

The intrinsic viscosity, [#], is calculated by extrapolation of (%, -1)/c to infinite
dilution i.e.

(1] = lim [(n, -1)/c] 2.11)

2.2.6. The sedimentation coefficient
Sedimentation rates were determined at a speed of 68000 r p m in a Spinco E
Analytical Ultracentrifuge. The distances (r) of the maximum of the peak
from a reference mark in the rotor were read from the photographic plate using
a Nikon comparator model 6C.

The sedimentation coefficient (S} was calculated from the relation (Schach-
man, 1959).

Sa0,w = (dridt)/ew*r - 2n1/n3, 2.12)

in which ¢ is the time of observation (sec.);
@ the angular velocity of the rotor;
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nr the viscosity of the solution at temperature T and
n3, the viscosity of water at 20°C.

The sedimentation coefficient, 9, ,,, of the x-carrageenan solution was ob-
tained by extrapolation to zero concentration of 1/5,,,. values found at dif-
ferent concentrations. Measurements were made at temperatures of 20° +
0.1°C. The x-carrageenan solutions were dialysed prior to experimentation

against an 0.005 M EDTA buffer pH 6.7 containing 0.1 M NaCl.

2.2.7. The number average molecular weight
The number average molecular weight, < M>,, can be determined by end-
group analysis by different methods e.g. the hypoiodate method of Willstétter-
Schudel (1918), the picric acid method of Williaman and Davidson (1924) and
the copper reagent method of Nelson (1944). These methods have in common
that the oxidation of the reducing end groups (aldehyde groups) occurs in
alkaline medium which prevents degradation of the x-carrageenan chain.
The relatively low sensitivity of the two former methods permits a reliable
estimate only for x-carrageenan of number average molecular weighty less
than, say, 20000. The Nelson methed, which is more sensitive, can be used to
molecular weights of 400000. This method is based upon the oxidation of
reducing end groups by copper (Cu®*), arsenomolybdate colour reagent
being added as a chromogen. Before measuring the extinction at 540 nm, the
x-carrageenan aggregates arc removed by centrifugation (30 min, 1000 g),

The ratio of the weight average molecular weight and the number average
molecular weight < M> /< M>, gives information about the polydispersity
of x-carrageenan samples used. As we shall see for the theoretical interpretation
of the solution properties of x-carrageenan, the polydispersity needs to be taken
into account. In this study therefore the generalized molecular weight dis-
tribution function (Schulz-Zimm distribution; Morawetz, 1966) is used, in
which the width of the disiribution is characterized by a parameter z, which
can be obtained from experimentally determined values of < M>, and < M> ,
(z = <M>,/(«M>,.—<M>,)).

This generalized distribution function is given by

N(P) = [¥*/T(2)] P* ' exp (-yP) (2.13)

where N(P) is the number of molecules of degree of polymerisation P, I' (z) is
the gamma function of z and y is a constant.

The number, weight and z-average molecular weights are related to the
parameters z and y by, (Morawetz, 1966)

<M>,:<M>,:<M>,= (M/W(E) : (M + 1) : (My/y)(z+42)

with M, the moleccular mass of a monomer unit.
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2.3, RESULTS

2.3.1. Light scattering

The weight average molecular weights, osmotic virial coefficients and radii
of gyration determined by light scattering for various x-carrageenan samples
are collected in Table 2.1. Since the samples with the lowest molecular weight
did not show any significant dissymmetry of the scattered light, their radii of
gyration could not be determined (cf, Fig.2.2). A Zimm plot for sample P100

of molecular weight 718000 is given in Fig. 2.3,

Tabie 2.1. Light-scatiering data, (weight average molecular weights, radii of gyration,
second virial coefficient), intrinsic viscosities and number average molecular

weights, of different x-carrageenan samples.

Experimental conditions: Temp. 20°C; 0.005 M EDTA buffer, 0.1 M NaCl,

pH 6.7.
Sample <M> ,-1073 <R%>‘{: (<‘;{2:>;'-12?3 n]dlig) <M>, 103
nm mol, miL.
H;, 17.5 2.75 0.38 58
H,, 44 2.30 0.82 23.7
Hy, 87 2.25 1.38 427
EC,s 159 51.8 2.60 245 80.5
H; 248 64.1 2.50 3.23 107.5
EC; 253 56.4 1.60 3.85 153
A, 359 77.6 2.06 4.76 180
HMR 522 91.0 2.00 6.83 346
H, 604 94.5 1.82 7.15 460
PM 30 658 98.0 1.96 7.90
XM 100A 650 105.7 1.88 8.70
P 100 718 102.3 1.85 8.90
EC 836 107.8 1.30 10.40
= Ll T ] Fig. 2.2.
E e The concentration
W O_,_-/"’u dependence of the light
g bF o 1 scattering of »-carra-
él::" geenan sample H,.
4r J Experimental condi-
tions: 0.005 M EDTA,
0.1 M NaCl, pH 6.7,
zr ] temp. 20°C.
0 ] 7 3

3 in 8
10P.¢ + 5in°2
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Fig. 2.3. Light scattering Zimm-plot for x-carrageenan sample P 100. Experimental con-
ditions identical with Fig. 2.2.

The value of the second virial coefficient decreases with increasing molecular
weight. These values are comparable with the value of 1.7 x 1073 (mol ml g~ 2),
reported by Smidsrad (1974) for x-carrageenan in the presence of 0.1 M LiCL

The radius of gyration for a macromolecule is related to the molecular
weight by (Tanford, 1961)

R} = Ke, M (2.14)
For heterogeneous macromolecules the light-scattering average molecular
weight and radius of gyration can be related to each other by

<R&>, = Constant (¢z . » < M> )" (2.15)

where Kz and ar (ar = 1 + ¢, see Section 2.4.3) are constants for a given
polymer-s%lvent pair and g:.w 1§ a correction factor accounting for the poly-
dispersity of the x-carrageenan sample. For a Schulz-Zimm distribution g, .. is
given by (Sundeldf, 1971)

I'(ag, + z2+2)

Gzow = ——I"g(mji 1/(Z+ 1)

From the slope of a plot of log <R?>: vs 10g (¢s.w <M>,} (cf. Fig. 2.4) the
14




-~ Fig. 2.4.
o Plot of log <R>.asa
‘; fo0 L ;-/ function of log (g,.w <M>,}
2 K From the slope the exponent
/ ax, has been derived as 1,20,
L ]
/'/
3.5 /‘
200 L i
5.50 6.00

log i gz y <My o}

value of 1.20 is obtained for the exponent. Such a value is indicative of an
expanded random coil (Tanford, 1961).

2.3.2. The refractive index increment

The results of the refractive index increment measuremenis are collected in
Fig. 2.5. The refractive index increment appears to be constant and independent
of x-carrageenan concentration. A least squares analysis of the results yields a
value of 0.118 (ml g~ ) with a standard deviation of 0.003. Jones et al. (1973)
reported for non-dialysed i-carrageenan a comparable value of 0.127. It was
shown by Cleland (1968) that, as a consequence of dialysis, the refractive
index increment decreases. For carboxymethylcellulose a decrease in refractive
index increment of 119 was observed.

5|8 0150
0125 - o e e . Fig. 2.5.
S e, . . * Refractive index increment as a
function of x-carrageenan con-
100 centration.
ol ] 0.3 ol i Experimental conditions (see
conc. (gf100 mp Fig. 2.2).

2.3.3. Partial specific volume

The density increment of dialysed sodium salt of x-carrageenan solutions
(0.005 M EDTA, pH 6, 0.15 M NaCl) has been derived from the stope of a p vs
concentration plot (cf. Fig. 2.6), as 0.49. Substitution in Eqn. 2.9 yields 0.51
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Fig. 2.6. The density of x-carrageenan solutions as a function of x-carrageenan concentra-
tien, From the slope the value of dp/dc has been derived as 0.49. Experithental
conditions 0.005 M EDTA, pH 6, 0.15 M NaCl.

ml g~ ! for the partial specific volume. This value is in agreement with the value
of 0.50 ml g~ ! reported by Cook et al. (1952) for a carrageenan mixture,

The partial specific volume can also be calculated from the chemical com-
position by Traube’s rule, as was done for proteins by McMeekin and Marshall
(1952). The x-carrageenan molecule is built up from galactose units and
hydrosulphate.

The partial specific volume of hydrosulphate is calculated by Eqn. 2.9, using
the densities of NaHSO, solutions from the Int, Crit. Tables (Washburn, 1928)
a50.229 ml.g~!. For the partial specific volume of galactose, the partial specific
volume of a hexose unit has been taken as 0.613 ml.g! (Gottschalk, 1966).
The partial specific volume of x-carrageenan thus becomes.
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5 M galactose.v galactose + M hydrosulphate. v hydrosulphate (2.16)

carr.

total

The result vy, carrageenan = 0.49 ml g~ corresponds well with the experimental
value.

2.3.4. Viscosity measurements

The values of (5,—1)/c as a function of x-carrageenan concentration are given
in Fig. 2.7. The concentration dependence of 5, is usually expressed in terms of
the relation (Tanford, 1961)

Tl o ]tk e @17

where k is the so-called Huggins constant. For »-carrageenan in an 0.11735 ionic
strength solution the Huggins constant is (.35, a value that is often observed for
flexible polymers in good solvents (Huggins, 1942). The intrinsic viscosities of

Ty 120 ' AT
B / ® XM100A
i':-_l o /
1000 o 4
/o/. . Ho

/'/. /
,—"/.
m - -4
] . ._____..-——. An
a0 | .____.__,___c._-—-o-—-—-ﬁ-' 293 i
P ——s Hg
-8 » ECjg
o ! ]
Hio Fig. 2.7.
o Hog (fr,.—l)fc as a function of concentra-
N Hsp tion for different carrageenan
i f samples,
0.05 01 Experimental conditions (see

clg/ioomi  Fig. 2.2).
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Table 2.2. Intrinsic viscosities and viscosity expansion factors obtained at different ionic

strengths.
Sample Ionic strength [n] (difg) o n= (=) [n]a) /3
H,, 0.0275 1.20 1.28
0.1175 0.82 1.13
0.2175 0.85 1.14
@ 0.59 1.01
Hy. 0.0275 2.02 1.36
0.1175 1.38 1.20
0.2175 1.40 1.20
= 0.96 1.06
H; 0.0275 4.90 1.57
0.1175 3.23 1.36
0.2175 2.88 1.30
«© 1.73 1.0¢
EC; 0.0275 6.10 1.64
0.1175 3.85 1.43
0.2175 3.75 1.40
= 2.21 1.18
XM 100A 0.0275 14 1.84
0.0675 10.75 1.68
0.1175 8.70 1.58
0.2175 7.25 1.48
® 3.70 1.18

»-carrageenan fractions covering a weight-average molecular weight range of
17500 to 836000 are given in Table 2.1.

In Fig.2.8 the intrinsic viscosities of different x-carrageenan samples ob-
tained at different ionic strengths (cf. Table 2.2) are plotted against the recip-
rocal of the square root of the ionic strength of the solvent. A linear relation
between [n] and I~12 as proposed by Pals and Hermans (1952) was found for
many polyelectrolytes (Cox, 1960; Noda et al., 1970 and Hawkins and Holtzer,
1972). Fig. 2.8 shows that such a relation also holds for x-carrageenan. The
linear, least squares extrapolation to infinite ionic strength yields the intrinsic
viscosity [§] » of the x-carrageenan at conditions where the electrostatic
charge repulsion is completely suppressed through ionic screening (Noda et
al., 1972),

The relation between the intrinsic viscosity and the molecular weight
is usvally expressed by the Mark-Houwink relation, which for monodisperse
species reads
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Fig. 2.8. The intrinsic viscosity as a function of the reciprocal root square of the ionic
strength (I-1/2) given for different »-carrageenan samples.

[n] = KM (2.18)
In case of polydispersity this relation changes into (Appendix V):

(1] = Ky Gow<M>"1 (2.19)

where k, and a, are constants for a given polymer-solvent pair and g,.. is a
correction factor for heterogeneity of the x-carrageenan samples. In appendix V
it is shown that g... is given by

Goow= <M>W/<M>" = (@, +z+ 1)/ T+ 1)). 1j(z+ 1)

When a, = 1, the correction factor ¢,.,, = 1 and <M=, equals the viscosity
average molecular weight, < M>,, which is defined as

<M>v = (?n,-M,—l + a"/EiHiMi)Ha"l‘ (2.20)

with #; the number of molecules of molecular weight M;.

The slope of a plot of log {[#1/gs.w), With ¢y, = 1, vs log < M>, gives a first
approximation of a, from which a value of g,. is calculated for the next
approximation (cf. Fig. 2.9). After 2 steps a constant value of a, was obtained.
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Fig. 2.9. Double logarithmic plot of [#1/g,.. vs the weight average molecular weight.

Table 2-3, Mark-Houwink parameters, X, and a,, estimated for x-carrageenan solutions of
different ionic strength.,

Ionic strength K,-10° ay
0.0275 7.78 0.90
0.1175 8.84 0.86
0.2175 20.9 0.78

= 52.0 0.67

The experimental data obtained at different ionic strengths give different
values for X, and @, which are collected in Table 2-3.

2.3.5. The sedimentation coefficient

A typical sedimentation pattern for an 0.5%, x-carrageenan solution dissolved
in 0.005 M EDTA buffer pH 6.7, 0.1 M NaCl is given in Fig. 2.10. The hyper-
sharpening of the peak can be explained by the strong concentration de-
pendence of the sedimentation coefficient, an example of which is shown in
Fig.2.11. The concentration dependence of the sedimentation velocity of
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Fig. 2.10. Sedimentation pattern of x-carrageenan sample A,, in 0.005 M EDTA, pH 6.7,
0.1 M NaCl, carrageenan conc, 0.5%,. Angular velocity 68000 r.p.m.

. Svech,
)

15
Sa

Fig. 2.11.
Sedimentation coefficientasa
function of concentration for
x-carrageenan sample A,
(Exp. cond. see Fig. 2.10).
] 005 0.10 015 1:1/S;0,w against conc.

conc. (g /100 mh 2:1/S0,w " e Vs c.
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x-carrageenan appears to be the result of the change in the viscosity of the
solution with »-carrageenan concentration. From a-plot of 1/(S,0,wh,) vs the
x-carrageenan concentration {cf. Fig. 2.11) it can be seen that 1/(S,4, wns) 18
nearly independent of the concentration. This independency of the product of
relative viscosity and sedimentation coefficient was also observed for various
linear polymers which behave as flexible chains (Schachman, 1959). By extra-
. polation to infinite dilution from the 1/5,,,. vs ¢ plot or from the value of
1/(S20,wty) of the x-carrageenan sample A, , we find 89,,,. = 4.82 Svedberg.

2.3.6. The number average molecular weight

Values for the number average molecular weight of different x-carrageenan
samples as determined with the copper reagent method (Nelson, 1944} are
collected in column 6 of Table 2.1. On account of insufficient sensitivity of
this method it was not possible to determine the number average molecular
weights of samples PM 30, XM 100A, P100 and EC.

For the calculation of the different factors ¢, which are needed as correction
for polydispersity, it was assumed that the width of the molecular weight
distribution of the latter samples was the same as that found for the x-carra-
geenan sample H,. For a Schulz-Zimm distribution this means that the factor
z for these samples is the same.

2.4. DISCUSSION

24.1. The Mark-Houwink relation
According to the statistical and hydrodynamical treatment of polymers, a value -
of the exponent a,, in the Mark-Houwink relation (Eqn. 2.19) between: 0.5
and | indicates a randomly coiled molecule, while values approaching 2 in-
dicate a rigid rod conformation (Stuart, 1953). For an ideally flexible random
coil the exponent equals 0.5, whereas higher values of the exponent are due to
long-range interactions such as the exclusion of volume and electrostatic inter-
action. The value of 4, = 0.86 observed for x-carrageenan in an 0.005 M EDTA
buffer pH 6.7 containing 0.1 M NaCl, therefore indicates that the shape of the
w-carrageenan molecule under these experimental conditions can be inter-
preted as an expanded coiled molecule.

The value of the exponent in the Mark-Houwink relation is somewhat lower
than the value reported by Smidsred (1974) {(a, = 0.98) for low molecular
weight »-carrageenan (<M> ., <170000) in solutions containing 0.1 M LiCl
It was noted by Smidsrad (1974) that the plot of log [5#] against log < M> ,, had
some curvature for molecular weights exceeding 170000, which indicates a
lower exponent for higher molecular weight samples. Smidsred reported a
value of [#] = 6.6 dl.g~* for a x-carrageenan sample of <M>,, = 500000,
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which value corresponds well with our results. Comparable values for the
exponent @, are obtained with similar polyelectrolytes such as alginates
(Smidsrod and Haug, 1968) and cellulose derivatives (Brown, 1971).

Masson and Caines {1954) found a value of 4, = 1.28 for low molecular
weight carrageenan in the presence of 0.1 M NaCl. This value, however, was
obtained for an extract of Chondrus crispus which probably contained A-carra-
geenan. The presence of A-carrageenan with its higher charge density leads to an
increase of the electrostatic repulsion as a consequence of which the value of
@, increases.

As shown in Table 2.3 the exponent in the Mark-Houwink relation de-
creases with increasing ionic strength, which reflects the diminished electro-
static repulsion as a consequence of the screening of the sulphate charges by the
addition of salt.

For the x-carrageenan samples used it was observed that at all ionic strengths
the exponent of Eqn. 2.19 is not materially changed by replacing < M>, by
<M>,ie gow = 1.

2.4.2. The unperturbed dimensions of the x-carrageenan coil as deduced from [n]
and <M=,

The values of the exponents in Eqns. 2.15 and 2.19 suggest that under the ex-
perimental conditions (0.005 M EDTA, pH 6.7, 0.1 M NaCl) the x-carrageen-
an molecule must be interpreted as an expanded 0511 In the unperturbed state,
which is defined as the conformation of the chain urfder conditions where long-
range effects can be neglected, the size of the random coil is only governed by
factors reflecting the chain geometry such as the size of the monomer unit, the
length of the bond joining them, the valence angle and the steric hindrances to
free rotation about the intermonomer unit links. For a random coil the de-
pendence of [#] on molecular mass can be used to estimate the unperturbed
effective bond length /y, defined by Eqn. 2.23.

For monodisperse material the molecular mass dependence of [#] can be
given by the so-called Stockmayer-Fixman relation (Stockmayer and Fixman,
1963)

[7]/ M2 = Ky + 0.51 &y BM!2 @2.21)

In Eqn. 2.21 @y is the so-called Flory-Fox viscosity constant for a & solvent (a
solvent in which the excluded volume becomes zero). Its numerical valuc was
calculated by Flory as 2.8 x 102! ¢ gsunits (Flory, 1953). Further Bis a constant
for a given polymer-solvent system. The value of Kj is defined by (Flory, 1953)

[7)y = KoM : (2.22)

with [r]p the intrinsic viscosity of the polymer in the #-solvent.
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From the results the general S.F plot for »-carrageenan can now be given as:

[1/gs.r < M>32 =
2:7%x 1073 4+ [0-25 x 1075+ 0-24 x 1075 I 2] <M>}2/gsF

from which the relative electrostatic contribution to the total expansion
can directly be derived as

kel 1z _ 024 x 1075 12 (2.27)
kal ¥ + ko  024x10751°124025% 105

Under the experimental conditions with 7/ = 0.1175 the electrostatic contri-
bution to the total expansion is 73%.

In the above discussion of the unperturbed state of the x-carrageenan coeil
the x-carrageenan coil was defined as a hypothetically unrestricted chain with
the same number of segments (M/AM7%} as the real chain, but with a greater
effective segment length. An alternative description is sometimes used, in which
the coil has the same contour length /L )as the real chain rather than the same
number of segments.

The contour length L is defined by

L= (M/MH)L,, (2:28)

In theunperturbed state, the statistical segment length, called the Kuhn
statistical segment length (4 ,) is defined as:

Aw = H3/L (2.29)
Since !172, = (M/M%I;, Eqn. 2.29 may be rewritten as
Ap = L(MIME) [ (MM oy = §lu

The value of A, for x-carrageenan at infinite ionic strength according to this
convention is now calculated as 3.51 nm. This value is somewhat lower than
values which can be derived from data reported for cellulose derivatives
(Mandelkern and Flory, 1952} which are about 5 nm.

It is to be noted that for the estimation of unperturbed dimensions some-
times (Smidsred, 1970) the polymer chain has been thought to be built up from
the monomeric (monosaccharide) units instead of from the different segment
bonds. It may be clear that this may lead to misleading values of /y and 4,4,
which are difficult to compare with the segment length calculated for -car-
rageenan above.

2.4.3. The perturbed dimensions derived from viscosity data

a. The viscosity expansion factor
We have seen that under the present experimental conditions (i.e. at ionic
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strength 0.1175) the x-carrageenan ceil is expanded. The ratio of the light-
scattering radius of gyration of the expanded coil to the unperturbed radius of
gyration is given by the mean radius expansion factor which is defined as

op, = <Ry>12[< Ry 112 (2.30)

in which Ry, is the unperturbed radius of gyration which is related to the un-

perturbed end-to-end distance (1’15)”2 by (Tanford, 1961);
Ry = 1/6 3 (2.3

The unperturbed radius of gyration can be calculated from the unperturbed
end-to-end distance by Eqns. 2.23 and 2.31. To obtain a z-average value (as
obtained with light scattering) of the unperturbed radius of gyration Eqn. 2.23
needs to be corrected by the polydispersity correction factor ¢.... In the un-
perturbed state ¢, ., equals < M>,/<M>,, since the exponent in the relation
between the radius of gyration and the molecular weight (Eqn. 2.15) equals 1 so

<Ry>, = 1/6 <h3>, = 1/6 (< M> ./ M¥)I} (2.32)
Similarly, the viscosity expansion factor a, is defined by
% = [/ Inlg (2.3

The value of [#], can be obtained from Eqn. 2.22 which for the polydisperse
x-carrageenan samples needs to be corrected by the polydispersity correction
factor g,... as calculated in Appendix V.

o = Kp go.w <M>2

The values of o, for the different »-carrageenan samples derived from Eqn. 2.33
are collected in Table 2.4, column 3.

It has been demonstrated by Kurata and Yamakawa (1958) that the viscosity
expansion factor, a,, is related to the mean radius expansion factor ag, by

of = age® (2.34)

From the viscosity expansion factors derived by Eqn. 2.33 and the unperturbed
radii of gyration derived by Eqn. 2.32 the perturbed radii of gyration can be
calculated for the different »-carrageenan samples by

ah? = < R3> 12/ < Riy> 12 (2.35)

The values calculated for <R%>12 in this way are collected in Table 2.4,
column 4. These values are much lower {about 309)) thah the experimental
light scattering data which indicates that the relation o = ot,%;” does not hold
for x-carrageenan coils. Such a discrepancy between o3 and ag+? was also ob-
served for poly (z-L-glutamic acid) by Hawkins and Holtzer 61972). The dis-
crepancy between the experimental values and the values calculated by Eqn.
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Table 2-4. Dimensional parameters from light-scatteiing and viscosity measurements for
different x-carrageenan samples.

<R%g> 12 oy = <RZ>L?  <Rix12 <RiI>12  $-10°0

Samplc nm [I"]/ 1 nm nm nm
['”s] (Eqn.2-35)  {(Eqn.2-38)  (light scattering)

EC,, 19.7 1.31 21.5 353 51.8 0.45
H; 257 1.36 37.5 46.5 64.1 0.54
EC, 24.4 1.43 38.1 459 56.4 0.75
A, 30.2 1.45 437 57.8 71.6 0.58
HMR 341 1.53 576 68.4 91.0 0.60
H, 356 1.51 594 69.1 94.5 0.54
PM 30 371 1.54 63.1 73.5 98.0 0.58
XM 100A 380 1.58 66,1 77.2 105.7 0.54
P 100 388 1.58 68.3 78.8 102.3 0.63
EC 419 1.62 759 87.2 107.8 0.73

2.35 may be explained by the fact that Eqn. 2.34 does not hold for polyelectro-
lytes, since, as a consequence of the polyelectrolyte effect, experimental values
of [n]lead to an underestimate of the molecular dimensions (Cleland, 1968).

b. The Ptitsyn and Eizner theory

The radius of gyration can also be obtained from the intrinsic viscosity as
described by Ptitsyn and Eizner (1959). For flexible chains the intrinsic viscosi-
ty is related to the number average molecular weight by

(1] = @ (6) 637 <(R2)¥2>n/< M>» (2.36)

where @ (¢) is the Flory-Fox viscosity constant corrected for long-range inter-
actions by a factor & (for & = 0 the parameter @(g) equals @y = 2.8 x 102).
The parameter £ can be obtained from the exponent in the Mark-Houwink
relation (Bloomfield and Zimm, 1966)

£ = (a,—1)/3 (2.37)

For x-carrageenan in 0.005 M EDTA, pH 6.7, 0.1 M NaCl the value of the
exponent a, is 0.86, so & equals 0.24. Ptitsyn and Eizner (1959) and Bloomfield
and Zimm (1966) calculated ¢ as a function of ¢ and tabulated @(¢) for different
e values. For a value of ¢ = 0.24 the value of @(s) has been derived as 1.4 x 1021,

To introduce the z-average value of the radius of gyration, Eqn. 2.36 needs
to be corrected for polydispersity by a factor g..,, which is given by

Grm = (< M>,/<M>,) (<RZ>32[<(R3)32>,)

which for a Schulz-Zimm distribution becomes (see Appendix II)
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_2I(2) [F(z +3+8) ]3"2
Eqn, 2.36 can now be rewritten as
[1] = B(e) 6¥2 <R3>¥2 /< M>udzm (2.38)

The radii of gyration calculated from the viscosity by means of this equation are
collected in Table 2.4, column 5. Comparison with the experimental light-
scattering data (Tabie 2.4, column 6) shows a discrepancy for all samples in-
vestigated. This discrepancy between the light-scattering data and the radii
calculated by Eqn. 2.28 may be due to an overestimation of the parameter
®(e)(Takahashi et al., 1967). It is shown by Takahashi et al. (1967) that the value
of ®(c) as obtained by Ptitsyn and Fizner underestimates the value of
<R%>12 for polyelectrolytes. This is in agreement with the conclusion of
Cleland (1968) who suggested that the expansion of polyelectrolytes in good
solvents leads to a larger decrease of @(g), with respect to the ideal solvent
value than in the case of non-ionic polymers. In order to investigate this point
further, we calculated the values of @(g) for the different x-carrageenan samples
from the viscosity- and light-scattering data by Eqn. 2.38. This yields values
for @(g) varying from 0.45 x 10%* to 0.75 x 102! (cf. Table 2.4, column 7),
which values are comparable with values reported for other polyelectrolytes
(Takahashi and Kagawa, 1962; Orofino and Flory, 1959; Fisenberg and
Woodside, 1962 ; Smidsred 1970 and 1974).

2.4.4. The interpretation of the sedimentation coefficient
For a flexible coiled molecule the radius of gyration can be calculated from the
sedimentation coefficient (S°) by the relation (Yamakawa, 1971).

0 — M(1-vp)
S T N6 A DG 06+ s TRy, )

with n, the viscosity of the solvent and N Avogadro’s number,
Relation 2,39 holds for monodisperse coils and, therefore, needs to be cor-
rected by a factor g, for polydispersity, given as (see Appendix III)

gs= (<S>, /<M>,)<Ri>12
which for a Schulz-Zimm distribution yields

T z+(/2(3-
&= TTz+2F"

Eqn. 2.39 can now be rewritten as

O] (re+3+opn

S° = constant (< M>,/ < R%>12)g,
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from which the radius of gyration of sample 4, can be derived as 80.4 nm
which compares well with the value obtained for that sample with light scat-
tering {(77.6 nm).
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APPENDIX CHAPTER II

1. Molecular weight distributions
Let us assume that the molecular weight distribution of the carrageenan samples
can be described by a Schulz-Zimm distribution (Zimm, 1948)

N(P) = [y ()] P*-te™ P (A.1)
in which N{P) is the number of molecules with a degree of polymerization P:
P = MM,

M being the molecular weight of the molecule and M, the molecular weight of
the monomer unit. Further z and y are constants characteristic of a given
sample. The width of the distribution is determined by the parameter z.
The gamma function of z, (I'(z)) is defined as

re) = ;fxz-l ce~t- dt (A2)
with the property
@ +1) = 2I'() (A.3)

The different molecular weight averages can now be calculated as:

cis, = Ml DIIT@1PredP _ (Moly™) TG+1) _

n?[yzl"(z)] PimlemyPgp Ly I'(z)
= (Mo/y) (2) (A4
Mo — M%:f[y‘/F(z)]P’“e‘ YPap _ (MEjy*r2)-T(z+2) _
ST UM TDAIT@I P e TP T Moy ) T+ 1)
= %o G+ (A.5)
and w
wit>, = MIDIT@]Pr2e AP (M3y*+3) Ta+3) _

M%,j’[y’/f‘(z)]P’“e*”’dP (MR T(z+2)

%’ (z+2) (A.6)

The distribution (A.1) is used to investigate the relations between different
molecular parameters in polydisperse systems.
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