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Abstract

The initial aim of this work was to study the gelation
process of aqueous solutions of agarose using photon
correlation spectroscopy in order to further our under-

standing of the gelation mechanism.

The outcome of this research has been the proposal
of a model for the agarose system which differs markedly
from currently accepted ideas. The agarose batch used in
this work was found to contain 0.44% by weight of an insol-
uble ash which has been identified as being a calcium sulphate
matrix with numerous ionic impurities. It is here proposed
that this ash forms the "hard-core" centre of large
agarose-containing units identified by light scattering
techniques. These large units are a small fraction of the
total solute. Thus the agarose/water system is not simple
but may be thought of as being a dispersion of colloidal

" "hard-core" particles in a homogeneous agarose solution.

A mechanism has been proposed for the gelation process
as a result of light scattéring studies and microscopy. The
initial act of gelation is thought to involve aggregation of
the "hard-core" units into linear chains which form a back-
bone structure for the incipient gel. The model has been
shown to be consisten£ with numerous experimental observ-
ations such as intensity light scattering, ion interactions

and hydrolysis.

It thus appears that the inorganic ash content of the
sample, which is believed to be intrinsic to the system,

plays an important role in determining gel-forming properties.
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CHAPTER 1

Introduction

The gel state is important both biologically and commer-
cially. Polysaccharide gels, for example, have biological
functions in the walls of plant cells, in animal fluids and
connective tissue and in the bacterial capsule. They also
have widespread commercial uses particularly in the foodstuffs,
cosmetic, paper and textile industries. These gels are also
invaluable to the research scientist by whom they are
employed in many applications such as gel filtration,
gel electrophoreéesis, exchange chfomatography and as culture

media.

The macroscopic properties of polysaccharide gels are
quite remarkable. For instance, agar gels may contain
99.9% by weight of water and yet still be capable of
retaining their shape under stress. Evidently the gel-
solvent interaction is immensely strong. In order to
understand the properties of such syétems the role of the
polysaccharide molecules in so drastically modifying the

properties of the solvent must first be understood.

Gels may be classified on a structural basis: [1]

a) Well ordered lamellar structures. In this
category one may include soap gels, phosphcolipids
and interacting clav particles.

b) Covalent polymeric networks such as vulcanised
rubber, resins and paint films.

c) Polymer networks formed through physical

aggregation, the networks being predominantly
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disordered but with regions of local order.

Here one may include gelatin, poly-vinyl

alcohol gels and'alginate and carrageenan gels.
d) Particulate disordered structures such as

flocculent precipitates.

With this notation polysaccharide gels would be in-
cluded in category "c", for the gel structure of polysacch-
arides 1is generally believed to arise from an association
of chain segments to form "junction zones” [2]. These
"junction zones" are joined into a network by polymer chains

which are involved in two or more. "zones".

The challenge of these systems lies in the determin-
ation of the precise molecular arrangement in these
"junction zones" and the nature of the intermolecular

interactions.

In this work the gelation of a commercially important
polysaccharide, agarose, has been studied using the technique
of Photon Correlation Specfrosc0py which is particularly
well adapted to the study-éf the.Brownian motions of part-
icles in condensed fluid media. Photon Correlation
Spectroscopy was developed in the mid 1960's when the advent
of digital electronic techniques enabled the correlation
function of the scattered light from a polymer solution to
be measured. It had been shown [3] that the correlation
function contained information about the dynamic properties
of the system such as the translational diffusion coefficient,
the rotational diffusion coefficient of the solute molecule
as a whole and the relaxation times of the internal modes

of specially large polymer molecules. Thus Photon
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Correlation Spectroscopy (P.C.S.) provides a quick, non-
destructive, non-intrusive means of monitoring the dynamic

properties of a polymer solution.
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CHAPTER 2

The Agarose/water System

2.1 Agarose

Agar has become very familiar as a gel material and
has been employed by microbiologists as a culture medium
since the 1880's. It is also of great importance in many
industrial applications. The source of agar is a family of
red seaweeds (Rhodophyceae) of which gracilaria and gelidium

are examples of the more commercially important species.

Agar is eXtracted from the seaweed [4,5,8] with dilute
sulphuric acid, filtered, and the solution allowed to gel.
The gel is then frozen, when upon subsequent thawing most
of the water and organic impurities are removed. The con-
centrated gel is then dried in a current of air. This crude
product is washed for 10-15 days, changing the water daily,
to remove further impurities such as free iodine and organic

matter.

The structure of agar was investigated by Araki [5,6,7]
who separated the fraction of greatest gelling ability and
named it agarose. Agarose is a neutral galactose co-
polymer comprising alternating 3-linked B-D-galactopyranose
and 4-linked 3,6-anhydro «-L-galactopyranose residues

(figure 2.1).

Other fractions consisting of sulphated polysaccharides

were collectively named agaropectin.

Agarose gels have. been found superior to agar gels for

many applications. For instance, in gel diffusion-filtration
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the negatively charged agaropectin can cause complications
by interacting with the protein molecules being separated.
In addition granulated agarose gels for use in column

chromatography are less easily deformed and have a longer

storage life than granulated agar gels.

Several techniques have been proposed for the prep-
aration of agarose from agar [26]:
a) Acetylation ([8]
b) Cetyl pyridinium chloride method [9]
c) Fractional precipitation with polyethylene

glycol [10]

The first two techniques, as well as other pro-
posed preparations, although providing excellent separation
are tedious and expensive. Fractional precipitation, how-
ever, provides a relatively simple procedure and avoids the
use of expensive reagents. The product from this method
has been found to be suitable for electrophoresis, gel
diffusion-filtration and as an overlay for virus plaque

formation [TO].A

Agarose is actually a mémber of a family of poly-
saccharides having the same covalent backbone structure
but differing by the conformation of the linkages and the

amount of sulphate present (figure 2.2).

Agarose, as the non-sulphated memberfbf this family,
exhibits such phenomena as hysteresis in the melting and
setting temperatures of the gel to a greater extent than
do the polyelectrolyte modifications because chain

association is more favoured for agarose.
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In practice the separation of agarose from its
sulphated derivatives is not complete and commercial
agarose samples are graded with respect to their sulphate

content, gel strength, gel point and electroendosmosis.

Guiseley [27] has investigated several varieties of
agarose obtained from different sources. The sulphate and
ash contents of the samples were determined and found
typically to span the ranges [504}]~0.1-0.8% and ash
~0.3-1.4 wt.2. The effect of the presence of methoxy
groups on gelation was also studied, and it was found that
a high methoxy content led to an increase in the gelation

temperature.

2.2 Properties of the Agarose/ water System

Araki's discovery of the nature of agar meant that
previous physico-chemical research on agar was of little
relevance to studies on agarose gelation and that the
properties of the separate fractions of agar must be studied.
Agarose, as a typical gelling polysaccharide, has received
much attention although emphasis seems to have been placed
more on the macroscopic viscoelastic properties of the gels
rather than on an understanding of the molecular phenomena

involved in gel formation.

Agarose gels are typically turbid and rigid, and prone
to the phenomenon of syneresis; the spontaneous loss of
water on standing. A notable feature of the system is the
considerable hysteresis displayed in the melting and

setting temperatures. A hot aqueous agarose solution
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(c~1.0wt.%) when cooled, will set to a rigid, turbid gel
at ~40°C. Upon reheating the gel will melt at ~90°C.
Recooling will again result in gel formation at ~40°C,
This cycle may be repeated indefinitely [11]. This
hysteresis loop has been observed in both the rheological

and optical properties of the system.

The minimum concentration of agarose required for the
formation of a rigid 3-dimensional network varies according
to the source and purity of the agarose but lies in the

range 0.1-0.5wt.% [12,13,14,].

The hysteresis loops as obtained by optical rotation
studies [15], optical absorbance [16] and pulsed proton

magnetic resonance [16] are shown in figures 2.3-2.5.

Studies of the optical rotation of more dilute non-
gelling agarose solutions have also revealed similar be-
haviour during temperaturé cycling (figure 2.6), although

this behaviour was not observed by Pines and Prins[13].

Wide‘band, high resolution and pulsed n.m.r. spectra
of agarose sols and gels have been extensively investigated
[14,17,18,19,]. These experiments have confirmed the
existence of the hysteresis cycle and revealed that the
water protons exist in several states. Early studies were
analysed in terms of a two phase model for which hydration
values of the order of 0.1-3.6q9. of water per g. of agarose
were obtained. More recent studies, including the use of
70 n.m.r. [20], have shown this to be an oversimplification.
A more appropriate model includes consideration of three or

more phases with differing correlation times.
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A recent study by Hayashi [29] using fluorescence
polarisation confirmed the hysteresis cycle (figure 2.7).
However, Hayashi also observed a new transition point.Tz,at

~53°C.

This new transition was also observed in measurements
of the reduced viscosity, optical rotation and by fhe tech-
nigque of differential scanning calorimetry. Hayashi con-
cluded that the new transition, T,, was associated with
helix formation as proposed by Rees (see section 2.3) and
that T, was associatedeith a slower gelling reaction. We

will dissent from this view.

2.3 The Agarose Molecule

A detailed examination of the physical characteristics
of the agarose molecule was undertaken by Hickson and Polson
[24]. They concluded from transmission electron microscopy
that the chains were linear with a mean length of

(2.620.3)x103

A. The width of the molecule was found to be
(15.720.9)X. The molecular weight as evaluated by |
diffusiOn/viscosity and sedimentation/viscosity techniques
was found to be ~120,000. The molecular weight has been
confirmed by Child and Pryce [14] (110,000-170,060)and by
Prins [28] (120,000). Laurent [25], using exclusion chrom-
atography, concluded that the diameter of the agarose mol-

ecule in the gel state was ~50A and that the hydrated fibres

contained 35-50% water.

X-ray diffraction techniques have been employed to

study the packing configuration of many polysaccharides in
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the form of fibres and oriented films. Thus, studies of
fibres of k-carrageenan and i-carrageenan [21] have revealed
that these polysaccharides exist in the form of double
helices with three disaccharide residues per turn of each
single chain. X-ray diffraction studies of agarose and
several derivatives [11] suggested that double helices were
present in fibres and oriented films. Each chain in the
double helix was found to form a left-~handed 3-fold helix

of pitch 1.90 nm. and to be translated axially relative to

its partner by exactly half this distance. (Figure 2.8).

Assuming that the ordered structure in such fibres and
films is closely related to the ordered configuration that
exists in the gel "junction zones", Rees has claimed that
the observed changes in optical rotation are consistent
with gel formation involving a random coil » double helix

conformation change. [2,11,21,22].

The proposed mechanism (figure 2.9) is a two-stage

process involving,

1) Coil + double helix transformation resulting
in chains crosslinked by isolated double

helices.

2) Aggregation of the double helices.

The two stages are thought to be, to some extent,

consecutive [22].

This would suggest, considering Laurent's finding of
the width of the agarose chains in the gel state, that the
postulated aggregates contain 7-11 double helical units.

Since Rees' proposal of the formation of double helices
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nearly all experimental observations have been interpreted
with reference to this mechanism. However, very recent
high resolution X-ray diffraotion studies by Atkins [23],
which are in general agreement with accepted notions of
double and triple helix formation in the carrageenan family,
indicate that the association of agarose chains in fibres
and oriented films can occur in three distinct
crystallographic arrangements, none of which involves the
formation of a doqble helix. Briefly, Atkins' diffraction
data, consisting of up to 80 reflections, show that the
polysaccharide chains adopt a more elongated conformation.
Atkins finds the true layer line spacing to bev28.5£ and
that the helices are three-fold with an axial advance of
9.52 (compared with 6.33§ as found by Rees/Arnott). Such
an extended helix cannot intertwine and thus the formation

of double helices is ruled out.

Thus the mode of aggregation of the agarose chains
during gel formation remains unsolved. However, any
;junction zones" or cluster formation in agarose gels must
result from the aggregation of single helices in some |

manner.
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CHAPTER 3

Photon Correlation Spectroscopy

3.1 Principles of Light Scattering -

In the classical theory of light scattering an incident
beam of polarised light exerts a force on the charges with-
in any dielectric medium. These accelerating charges then
radiate light in all directions. If the illuminated volume
is considered to be made up of numerous subregions, small
in comparison to the incident light wavelength, then the
net scattered electric field at any point in space is the
vector sum of the scattered field from each subregion. If
each subregion, however, is optically identical then the
scattered field from each will be identical in amplitude
but will differ in phase because of the various spatial
positions of the subregions. For a large number of such
identical subregions the phase differences at any point in
space will céncel out, leaving no net scattered light
except in the forward direction. If the subregions are
not optically identical then the amplitude of the scattered
field from each will no longer be identical and complete

cancellation cannot occur.

Accordingly the scattering of an incident light beam
occurs because of optical inhomogeneities in the scattering
medium. In a liquid these arise because of the translational
and rotational motions of the molecules which cause
fluctuations in the instantaneous dielectric constant of

any given subregion.

Let the incident electric field be a plane wave of the
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form:

E(r,t) = E, exp 1 (Kg.r=wpt).... (1)

where E,= amplitude of the field
We = angular frequency

[Ke] = wavevector = 2mn

Ao

This wave is incident upon a medium whose local
dielectric constant is given by:
E(r,t) =<&E>+ §€(r,t)....(2)

In the far field approximation the scattered electric
field at an angle © is given by:
ESJ_(B,t) = A E(ry,t) exp i (Korp-wot) .v..(3)
A = scattering amplitude = f(k,g), where the detector is a
distance R from the scattering voluﬁe.

Considering the scattering volume to consist of N
subregidns:

N ‘
Eg (R,t) =A' exp (-iwpt) _%E(E_L't) exp i (K.rp)....(4)
LS

Substituting equation (2).

N
Eg (R,t) = A' exp (-iwgt) [<E_>.Zlexp i (K.ry)
=

v
+ .ZSE(Q.HC) exp i (K.rg)l....(5)
L=

The first summation term will be zero except for
scattering in the forward direction. The second term gives
the scattering originating from fluctuations of the
dielectric constant (©F0).

Thus:

~
Es(egoy ' exp (miwgt) élSE(Ea,rt) exp i (K.ry)
=A' exp (-iwgt) jSS(E,t) exp[i (E'E)}dE
dv

=A' exp (-iwgt) $E& (K, t)....(6)
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where SE(E,t) and $E& (K,t) are a fourier transform pair.

Thus in a pure fluid the instantaneous scattered field
in a direction © (8+40; K#0) is propdrtional to the instan-
taneous magnitude of the spatial fourier component of the
dielectric fluctuation. Thus the perpetual motion of the
molecules within the medium causes the total scattered
electric field at the detector to fluctuate in time. Since
thermal molecular motion is stochastic in nature the total
scattered field varies randomly at the detector. These
fluctuations, however, may yield important structural and

dynamic information about the positions and orientations
of the molecules. |

Since the scattered field and scattered intensity are
simply related: :

Ig= B <EgE*> B= constant
Then: ' '
Ig <SE(_I§,t)2> for fixed RXN,0....(7)

Thus the mean square value of the dielectric
fluctuations may be obtained from intenéity measurements
of the scattered light. This may in turn be related to
thermodynamic properties of the medium such as the isothermal
compressibility and osmotic pressure [30].

When a pure solvent is made more inhomogeneous by the
addition of solute the increase in scattered intensity may
be used in order to evaluate the number of solute particles
per unit volume; in appropriate cases conclusions about the
size and shape of these particles can be drawn from observa-
tions of the angular distribution of the scattered light [31].

For a dilute non-interacting polymer solution the time

averaged scattered intensity may be written:
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<Is>°( M P(K)....(8)

where M is the molecular weight of the polymer chain and
P(K) is the single particle scattering factor, which is
related to the shape of the polymer molecule [32].

For more concentrated solutions the angular variation
of scattered intensity also contains information concerning
the interactions between solute particles:
<Ig> e« M P(K) S(K)....(9)
where S(K) 1is termed the structure factor and is the fourier
transform of the pair distribution function g(r):

S(K) = 1+4n;{fr"' Sin Kr (g(r)-1)dr....(10)
Kr

o
It can easily‘be shown for non-interacting systems
(for which the pair correlation function is unity) that
the above reduces to equation (8).
Thus studies of the angular variation of the scattered
light from polymer solutions can be used in order to study

the size, shape and geometrical positions of the scattering

particles..

3.2 Fluctuations and Correlation Functions

Time dependent correlation functions are familiar tools
in the areas of noise analysis and stochastic processes.
They provide a concise method of expressing the degree to
which two dynamic properties are correlated over a period
of time.

Figure 3.2 shows a plot of a random signal, I(t),
for example the output current of a photodetector, as a
function of time.

An infinite time average for this process may be
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expressed: -
I (tg) = 1lim 1 j.I(t) dt
(T-t)ree T ¢

where t,is the time at which measurement of I(t) began and
T is the time for which measurements were taken.

The process is termed "stationary" provided the infinite

time average I(tgy) is independent of the time at which

measurements began. Then:

9
I = lim 1 I(t) dt
<1>= lin 1 _£ (

Thus the value of I(t) fluctuates randomly about its

time averaged value <I.

The time correlation function for the process is defined:

e
G (%) lim- 1 jI(t) I(t+T) dt
S :

Toou T

I(t) I (t+D)D>

When € is very small the values of I(t) and I(t+7T)
will be close. ‘However, as T increases the potential
deviations of I(t+®) from I(t) become greater. Thus at
small € the valﬁe of I(t+?) is highly correlated with I(t)
but as T increases the correlation is lost:

T <I(t) I(t+m)> LT (v)*>
tree <I(t) I(+1)> KT KI(H)>=L1(t)p”

Thus the correlation function G(t) decays from a value
of <I1(t)*> to <I(t)>z in the course of time. 1In many
applications the correlation function decays as a single
exponential so that:
<1t 1> = <o)+ [<I(t)’> —<I(t))"1exp -t
where ®¥p is the relaxation time or correlation time for ::é

process.

By considering a section of the (I(t), time) plot and
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then rigorously decomposing the signal into its fourier
components it can be shown that the correlation function
is the inverse fourier transform of the power spectral
density, S(w):

»_ ®r
<te*rern > = [ s(w) exp (-iwk)aw

- oo

and thus the power spectral density is the time fourier
transform of the correlation function.

Lad

S(w) = 1 f(I(t+‘c)I*(t)> exp (iwe)d<t
2T ~oo

The above equations relating the intensity correlation
function and spectral density are known as the "Wiener-

Khintchine Theorem".

3.3 Operation of a Digital Correlator [33,34,35]

Figure 3.3 shows'é trace of the fluctuating intensity
at a photodetector. 1In quantum mechanical terms the field
at the detector gives rise to a Poisson probability of
obtaining a photodetection, in a short time At, prop-

ortional to the intensity:

no = B (o)]f = 1

Thus the output pulse train of the photodetector
consists of a Poisson probability process modulated by the
fluctuations in scattered intensity. The signal then passes
to an amplifier/discriminator which standardises the signal
into pulses of a set width. Each pulse corresponds to the
detection of a photon at the photodetector.

Thus the number of counts received per sample time,
T, is recorded as in figqure 3.3. If n(t,T) represents the

number of counts received in an interval T centred on time
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t, then to obtain the full photocount autocorrelation
function the quantity:
<n(0,T) n (t,T)>
has to be evaluated. This may be achieved by counting the
photodetections occurring during each of a number of con-
secutive sample times and multiplying the current signal,
channel by channel, with the delayed information. How-
ever, the above multiplications involving numbers greater
than unity are time consuming and therefore limit the
speed of operation, as well as being very costly in terms
of hardware.

In practice, one generally uses "clipped” rather than

full autocorrelation functions. The clipped count is defined

as:
n, (¢,T) =1 if n(t,T) > k
n, (¢£,7) =0 if n(t,T) <k

where the integer k is the "clipping level". The clipping
level is adjusted to be equal to the mean number of counts
per sample time, ETETEW, so that there is an equal prob-
ability of n(t,T) being above or below a given k.

The accumulation of the single clipped correlation
function within the correlator is achieved as follows:
(figure 3.4).

The incoming pulses in any given sample time are
counted in a scalar which has a preset overflow, k(the
clipping level), such that for:

n(T) > k the clipping gate is set into the "1" state
n(T)K k the clipping gate is set into the "0" state.
The unclipped count is multiplied by the delayed

clipped signals (0 or 1) using "and" gates and the
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product added to the channel store. At the end of each
sample time the contents of the delay register are moved
one position to the right and the contents of the clipping
gate (0 or 1) loaded into the first delay register. The
clipping gate and scalar are reset and another sample
interval commenced.

Thus the single clipped correlator has evaluated

é"(r,'r) N<n(t,T) n, (t-rT,T)>

[t

1l

N<n, (t) n (t+rT,T)>
where r is the number of stores available in the correlator.

The use of clipped correlation functions leads to con-
siderable simplification in the circuitry and faster oper-
ation of the correlator with little loss in the physical
information obtained.

Provided the number of scatterers is large and the
scattered electric field has a Gaussian amplitude
distribution the single clipped function is given by
[36,37]:

. 1 2
<n (B) n () > = <> <ndS [1+/3ﬂ+_ki ERG) }
1+<n> -

where B is a constant related to the finite aperture size

of the photomultiplier detection system and:

¢" ) = <X ED)D
<E(t)*>

i.e. the normalised electric field autocorrelation function.

Thus with the single clipped correlation function, a
knowledge of the total number of samples taken (N), the
total number of counts detected (n,) and the total number
of clipped counts (ng,) the electric field correlation
function may be evaluated since:

) = n <n (t) n (t+1)D
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is the quantity evaluated experimentally and:

1+ UK |7 = <nwt) n (641> = Mo
T+<n» <n> <nk> n‘rn'r,k_

Therefore:

2 m
c )] n -1 = B(1+k) ]g (€)
N« Ny 1+<n>

In the foregoing sections it has been shown that when

ll

intensity light scattering and J'Nt) are taken together,

one can obtain important structural and dynamic inform-
ation about the scattering species [38]. 1In the following
sections the application of photon correlation spectroscopy
and thé information contained in J”(f) in relation to poly-

mer systems and gels will be discussed.

3.4 Ideal Polymer Solutions.

3.4a Light Scattering Studies.

It has been shown in section 3.1 that scattered inten-
sity (©+#0;K+#0) arises from fluctuations in the local
dielectric constant. For pure liquids these are attri-
buted to the thermal motion of the molecules. In polymer
solutions, however, the polarisibility of the solvent
molecules can be chosen to be small compared with that of
the macromolecules. Thus the macromolecules dominate
the behaviour of the dielectric fluctuations.

Thus considering a macromolecule of ng identical
segments then the polarisibility ««(r,t) is given by:

Ng
X(r,t) = 3 D (t) §lr-r, (t)]
L=1

tA

where D;(t) relates to the orientation of the i*" segment

and rg is the position of the iehsegment relative to an



-43-

external frame of reference.
Performing a fourier transform:

Ng
X(K,t) = 3 Dy (t) exp i(K.ry(t))
L=1

The magnitude of the scattered electric field may be

obtained:

Ng

Eg = A' exp (-iwgt) .ZDL(t) exp i(K.r; (t))
(=4

Substituting r ; = R+bg

where R is the vector position of the centre of mass of
the polymer coil and by is the vector from the centre of

mass to segment i, we obtain:
g

Eg = A' exp(-iwgt) ZDL(t) exp i(K.K(t))
L=l

x exp i(K.bg(t))
For an optically isotropic molecule D is a scalar

and hence:

Ns
Eg ® 2 exp i(K.R(t)) exp i(K.bi(t))
=1

Thus the temporal electric field correlation function

may be written:
Ny :

<Eg (0) Eg() >« S exp i(K.R(t)) exp i(K.bi(t))
el

Nsg

x > exp-i(K.R(0)) exp -i(K.b;(0)) >

J=1
o(<?</‘iexp i (K. (R(t)-R(0)))

I.:,j:i
x exp i(K.(biy-b; (0)) >

will be small. Also

For small molecules‘gL(t)—bj(O)

at small scattering angles K is small. Then:
s -

23 exp (K. (be(t)-bj(0)) = ni
Lj= 1
Thus :

e o) B>« exp LK. (R(E)-R(0)))
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which is determined solely by the translational motion of
the centre of mass of the macromolecule.

We define:
F (K,t) = <exp i(K.(R(t)=R(0))) >
where F (K, t) is termed the intermediate scattering function
which is related to the self component of the Van Hove
space time correlatioen function,Gs(E,t),via an inverse
fourier transform:
P (K, t) = j-dai e (r,t) ar
where G5(£,t) is the probability that a particle at the
origin at time t=0 will be at a position r+ r+dr at
time t, and is thus the Green's function solution of a
diffusion equation.

Solving the appropriate Brownian diffusion equations:

¥6s(r,t)= D VG (x,t)
At -

thenﬁ

dF (K, t) = -&*D Fg (K, t)
N R

Therefore:
Fy (K, t) = exp (-K?Dt)
where D is the translational diffusion coefficient of the

species.

Thus:
<Es"(0)fzs(t)> = P(K)exp (-K Dt)

The single particle scattering factor, P(K), is unity
for scattering species whcse dimensions are smaller than
”’k/20. For larger dimensions, P(K) is determined by the
shape of the scattering species[32].

The normalised electric field autocorrelation function

g“)(t) is related to the intermediate scattering function
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by:

Mk, = Ledo) Es0)>
CEL T

where (Eg(t)* > = {1(k,0) > ={1(k,t) >, the time

averaged intensity.

The time averaged intensity is given by:(section 3.1)

<I(R,8)> & P(K) S(K)

Thus
0! ¥
g (K,t) = <Es(0)Es (t)> = Fg(K,t) P(K)

I 8) D P(K) S(K)

= FS(Krt)
S (K)
Thus for the case of simple brownian diffusion:

aM(k,t) = exp - k3Dt

S (K)

S(K) is determined by the pair distribution function
and for a dilute non-interacting solution S (K)=1.

Thus for a system of dilute, spherical, non-interacting
species undergoing brownian motion:
Jd(ﬁrt) = exp - K*Dt

Considering the experimentally determined quantity,
the photocount autocorrelation function, then for such a
system:
(2) 2
G (K,t) N =1 + PR(1+k) exp -2K"De

N Ny (1+<nd>)

where the left~hand side of this equation is termed the

normalised second order electric field autocorrelation
function:

Then:
n (g‘”(g,t) - 1)= -2k?pt + tn R

where R =8 (1+Kk)
(1+<n>)

x)
Thus a plot of the natural logarithm of {g (K,t) - 1};t
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should be linear with a gradient of -2K*D. Accordingly
the translational diffusion coefficient may be directly
evaluated from the correlation function of the scattered

light.

3.4b Polydispersity

All synthetic macromolecules possess some degree of
polydispersity. For a monodisperse system of small, spher-
ical, non-interacting species undergoing Brownian diffusion
it has been shown that:

d“(g,t) = exp - K*Dt = exp - Mt

Howevér, for a polydisperse system {7 will now contain
contributions from all the various macromolecular chains:
Mk, t) = j?.c;(r') et am

. [-)
where G(I")dP is the fraction of the total scattered inten-
sity which obeys [M=pk? within the increment dar.

The standard approach to such a polydisperse system is
based on the method of cumulants as devised by Koppel [39]:
¢k, t) =exp —T€
where the bar denotes an average over [ weighted by the
distribution function G(T').

The moments of the distribution are given by:

}
I)m(l’) = 4 g"(g,t)l
d(-t) -t=o

The cumulants of [? are then given by:

KM = _d” tn g"(x,t)
I-o-

~t=o0

. =]7. = (-T2
and: D =TI"/K%

If the intensitv of light scattered by the
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macromolecules is proportional to the molecular weight

multiplied by the weight concentration then:

G(M = 56 MY (Sr”"cyg c: My
¢ L

w
where M is the molecular weight.

Therefore:

A/t = Z e M D /5 ¢ MY
t i

)
=DZ

where D, 1is the so-called z-average diffusion coefficient.

The second cumulant Ka when normalised by (K‘)2 is related

to the width of the distribution and can thus give a

measure of polydispersity. ‘For a Gaussian distribution all

higher moments are zero.

A simpler but less rigorous approach has been proposed
by Pusey [40]:
QOQE,t) = exp -t {1ﬁ¥g§i + ﬂEEi +....}

2! 31

where fﬁ_is the ith moment of the distributiqn about the
mean of G(IM).

Thus the initial slope of a ({n go?K,t);t) plot gives
the negative mean decay rate,‘Fi The second moment is ob-
tained by differentiation:

. 2 ({]]
lim & %n g (K,t) =Fz

t+0 tE
Pusey also defined a quality parameter, Q, where:
Q= P/

i.e. for a single exponential decay Q = 0.

Although these techniques are commonly employed in the
analysis of experimental data, it must be stated that photon
correlation spectroscopy is relatively insensitive to the

multiple decay times arisino from polydispersity and the
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determination of the detailed form of G(I) is not normally
possible. It should also be noted that the 24-channel
correlator used in this work did not provide data suitable
for moment analysis. Only during the last few weeks of the
project did 96 channels become avéilable. Their use demon-

strated that non-exponentiality is not a major problem.

3.4c Internal Motions

In the foregoing derivation for the physical interpre-
tation of the photocount autocorrelation function of a
macromolecular solution it was assumed that 5'(Ei(t)'9j(0))<<1-
This need not be the case.

For large molecules this intramolecular faétor must
be'considered, when evaluation of the rotational diffusion
coefficient becomes possible.

Considering the case of a rigid rod [41.,42].

(1)
g

(K,t) = B (KL) exp -D Kt

+ P, (KL) exp — (DK + 6Dg)t + weueuens
where PL is the relative integrated scattered intensity.
P, refers to pure translation. P, refers to the first
non-zero term that contains the rotational diffusion
coefficient. L is the length of the rigid rod.

Pecora has shown [43] that, for KL'<3, P, contributes
less than 1% to the total scattered intensity, when
measurements in this regime may be analysed in terms of:
éu(K,t)ot exp - DTKzt
For KL>5 the contribution of P, is significant and

the spectral width is related to both Dy and Dg.

Hence having obtained the translational diffusion
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coefficient at low K (KL<3) the rotational diffusion
coefficient may be evaluated from measurements at higher
K (KL»5).

In this treatment, however, the translational and rota-
tional motions are not coupled. The coupling of these
motions has been studied by Maedo and Saito [44]'who calcu-
lated that the coupling term contributes less than 1% at
small K but may become significant (~8%) at higher K values.

In addition to rigid rods, the internal modes of flex-
ible coil macromolecules have also been investigated theor-
etically. For the internal motions of flexible coil macro-
molecules:
gk, t) =m§' Ryn XD - (DK1+%‘_'1t
where Tais the decay time of the A" normal mode. The
double éummation is necessary since each normal mode con-
tributes an infinite series of Lorentzian functions. Pecora
[42] has shown that for coils of radius of gyration less
than 2000 R the internal motions cannot be observed by
means of quasi-elastic light scattering.

However, the internal motioné of smaller molecules may
be investigated using neutron scattering techniques.

Thus much attention has been focused on the internal
motions of flexible coil polymers both experimentally
[45,46,47] and theoretically [47,48,49,50,51,52]. Much of
this work has been concerned with the wavevector dependence
of the characteristic time T, i.e.

gm(K,t) ® exp - t ie. T =17
T, Ta

The findings, both theoretical and experimental, are

summarised below:
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1) For KR &1 (where R is the radius of gyration
of the coil) a single exponential decay is
obtained with I'= Qer. Thus the translational
diffusion coefficient only may be evaluated
in this regime.

2) At higher values of KR the internal modes con-
tribute to the total scattered intensity and 7
is found to increase faster than K* Theoreti-
cal predictions for this regime have shown a
high degree of consistency. For a Rouse coil
(free-draining) it has been shown that I" should
vary as k* For Zimm-type coils with the
inclusion of hydrodynamic interactions between
segments 7 should vary as Ks. However, the
predictions differ on the point of whether the
decay should be exponéntial in time . Experi-
mental evidence has shown good agreement with
the Zimm-type coil predictions (M<K %) and
suggests that the decay is non-exponential [46].

Thus we may conclude that when the scattering vector,
K>1/R internal motions within the polymer chain contribute
significantly to the scattered intensity. In this regime
the characferistic time is found to vary as fB (as predicted
by the more realistic Zimm-coil model), although the detail-

ed nature of the temporal correlation function has not been

satisfactorily established.

3.5 Complex Systems

In the previous sections the spectrum of scattered
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light for a system of dilute, non-interacting molecules was
discussed. When many particles are present the interactions
between particles become important. These interactions
may be direct, such as charge effects, or indirect such
as that mediated by the motion of solvent molecules. Thus
the resulting motion for the many-particle system may be
quite different from that of the single diffusing particle.
The effects of intermolecular interactions on
diffusion have been considered by numerous authors [53,54,
55,56]. Phillies [57] predicted that when the inverse
wavevector was of the order of the interparticle separation,
r, then a significant wavevector dependence of the diffusion
coefficient should be observed provided %% is non-zero
(U is the interparticle interaction energy ). In 1974
Brown et. al. [58] found such a wavevector depehdence of
the effective diffusion coefficient when studying aqueous
dispersions of charged polystyrene spheres. Using the
techniques of intensity light scattering and photon
correlation spectroscopy they concluded that the effective
diffusion coefficient obtained from the mean decay rate
exhibited a similar angular dependence to that of S(KT'[SQ]

(n

-I= d g (K, t)

dt

= -K2 Do
ks 0 S (K)

This empirical relationship has been derived theor-
etically and discussed by several workers [60,61,62], but
in the form quoted there is no allowance for the influence
of hydrodynamic interactions on Dy.

The various types of interactions may be considered

according to different time scales:
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1) For times short compared to the collision time
between Brownian particles and solvent
molecules i.e.‘t(’L‘B:equivalent frequency
“'>-TJ° Hz. This is beyond the range of the
time-domain correlation techniques available,
the internal correlation time of the photo-
multiplier being'~0.4rs.

2) Intermediate times which are long compared
to the time between solvent molecule and
Brownian particle collisions but short com-
pared to the time between Brownian particle
collisions i.e.‘t8<1?< T::equivalent f;equency
~10% -10° Hz. |

3) Long times greater than the time between
collisions between Brownian particles i.e.
'C>1&:equivalent‘frequency ~10% Hz.

Quasi-elastic light scattering may be used to study
both the intermediate and long time scales, but neutron
scattering techniques have to be employed to probe short
times. We are principally concerned with the intermediate
time scale.

Ackerson [60] employed the generalised Smoluchowski
equation to calculate the first two cumulants of the decay
of the intermediate scattering function for interacting
colloidal particles. The result obtained for the first
cumulant agreed with that found experimentally by Brown
et.al.. It was shown that the second cumulant should proc-
vide information about the effective inter-colloidal
potential. These findings refer to the intermediate time

scale, since the first cumulant is obtained from the initial



-53—

decay of the normalised correlation function and the
interaction enters through normalisation by the static
structure factor,S(K).

The separation between intermediate and long time
scales has been exhibited by Brown et. al. (figure 7).
For large values of the wavevector,K, the characteristic
time will be small compared with the interaction time
and the small excursions of the particle will be Brownian
in character. The correlation function should then tend

towards a single exponential of the form:

tr) 2
g (K,t)et exp [- K'D,
[ '“S(K)]

However, for smaller K the excursions of the particles
will be greatér and® £%. In this régime the decay rate of
the exponential will be a complicated function of the
interaction. For small enough K where T > ,howe&er,
the intermediate scattering function will again be a single
exponential but it may be difficult to observe the initial
decay by P.C.S. methods. The form of the decay for T > Ty
has been discussed by Ackerson [62].

In the foregoing discussion we have been principally
concerned with interacting colloidal particles which are
large and massive compared with other fluid molecules.

De Gennes [51,63] has presented a dynamic scaling

argument approach to the dynamics of entangled polymer
solutions. However, in these concentrated solutions or in
melts and gels one expects only collective motion to be
observed by light scattering since the distances

available for Brownian diffusion are restricted by the

high density of material present. In order to observe the
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Brownian motion of segments in such cases one would have to

resort to neutron scattering techniques.
3.6 Gels

Light scattering has proved to be an invaluable tech-
nique for the study of viscoelastic gels. The technique is
non-intrusive, non-destructive and all the viscoelastic
parameters of the gel may be obtained. The experimental
techniques may be considered in two sections:

a) Light scattering from thermally excited dis-
placement fluctuations of the gel network.

b) Light scattering from distortions of the gel
network caused by macroscopic displacement
waves.

a) In 1973 Tanaka, Hocker, Benedek [64] first teported

measurements of the spectr&m of light scattered by thermally
excited displacement fluctuations in polyacrylamide gels.
A detailed theory of the amplitude and time dependence of
displacements responsible for the scattered spectrum was
also presented. Thé findings of Tanaka, Hocker, Benedek
are outlined below:

1) Longitudinal and transverse displacements
of the gel fibre network are responsible for
the polarised and depolarised scattered light
respectively.

2) The correlation functions for the displacements
at a given wavevector have the form of a single
exponential decay:

gm(g,t) of, exm —Ft
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where the decay rate is given by:
M= thzyf for longitudinal displacements
7= Grgl/f for transverse displacements

where f is a frictional force; G, is the longi-

L
tudinal compressional modulus of the fibre net-
work and Go. is the shear modulus of the fibre
network.

Thus from the polarised and depolarised light spectra

of the gel all the viscoelastic parameters of the gel (K

(the bulk modulus),P (the shear modulus) and f) can be

evaluated.

For the polarised component:

=2 [(k+ap)/g] k*
3 .

For the depolarised component:
(= (2p/p) K*

Unfortunately, for most gels the intensity of the de-
polarised spectrum is very weak : measurement of the depolarised
component is not normally possible. This difficulty in
the characterisation of gels using this technigue may be
overcome by considering the nature of the gel under study.
The gels are generally rather weak and can be compared in
certain respects to a sponge i.e. under a uniaxial compress-
ion the gel will shrink in the direction of compression but
will not increase markedly in directions perpendicular to
the applied compression. Under such circumstances Poissons
ratio for the gel 1is ~0 and the gel may then be character-
ised solely by its Young's Modulus. Thus:

E = 3K = ZP; or K +_%P =2P

In this case measurement of the polarised spectrum will
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be sufficient to characterise the gel [65,66].

A further extension of the theoretical aspects of light
scattering from gels has been given by Wun and Carlson [67]
who ‘considered the incorporation of static scattering due
to the spatial structuring of the Rayleigh scatterers.

b) Nossal et,al, [68,69,70,71] reported measurements of
the elastic moduli of gels by probing the standing dis-
placement waves set up in the samples by mechanical or
acoustic excitation. The gel was modelled as a continuum
and the elasticity equations solved subject to apprépriate
boundary conditions. The resulting photocount autocorrela-
tion function was found to be of the form:

g (K,t) = £(K) COS (Wpayt)
where f£(K) is an amplitude factor.

Thus it can be §een that the resulting autocorrelation
functions are cosusoidal with a frequency which should be
independent of scatEering angle.

The solution of the elasticity equation for a gel of .
dimensions (axbxc) whose top surface is free is given by:

l

/

W =7 C p+ g + ¥ | *
P9 .8 LoNG [51 B2 o

where: longitudinal sound velocity

CLowg =

p,q ~ arbitrary integers which cannot simultaneously

be zero

$ - arbitrary constant which may be half-integer
or zero.
The longitudinal sound velocity may be written in terms

of Yound's Modulus:

Y
CLoNQ =[ E{1-¢9 J 2

Q('H-c) (1-2¢o

~where © is the Poisson ratio and Q is the gel density;
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or the elasticity coefficients:
!

4
R
As before one has to consider the type of gel under study

to simplify the interpretation. If the gel structure is

loose (i.e. sponge-like ) then :

%0 and C ong = g]
g

If the gel is highly cross-linked (rubber-like ) then K §>f)

!
2

and:

Crona =[%]

Thus again the viscoelastic parameters of the gel may

'

be obtained from a non-destructive probe.

Nossal considered the variation of Young's ' modulus with
concentration for both agarose and polyacrylamide gels and
obtained the relationship:

Eet c™
where m=23,

A similar relationship has also been found by Hecht and
Geissler [72] in studies of the scattered light from concen-
trated polystyrene solutions. This exponent is in close
agreement with that predicted by Daoud and Jannink [73]
for semi-dilute polymer solutions in poor solvents using a

tricritical point analogy [74].
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CHAPTER 4

Experimental Techniques

4.1 Photon Correlation Spectroscopy

4.1a Apparatus

The apparatus used in this study was a Malvern system
4300 photon correlation spectrometer. The system is shown

diagrammatically in figure 4.1.

The sample was contained in 10x10X40 mm. (internal
dimensions ) optical cells which were surrounded by an
index matching bath of filtered m-xylene (refractive index
1.4972 at 20 °C ). The temperature of the sample was con-
trolled by passing current through heating resistors
embedded in the spectrometer bath unit. The magnitudé of
the heating current was controlled by thermistors also
embedded in the spectrometer unit. 1In this manner the
temperature of the sample could be maintained to within
0.2 °C. The temperature was recorded using a mercury-in-
glass—-thermometer or thermocouplé immersed in the index

matching bath.

The sample was illuminated by a Spectra Physics model
124 A helium-neon laser (operating at v~5mw) giving laser
light of wavelength 6328 %. The laser beam was collimated
and focused to pass through the centre of the specimen
cell and finally terminated in a light trap. The
scattered laser light was monitored using a photo-
multiplier which could be rotated to angles @=5-135°
from the main beam. The spectrometer assembly comprising
sample,index matching bath, laser and photomultiplier

was mounted on a 2 inch. thick concrete slab fitted
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with anti-vibration mounts.

The autocorrelation functions were obtained using a
Malvern K 7023 24-channel digital correlator. This system
enabled the data to be monitored in several modes:

1) A dynamic display of the autocorrelation
function was available on an oscilloscope.

2) A permanent record of the data could be
made using a high speed punch facility.

3) The output of the photomultiplier could be

monitored by means of a ratemeter.

Thus the scattered intensity could be monitored using
the ratemeter or by photocount collections in the correlator
over a fixed period of time. The correlation function
could be observed as it was accumulated using the oscillo-
scope and calculations could be made from the function as

recorded on papertape.

4.1b Index Matching

In order to minimise flare and internal reflections
within the sample cell an index matching liquid with the
same refractive index as the glass windows of the cell
should be used. In the present work filtered m-xylene
was normally used, but for temperatures in excess of 100 °C
filtered glycerol was substituted for the m-xylene. Because
of the variation of refractive index of the sample solution
and the surroundings a refraction correction must be
applied to the measured scattering angle,Q“ws

Considering Snell's Law the following relationships
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were obtained:

For ema%g_ 90° n, = Sin ( Omens— 90)
N, Sin (Oygee- 90)

For em5“= 60"900 2|= Sln (90 ‘eméﬂs)
N, Sin (90 - Brrue)

For Qpea 40° ;1,= gig gmeas
2 TRUE

Using values for the refractive indices of water (1.3325)
and m-xylene (1.4972) the above correction has been consid-
ered. Results are shown in table 1, with values of the wave-
vector, [Kl, where:

IKI = m- Sin 67-“,,/2
kC)

where n, is the refractive index of the solution and )1'is

the laser wavelength in free space.

Farther corrections due to the temperature variation of
the refractive indices and the finite thickness of the cell
windows may be applied but since these result in only a

small correction (1-2%) they have been omitted.

Experimental measurements were confined to the range
20-120°. The lower limit of 20° was used in order to min-
imise the effect of scattering from any dust particles pres-
ent in the sample. The upper limit was to ensure that
measurements were not taken from the face of the cell
through which the incident beam passed, as flare and internal
reflections were considered to be greatest from this face.
Measurements could not be taken between 40 - 60° as the
corner of the square sample cell obscured the scattered

light beam.
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Table 4.1

Corrected Values for Scattering Angles

and Wavevector

Omens/®  Orave/ R/10% K /0% KO/10%emd
20 22.6 5.19 2.69 1.4
25 28.4 6.48 4.20 2.7
30 34.2 7.78 6.05 4.7
35 40.1 9.08 8.24 7.5
40 46.2 10.39 10.80 1.2
60 55.8 12.39 15.34 19.0
65 61.6 13.55 18.35 24.9
70 67.4 14.68 21.56 31.7
75 73.1 15.75 24.81 39.1
80 78.8 16.79 28.18 47.3
90 90 18.71 35.01 65.5
100 101.3 20.46 41.84 85.6
110 112.6 22.01 48.46 106.7

120 124.2 23.38 54.68 127.9
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4.1c Operation

Before each set of runs the alignment of the laser beam
was checked by monitoring the scattered intensity of the
m-xylene bath at 30,60,90, and 120°. The laser beam was
adjusted in position so that the scattered intensity remained
constant over this angular range. This ensured that the
laser beam was indeed traversing the sample horizontally and
that the incident beam, scatterhg volume and aperture of the

photomultiplier were in the same horizontal plane.

The windows of the sample cell were rinsed with filﬁ—
ered m—xylenevand wiped with lens tissue before the sample
cell was placed in the index matching bath which was already
at a temperature above that required for the planned
>expe:iment., The temperature was then set as required and

the sample left to equilibrate.

In order to obtain a statistically accurate correlation
function there are three parameters that may be varied:

1) The effective photocathode area which is
determined by the size of the iris of the
photomultiplier, |

2) The sample time of the correlator.

3) The clipping level applied to the output signal
of the photomultiplier.

The effect on the statistical accuracy of the auto-
correlation function of these parameters has been studied

in detail [75].

The iris of the photomultiplier was normally set at the
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smaller aperture sizes since the light flux was such that
the ootimum number of photodetections could easily be

obtained.

The sample or channel time was chosen so that the last
4-6 points of the 24-channel correlator gave a constant
value. The time was chosen using the dynamic display on the
oscilloscope. This procedure was found to be necessary in
order to normalise each function since the normalisation
factor calculated by the correlator was usually 5-15% in
error. This apparent failure of machine normalisation is
thought to arise mainly from flare within the sample cell
because of the large variation in refractive index water-

glass.

Having set the aperture and channel time, the clipping
level is easily obtained using the probability analysis mode

of the correlator.

This facility plots a trace'éf the distribution of
counts received per sample time. The clipping level was
then set equal to the mean number of counts received per
sample time. The correlator clip facility only permitted
clip levels of £9. For higher clip levels an external
clipping counter model RR95 was employed, which extended

the clipping range to 99x10*

Having set the above parameters the accumulation of the
autocorrelation function was begun. The correlator could
either be set to run for a specified time or could be stopped
manually once the oscilloscope displayed a function of

adequate statistical accuracy.
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4.1d Analysis of Results

Figure 4.2a shows a typical photocount autocorrelation

function for a 0.1wt.% agarose sol at 63°C.

The function is normalised with respect to the constant

value of the function at high k.

Thus:

(a1 (2

g (¢) = G (t)
Iim GW¥(g)
& 900

Each individual function was normalised in this manner.

For scattered light conforming to Gaussian statistics
the normalised photocount autocorrelation function is related
to the normalised electric field autocorrelation function

via the Siegert relationship:

Pey= 1+ ]g"’(t)]"

Thus for a single exponential decay

gm(b) R exp | —gt]
and
tn [g¥(k)-1] = -t

A plot of the data in this form is given in figure
4.2b. The data show good agreement with a single exponential

relaxation of characteristic time 1/436 s..

The single exponential behaviour was not so evident
in all the functions. Figure 4.3 shows data for a nominally
identical run. Here it can be seen that the decay can no
longer be fitted by a single exponential. This deviation

may occur because of numerous factors i.e. polydispersity,
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Figure 4.2 Autocorrelation function obtained from a

6.1 wt% agarose sol at 63 °C.
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dust, flare, convection currents etc..

To compensate for the possible deviation from single
exponential behaviour the data have been analysed by using

the first cumulant,rz, where:
[7= 1in - 3 tn (g (0)-1]

t>0 3t

Thus the initial slopes of the autocorrelation functions,
where statistical accuracy is highest,have been studied.
Several measurements were made at each angle and the mean

value of the first cumulantJT, determined.

A photocount autocorrelation function for a 0.75wt.%
agarose sol at 52.3°C is shown in figure 4.4 as obtained

from a 96-channel correlator.

This plot also shows the deviations from single expon-
C

ential behaviour og@rring in the intermediate time region,

although overall the data are in excellent agreement with a

single exponential decay..

4.2 Optical Rotation Studies

4,2a Apparatus

Measurements of the rotation of plane polarised light
by agarose solutions were made using a Bendix-N.P.L. model
143D polarimeter. The polarimeter is shown diagrammatically

in figure 4.5.

A beam of plane polarised light is formed by the tung-
sten filament lamp, interference filter , collimator and

polariser. The analyser and polariser are crossed so that
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Figure 4.5 Diagrammatic representation of the polarimeter.
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the intensity at the photocathode is zero. The Faraday
modulator causes the plane of the polarised light to
oscillate (380 Hz. ) about its mean position. Thus the
intensity at the photocathode nulls twice per oscillation
i.e. with a frequency of 760 Hz.. A narrow band amplifier
centred at 380 Hz. amplifies the output signal from the
photocathode. Thus with no sample in the beam there is no
output from the amplifier. When an optically active sample
is placed in the beam it causes the signal from the photo-
cathode to be asymmetrical, thus introducing a 380 Hz.
component into the amplifier. The phase sensitive detector
detects the 380 Hz. component and a d.c. current is applied
to the compensating Faraday cell to restore the output of
the photocathode to symmetry. The d.c. current needed

to restore symmetry depends on the direction and extent

of rotation of the beam by the sample. The ammeter used

is calibrated in terms of angle of rotation. The maximum

rotation that may be measured being *0.5°.

4.3b Sample Cell

A special sample cell (Hellma product n® 165 ) was
used in order to study the variation in the optical rot-
ation as a function of temperature. The cell, of path-
length 2 cm. , was surrounded by a heating jacket through
which was circulated distilled water from a thermostatted
bath. A thermocouple placed in the filling neck of the
sample cell enabled the temperature of the sample to be
monitored. The cell was surrounded by a specially

constructed tufnol jacket which acted as an insulator
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Figure 4.6 Sample holder for polarimetry experiments
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and also provided a rigid mounting which could be accurately

located in the polarimeter housing (figure 4.6) .

4,2c Measurements

Before commencing experiments the polariser and anal-
yser were checked so that zero rotation was observed with
no sample in the polarimeter. The cell was first filled
with distilled, de-ionised, filtered water and the angle
of rotation studied as a function of temperature. The angle
of rotation was found to vary with temperature in a consistent
and reproducible manner. These variations may be attributed
to the effects of stress in the cell windows aslthe cell is
heated or cooled.

For solution measurements the cell was preheated to
~60 °C and hot agarose solution ( pre-heated in a pressure
cooker) decanted into the cell. After the sample had equili-
brated measurements were taken as the sample was temperature
cycled in the range 20+95 °C. The heating and cooling rates
were ~2 °C/ minute. The solution results were corrected

for the effects of window stress.

4.3 Sample Preparation

The agarose used in this work was obtained from B.D.H.
Chemicals Ltd.. It was of electrophoresis grade (product
n°® 33006) and hence had a low sulphate content and low
electroendosmosis effect. Agarose solutions were prepared
Using distilled,de~icnised, filtered (0.45 Fm millipore
filter) water.

Samples were prepared by weighing the appropriate
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amount of agarose into a graduated flask and then pipetting
the required volume of distilled, de-ionised, filtered water
into the flask. The flask was then placed in a domestic
pressure cooker and heated to ~122 °C for 15-20 minutes.
With more concentrated samples a further neriod of heating
was required to ensure complete dispersion of the agarose.

For spectroscopic measurements the gels were dispersed
by heating in the pressure cooker at «122 °C and then
decanted into clean preheated optical sample cells.

All glassware was cleaned in a sulphuric/chromic acid
bath. Light scattering cells were cleaned in a nitric/
chromic acid bath. Before use glassware was washed
thoroughly Qith distilled water, then acetone and finally
dried in an oven.

The experimental results relate to two agarose batches
- 2091970 and 6409620. The main body of the results relate
to batch 2091970: when the second batch has been used it

is specified in the text.
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CHAPTER 5

Results

The experimental results are presented in
The first section deals with the investigation
agarose system throughout the hysteresis cycle

using photor correlation spectroscopy, optical

two sections.
of the
as studied

rotation

and viscosity measurements. The second section contains

additional experimental data from investigations designed

to test hypotheses arising from the study of the gelation

cycle and in general terms to advance our :understanding of

the behaviour of the agarose system.

5.1 The Hysteresis Cycle

The results in this section are further subdivided into

five sections:
5.17a The Gel State
5.1b Gelling Solutions
5.1c Non-gelling Solutions
5.1d Optical Rotation Studies

5.1e Aggregation Temperatures.

This separation helps to emphasize the importance and

implications of each set of results when one considers their

interpretation and the possible models for the gelation

process.
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5.1a The Gel State

When gelling solutions (concentration > 0.1wt.%) were
cooled to the region of the gelation temperature (30-35°C)
photon scattering correlations were observed over far
longer time scales than had been noted at higher temperatures
(figure 5.1). This implies the formation of larger, more
slowly moving,domains or aggregates. Similar observations
have been made on the P.V.A.-Congo Red System [76]. However
during a more detailed quantitative study of this phenomenon,
low frequency oscillations in the autocorrelation functions
were Observed (figure 5.2). Although these oscillations
initially seemed to be of a transient nature as reported by
Prins [77]Vit was soon established that they were undamped
cosusoidal oscillatory functions which persisted for days
or even weeks after the gelation process had beguﬁ. Thus
they appeared to be characteristic of the fully developed

gel.

Since a Tanaka-~Hocker-Benedek tyﬁe autocorrelation func-
tion of exponential form could not be obtained, we commenced
a systematic study of the temperature, angular and concen-
tration dependences of these functions (figure 5.3 and 5.4).
It was during these investigations that a paper reporting
the observation and origins of such functions was published

by Nossal et. al.[68,69].

In agreement with Nossal, we had been able to show
that the oscillations could be initiated, sustained and
varied in amplitude by building vibrations, machine noise

and even human speech in the low audio-frequency range.
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t [2 ms./channel]

Ficure 5.2 Oscillatory autocorrelation function observed

when cooling a 0.75 wt% agarose solution through the sol/gel

transition.
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These experiments were therefore bropght to a conclusion and
analysed using Nossals theoretical approach. The observed
frequencies and corresponding C .y f[Or various agarose gels
are tabulated in table 5.1 and compared with prediction in

figure 5.5. Figure 5.6 shows the dependence of the derived

elastic constant, E, with concentration.

<+
The result obtained (Ec&c2'9'0’1) is in excellent agree-

ment with that determined by Nossal.

Table 5.1

Observed frequencies and longitudinal sound

velocity for agarose gels.

Concentration of agarose/wt.%

0.1 0.2 0.3 0.5 0.75
7.8-8.4 20 31.5-35 70 139
12.5 33 49 87.5 190
observed
14.2 40.7 56 139 204
frequencies ,
15.6 49.2 69 160 285
/Hz
21 55 183 312
25 203
calculated
longitudinal
sound 15.6 40.7 69 139 284
velocity
Crome / =1
Long/ CIh S
calculated
elastic 243.7 1660 4.76 1.94 8.12
modulus _ 4
E dyne/cm 2 *103 =10~ X‘IO4
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5.1b Gelling Solutions

5.1b(i) Scattered Intensity Data

Measurements of the intensity of scattered light as a

function of temperature were made at a fixed wavevector

(® = 60°) using the photon correlation apparatus. Figures

5.7 and 5.8 show the results obtained on cooling a fully

homogenised solution from temperatures above 92°C for a

2.5wt.% and 0.1wt.% sample respectively.

Both plots show four distinct patterns of behaviour:

1) As the sample is cooled (100+40°C) the scatt-

2)

3)

4)

ered intensity remains constant at a relat-
ively low level with good reproducibility.
This is region I of the cycle, termed the sol
state.

A dramatic increase in scattered intensity
occurs at 30-40°C, dependent on concentration.
This corresponds to the onset of gelation as
indicated by the development of elastic prop-
erties, and is termed region II .

A smoothly curved, but less reproducible
decrease in scattered intensity is observed as
the sample is reheated from region II, the
fully developed gel, though region IV, the
dispersing gel, until,

the scattered intensity returns to a level
characteristic of the agarose solution at

90-95°C.
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The aggregation temperature, T*, deemed to correspond
to the onset of gelation,is easily evaluated from these
measurements and will be discussed in section 5.1e. The
above phenomena are intrinsic to the system. However, in
some samples transient and irreproducible fluctuations in
intensity were observed at a few degrees above the dramatic
rise that occurred upon gelation (figure 5.9 ). These fluc-
tuations are undoubtedly caused by extrinsic or heterogen-
eous gel formation creating aggregates capable of sedimen-
tation. It was noted that after such fluctuations had
ceased the scattered light signal became very steadyreven
steadier than throughout the main section of region Isas

befits a homogeneous sol.

~In all céses it was observed that the loop closed per-
fectly at high temperatures. The closure'at low températures,
however, was less reproducible. This is, no doubt, caused
by ageing of the gel involving some slow molecular rearr-

angement,

The low level of intensity in region (I) remained con-
stant when the sol was temperature cycled (40-95°C). How-
ever, when an unfiltered agarose solution (0.5wt.%) was held
at a constant temperature a few degrees above T* a weakly
scattering soft gel was formed during a period of 3-6 days.
Filtered gelling solutions appear not to show these extrin-
sic phenomena, which are seemingly enhanced by the addition

of colloidal Ca(Mg) 504 (SiO4,Po4).

Thus the gel formed at T* is only characteristic of

cooling rates down to about 1°/hr. It does not represent
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a truly stable gel.

A preformed gel (0.5wt%) was heated to ~50°C and an
agarose sol (region I) of the same concentration and at the .

same temperature was decanted onto the surface of the gel.

After two days no signs of Qelation whatsoevervcould
be observed in the sol layer and there was no increase in
height of the gel/sol interface, indicating no adsorption
of the free agarose chains in. the sol state onto the surface

of the preformed gel.

5.1b{ii) Photon Correlation

Measurements of the autocorrelation functions obtained
from gelling agarose solutions in region I of the hysteresis
cycle were made in the temperature range 50-95°C. The auto-
correlation functions were analysed in terms of the first
cumulant (section 4.1d) and figures 5.10 and 5.11 show
typical plots of the first cumulant versus (wavevector)z.
These plots exhibit increasingly large deviations from a
simple linear (wavevector)2 dependence as the wavevector
is increased. 1In figures 5.12 and 5.13 the same data are
plotted against (wavevector)B. This linear dependence with
(wavevector)3 was found for all gelling agarosé solutions

in region I studied over this temperature range.

Experimentally the data were characterised by the

equation:

-3

The concentration and temperature dependence of the



-89~

e
3000°T I
n
/s r
2000 ¢
I
b <
I
1000 p
I
I
!I
111 X , L A )
1 2 3 4 5 6
(waveVector)2 [ 1010 c:m_2 ]

Figure 5.10 First cumulant versus (wavevector)2 for a 0.1wt%

agarose solution at 92.5 °C.

2000} , I

10004 1
I
T
T
1
-:
R > 3 2 5 %

(wavevector)2 [ 1010cm"2 ]
Figure 5.11 First cumulant versus (wavevector)2 for a 0.5wt3

agarose solution at 79 °C.




_90_

3000 4

Jer

2000

1000J

2 4 6 8 10 12
(wavevector)3 [1015 cm—3 ]

Figure 5.12 First cumulant versus (wavevector)3 for a 0. 1wts

agarose solution at92.5 °C.

#

2000

/%“

1000

Y 3 P SN WU N Y S S | —

2 4 6 8 10 12

(wavevector)3 [1015 cm_3 ]

Figure 5.13 First cumulant versus (wavevector)3 for a 0.5wt®

agarose solution at79 °C.




_91_

parameter %are well represented in figure 5.14 where it is
seen that § increases with temperature at all concentrations,
but at fixed temperature increases with decreasing concent-

ration, in the gelling range.

5.1b (iii) Viscosity

The viscosity of gelling agarose solutions in region I
was studied as a function of concentration and temperature

using an Ubkelohde type viscometer, -

Calibration

The viscometer (ASTM D445) had a nominal constant given
by the manufacturers of 0.01 c¢S/s.. However, it was necess-
ary to calibrate for use in the temperature range 30-100°C
by measuring the flow times for disfilled, deionised, filt--
ered watér at various temperatures and comparing with the
standard values for the viscosity of water [78]. The com-
parison was made using a quadratic equation allowing for
the kinetic energy of the emerging fluid from the capillary
[79].

Thus:

Te=Vv=1 [t + (t2-4AB)%]

23

where: A,B calibration constants
t = flow time/s
= dynamic viscosity/cp

¥V = Kinematic viscosity/cS

= density/gcm_3
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The flow times for the solvent are presented in table

Table 5.2

Calibration of the Ubbelohde Viscometer

Temperature/°C flow time/s

19.8 100.3
29.9 80.6
40.4 66.4
50.0 57.1
60.2 49.7
70.1 | 44.4
80. 1 40.0
90. 1 36.7

Using the above values the calibration equation was
found to be:
RIERA 1 [t+(t2-g12.88)%)
197.3
By application of this equation the viscosity of water
could be evaluated between 20-90°C with a maximum error of

0.5

oe

The most concentrated agarose solution studied was
0.75wt.%; therefore the sclvent and solution densities at
any given temperature were taken to be equal. Henée by
use of the calibration equation absolute values of the
viscosity of agarose solutions could easily be determined

with an error of *1sg.
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Solution Results

The tables below present the flow time, t, kinematic
viscosity,VY , and relative viscosity with respect to the
solvent,rl/qo, of agarose solutions at temperatures in the
range 50-95°C.

Table 5.3

Viscosity Results for Agarose Solutions

Table 5.3a 0.75wt.% Agarose Solution

Temperature flow time kinematic relative
/°C /s viscosity/cS viscosity
50.3 255.2 _ 2.58 4.80
55.8 228.0 2.30 4.68
60.6 209.4 2.11 4.63
66.4 185.8 1.87 4.50
72.6 167.0 1.68 4.46
77.7 153.4 1.54 4.37
82.6 141.9 1.42 4.32
86.0 135.0 1.35 4.28
90.0 125.3 1.25 4.13

92.2 122.2 1.22 4.16
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Table 5.3b 0.5wt.% Agarose Solution

Temperature flow time kinematic relative
/°C _ /s viscosity/cS viscosity
51.4 142.0 1.43 2.69
57.1 127.9 1.28 2.66
61.8 117.5 1.17 2.62
67.2 107.8 1.07 2.60
71.7 100.4 0.997 2.58
77.6 92.0 0.910 2.55
82.6 85.7 0.844 2.50
87.2 79.7 0.781 2.49
90.3 76.6 0.749 2.47
93.0 73.9 0.720 2.45

Table 5.3c 0.3wt.% Agarose Solution

Temperature flow time kinematic relative
/°C /s viscosity/cS viscosity
47.4 102.3 1.02 1.77
52.8 93.3 0.923 1.80
58.0 85.6 - 0.843 1.78
63.0 79.2 0.776 1.77
67.8 73.9 0.720 1.77
73.0 68.8 0.666 1.77
77.9 64.5 0.620 1.76
83.1 60.5 0.577 1.75
87.8 57.0 0.539 1.74
89.9 55.7 0.525 1.73

92.9 53.9 0.505 1.73
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Table 5.3d 0.2wt.% Agarose Solution

Temperature flow time kinematic relative
/°C /s viscosity/cS viscosity
47.7 : 81.2 0.797 1.40
52.9 74.4 0.725 1.41
58.0 68.8 0.666 1.41
63.1 64.3 0.618 1.41
70.5 58.3 0.553 1.42
73.5 56.3 0.531 1.42
78.1 53.3 0.498 1.42
82.0 51.0 0.473 1.42
85.8 48.8 0.448 1.41
88.5 47.4 0.432 1.41
91.9 45.9 0.415 1.40
93.1 45.3 - 0.408 1.40

Table 5.3e 0.1wt.% Agarose Solution

Temperature  flow time kinematic relative
/°C /s viscosity/cS viscosity
58.0 58.7 0.558 1.18
63.0 54.9 0.516 1.18
68.0 51.7 O.481> 1.18
74.0 48.0 0.439 1.18
7¢.0 45.7 0.413 1.19
84.1 43.4 0.386 1.18
89.7 41.2 0.360 1.18

93.0 39.9 0.344 1.17
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Figures 5.15 and 5.16 show the viscosity,Vv, and rel-
ative viscosity,’?/qc, of several agarose solutions as a

function of temperature.

The variation of viscosity with concentration at both
50°C and 80°C is displayed in figure 5.17. From this plot
the following relationships have been obtained:

At 50°C 'V"lf 141.0c+5.4c?

At 80°C  )/n,=1+1.33c+3.84c”

where c is concentration of agarose in wt.%.

5.1c Non-gelling Solutions

5.1c(1i) Scattered Intensity Data

- The dependence of the scattered intensity of a 0.05wt.%
agarose solution was studied as a function of temperature
just as for the gelling solutions (figure 5.18). Unexpec-
tedly it seemed to show identical features to those of a
- gelling solution. The dramatic increase in intensity
must therefore be associated with aggregation of the agarose
units and we may again evaluate an aggregation temperature,
T*, without, however, defining-the detailed nature of this
aggregation. The hysteresis cycle is thus centred about two
states of the agarose system:

1) A "sol" state, fegion I, in which the agarose
system is stable between 40-100°C.

2) An aggregated state which occurs below 30°C
(RegionIl) and once formed exists,albeit with steadily de-
creasing turkidity, to ~80 °C when the sol state {(I) is

restored.
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The aggregation at concentrations above 0.1 wt% leads
to the formation of a three-dimensional network occupying
the whole of the solution. Evidently this is not so for
non—gelling solutions. However, after standing in a closed
flask for several months at room temperature non-gelling
solutions will form a gel layer in the lower part of the

solution.

Studies of the reversibility of this cycle have shown
that in the sol region (I) the intensity is constant, at a
low level, whether the sample is heated or cooled. However,
when one cools a sample already in the aggregated state (IV)
at 75 °C intensity fluctuations as shown in figure 5.19
were observed. Thus in fhe aggregated state (IV) the
system does not exhibit complete reversibility upon heat-
ing and cooling. These fluctuations are consistent with
the heterogeneous formation of aggregates which settle out

of the solution.

5.1c(ii) Photon Correlation

Measurements were first made in the sol state (region
I) for a 0.05 wt% non-gelling agarose solution. The plot
of the first cumulant versus (wavevector)2 is shown in
figure 5.20 . Here the results obey the simple (wavevector)

dependence symptomatic of a Brownian motion.

On cooling the same dependences were found (figures
5.21-5.23). However, ac the sol/gel transition temperature
was approached deviations from this dependence were observed

(figure 5.24) until at lower temperatures major changes in



-103-

1000}
gool

N
/<1 6001
400}
200t

10 20 30 40 50 60
2 9 -2
(wavevector) [107 cm 7]

Figure 5.20 First cumulant versus (wavevector)2 for a
0.05 wt% agarose solution at 92.5 °C.
800k
n
-t 600L
4001
200p
10 20 30 40 50 60
2 9 -2
(wavevector) (107 cm 7]
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functional form became apparent. These data were then plotted
against (wavevector)3 and a linear fit obtained (figure

5.25). The (wavevector)3 dependence persisted as the
temperature was raised through region (IV), until the

sol state was restored at ~90°C (figures 5.26 and 5.27).

In the region where the autocorrelation functions obey
a (wavevector)2 dependence an effective diffusion coeffic-
ient was evaluated and by applying the Stokes-Einstein
equation an effective hydrodynamic radius, r, was obtained.
In the region obeying a (wavevector)3 dependence a maximum
effective diffusion coefficient was evaluated from the slope
of the Kz-plots as wavevector, K20 and hence a minimum effec-

tive hydrodynamic radius was determined.

Figure 5.28 shows the results for the calculated effec-
tive hydrodynamic radius, r, as a function of temperature.
The values at temperatures gfeater than 95°C were measured
with the agarose solution enclosed in sealed cylindrical

glass tubes.

It is of great importance to note that the effectiveb
hydrodynamic radius decreases as the temperature is reduced,
and that the hydrodynamic radius in region IV is about twice
the value obtained in region I. The smooth return of region
IV to region I as observed in turbidity plots is not seen

in these results.
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5.1d Optical Rotation Studies

Because of the set pathlength (2 cm.) imposed by the
design of the thermostat jacket it was not possible to
determine the optical rotation of plane polarised light by
very dilute solutions. Also, with more concentrated‘solu—
tions, as the solution neared the sol/gel transition
oscillations in the readings of the angle of rotation
were Observed (figure 5.29). This is thought to arise from
a combination of circumstances including:

1) multiple scattering of the light beam as the
turbidity of the sample increased, which will
depolarise the light and thus reduce detection
sensitivity and:

2) strain birefringence in samples constrained to

gel in a fixed volume.

As a'consequence of these limitations accurate deter-
minations of the rotation of plane polarised light at the
sol/gel transition-could only be obtained in-a rather limited
concentration range (0.2-0.4 wt%). Figures 5.30 and 5.31
show thebresults obtained for the optical rotation as a
function of temperature for 0.2 and 0.3 wt% solutions
respectively, corrections having been made for any stress

imposed upon the cell windows due to temperature variations.

This technique supplied further information concerning
the aggregation temperature which is discussed in the foll-
owing section. Despite difficulties with the more concent-
rated gels, sensible values of T* could be obtained after

calibration of the thermometer.
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5.1e Aggregation Temperature

In both optical rotation measurements and intensity

measurements dramatic changes in properties are seen as

gelation occurs. A study of the temperature at which these

changes occur has shown that consistent results may be

obtained from both techniques and that there is a concent-

ration dependence of this aggregation temperature (table

5.4).

Table 5.4 Concentration Dependence of the Aggregation

Temperature.

Aggregation temperature/°C

Concentration from intensity from optical rotation
of | - measurements studies

agarose/wt.%

0.05 28.5
0.08 29.9
0.10 30.0
0.20 31.6
0.30 ' 32.4
0.40 33.1
0.50 33.6
0.75 34.9
1.00 35.6
1.40 36.1
1.87 36.4
2.54 36.6

30.7

31.5

36.0

35.8

36.5

These data are plotted in figure 5.32.

Colloidal Ca(Mg)

SO (SiO4,PO was added to a

4 4)

0.57wt.% agarose solution and the solution slowly cooled

in
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a thermostatted bath. The onset of turbidity for this
solution occurred at 38.0°C thus indicating an elevation
of the gelling temperature by addition of these colloidal

particles.

5.2 Complementary Experimental Data

5.2a Batch and Pretreatment Dependence

A second agarose batch (N°6409620) was checked to
verify that the basic hydrodynamic properties found in
section 1 are batch~independent. The agarose was also
dissolved in water ard then precipitated with polyethylene
glycol as in the commercial purification of agarose to
verify that thié process did not cause any change in the

relevant parameters under study.

Characterisation

Three main features were used to characterise the
newly delivered sample:

1) A gelling solution (O.BWE.%) was made and
its autocorrelation functions at ~50°C
in the sol state (I) were studied (figure
5.33a ).

2) A non-gelling solution was prepared and its
autocorrelation functions at ~50°C in the
sol state (I) were studied (figure 5.33Db).

3) The autocerrelation functions of the non-
gelling solution at room temperature were

studied (figure 5.33c).
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Figure 5.33a First cumulant versus (wavevector)3 for a

0.5 wt% agarose solution (batch 6409620) at 50 °C.
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The characterisation plots show identical wave-
vector dépendences as found for the main batch. Thus for a
gelling solution a (wavevector)3 dependence Was obtained at
50°C with @~0.9x10" 3. The non-gelling solution exhibited
a (wavevector)3 dependence at room temperature and (wave-
vector)2 dependence at ~50°C in region I. The effective
hydrodynamic radius evaluated from studies of the non-gelling

solution was found to be ~O.Srm,in excellent agreement with

data obtained for the main batch.

Precipitation

4g of agarose (batch 6409620) was placed in a
round-bottomed flask. 100 cm3 of distilled, deionised, filt-
ered water was added and the solution heated to ~100°C under
reflux for twenty mihutes and then allowed to cool. A rigid,
turbid gel was formed. The gel was reheated, melted and
then held at 80°C with stifring. 100 cm3 of a 40wt.%
solution of polyethylene glycol (M.Wt. 6000; from B.D.H.
Chemicals Ltd.) which was also at 80°C was then added. The
solution was left for seven - ten minutes to flocculate.

It was then filtered in a Buchner filter funnel. The
precipitate was washed with warm distilled water &40°C)

and then cold distilled water, collected and then placed in
a beaker of distilled water with stirring for ~10hrs.. It
was then filtered, washed and collected, placed in another
beaker of distilled water and stirred overnight. Finally
the precipitate was filtered, washed with distilled water

and acetone and dried.
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The precipitate was then used to make gelling and
non-gelling solutions of agarose to recheck the above prop-

erties,

Figure 5.34a shows the wavevector dependence of
the first cumulant for a gelling sample (0.5wt.3%) at 50°C.
Figures 5.34b,c show the data obtained for the non-gelling

solution at 55°C and 24°C respectively.

The wavevector dependences of the precipitate are
of the same functional form as the native agarose; also
the parameters iand r are in good agreement, showing that
batch to batch variations of these parameters are not so
great as to cause doubt about their reliability. The results
clearly show that the precipitation technique with poly-
ethylene glycol does not cause a significant variation in

these parameters.

5.2b Hydrolysis and Elemental Analysis

Agarose from batch 6409620 was used throughout

this experiment.

4.1g of agarose was weighed into a round-bottomed

3 of distilled, deionised filtered water

flask and 200 cm
added. The solution was heated anrd kept under reflux at
100°C. 25 crn3 aliquots were removed at intervals and allowed
to cool. Whilst still in the sol state at ~50°C the pH of
the sample was measured using an E.I.L. model 3030 pH meter.

The pH of a sample of solvent and two standard buffer

solutions was also rechecked at each measurement. Table 5.5



600k

S | I

400}

2001

L

20 40 60 80 100 120
(wavevector)3 [1014 cm—3]

Figure 5.34 Pretreatment dependence.

Figure 5.34 a First cumulant versus (wavevector)3 for a

0.5 wt% solution of agarose precipitate at 50°C.
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presents the variation of pH with time of reflux and also

observations of the sample as cooling proceeded.

Table 5.5 Hydrolysis of Agarose

Time of PH measurements Remarks
reflux
pH 4 pPH 9 solvent sample
buffer buffer

20 mins. 4.5 9.7 6.6 6.5 Formed a stiff,
turbid gel when
cold.

3 hrs. 4,5 9.6 6.6 6.2 Formed a stiff,
turbid gel when

‘ cold.

6 hrs. 4.5 9.75 6.4 5.9 Formed a stiff,
turbid gel when
cold.

25 hrs. 4.5 , 9.7 6.4 5.15 Formed a soft,

turbid gel when
cold. Slight
yellow discolor-

ation,

30 hrs. 4.5 9.75 6.4 4.9 Formed only small
particles of gel
(1-2 mm) .

50 hrs. 4.6 9.7 6.5 4.6 Clear yellow

liguid when warm,
became cloudy on
cooling and separ-
ated out.

54,5hrs. 4.7 9.9 6.4  4.52 Clear yellow
liquid when warm,
became cloudy on

cooling and separ-
ated out.

The variation of pH with time of reflux at 100°C

is shown in figure 5.35

The decrease in pH with time of reflux is in

agreement with that found by Hickson and Polson [24]. The
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Figure 5.35 Variation of pH of an agarose solution with

timé of reflux at 100 °C.
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results show that the preparation of samples (heating for
fifteen - twenty minutes at 122°C) does not cause decompos-

ition of the agarose molecule.

The Hydrolysate

It appeared that after reflux for more than
~20 hrs. the agarose was no longer capable of forming a
rigid, three-dimensional gel. A 1wt.% solution of fresh
agarose was prepared in a pH 4 buffer solution and when cold
formed a rigid, turbid gel as normal. Thus the pH change
upon refluxing was not responsible for the failure of the

gel formation reaction.

The 54.5>hr. hydrolysate,when hot,was a clear
pale yellow liquid. Upon cooling, however, a cloudiness
developed which could be dispersed by heating. Obwviously
some elements of the hysteresis loop remained. The cold
hydrolysate, when left to stand overnight, separated into

a clear yellow supernatant liquid and a cloudy segregate.

A sample of the 54.5 hr. hydrolysate was then
centrifuged at 20,000 r.p.m. for two hours. This produced
a clear pale yellow supernatant liquid and a soft pale
vellow gel segregate. Upon dehydration the segregate was
fournd to contain ~50wt.% of water. The supernatant liquid
when boiled to dryness produced a shiny yellow plastic film
which was soluble in cold water. Obviously the agarose had
been decomposed in some manner. In order to ascertain the
type of decomposition an elemental analysis was carried out

on:
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1) the native agarose
2) the dehydrated segregate
3) the polymer film obtained from the superna-

tant liquid.

The results of the elemental analyses are presented
in table 5.6. The hydrolysate was also examined in an

optical microscope and results are presented in section 5.2d.

Table 5.6 Elemental Analysis

Native Dehydrated Polymer film Calculated
agarose segregate from supernatant for pure

agarose
% C 40.71 40.45 43.03 47.06
%2 H 5.83 4.88 5.93 5.88
% S nil nil | nil nil
$ N nil nil nil nil

5.2c Pyrolysis and Filtration

A sample from the main agarose batch (209197b)
was pyrolysed in air at 475°C overnight. The product was a
voluminous light brown powder constituting 0.44wt.% of the
whole. The ash produced was investigated by optical and
electron microscopy, the results of which appear in the
next section. The ash was found to be insoluble in cold

water.

Having ascertained the fraction of ash present in
native agarose a 0.5wt.% cgelling solution of agarocse was
prepared and filtered three times through a 0.2 fnu milli-

pore filter. 1t was hoped that this procedure would remove
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much of the ash content. However, pyrolysis of the filtrate

showed virtually no decrease in ash content.

Photon correlation studies of the filtrate also
gave wavevector dependences in agreement with unfiltered
solution behaviour, (figures 5.63a,b) i.e. a K3 dependence
for a gelling agarose solution in the sol state (region I).
Interpretation of the parameters é and r is not possible
in this instance as filtration may well cause large changes
in the actual solution concentration and hence solution

viscosity.

5.2d Microscopy and X-ray Diffraction Studies

Optical Microscopy

A Carl Zeiss optical microscope was employéd to
investigate: |
1) dried agarose films
2) dried films produced by the hydrolysed
agarose
3) the ash obtained from the pyrolysis of

agarose.

Agarose films were prepared by smearing agarose
solutions onto a microscope slide and dehydrating in a
desiccator cabinet for one - two days. The films were formed
either from agarose solutions that had previously been
heated to 122°C or from cold solutions. Figures 5.37a,b,c,d,
show micrographs obtained from a hot smear of a 0.016wt.%

agarose solution.
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Figure 5.37a
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Figure 5.37b 'OF"'

Figure 5.37 Optical micrographs.

Figures 5.37a,b,c,d. The basic structure found in optical

microscopy studies is shown in these photographs. The part-

iculate matter observed is well represented in figure 5.37a.

and typical dendrite formation is shown in figures 5.37b,c,d.

All these photographs were obtained from hot smears of a

0.016wt.% agarose solution.

Scale for all optical micrographs (figures 5.37,38,39,40,41)
0.6 mm = 1.0 rnu
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Figure 5.37c.

Figure 5.374.
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Similar structuring was also observed in cold
smears 6% a 0.016wt.% agarose solution (figure 5.38) and a
~dehydrated film obtained from a 0.49wt.% agarose gel (figure
5.39). The hydrolysed sample (54.5 hrs.) also showed the

same basic structuring (figure 5.40).

VOptical'microscopy of the ash content of the
native agarose also revealed identical types of structure
formation (figures 5.41a,b). It thus appears that this ash

is responsible for the observed formations shown in all cases.

A study of agarose solutions revealed that no
structuring or particulate matter could be observed within

the resolving power of the microscope (0.4 rnh).

Electron Microscopy

" Following the use of the optical microscope to give
a qualitative examination of the agarose films, it was
hoped that electron microscopy would provide more qguanti-

tative details, at higher magnifications.

Three facilities of the electron microscope were
employed:
1) transmission electron microscopy
2) scanning électron microscopy

3) x-ray fluorescence for elemental analysis.

Because of electron beam damage to the specimen
it was not possible to obtain transmission electron micro-
graphs of agarose films. However, using the scanning facil-

ity it was possible to obtain pictures of the surface
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Figure 5.38. Optical micrograph from a cold smear of

0.016wt.% agarose solution showing particulate matter

aggregated at the surface of bubbles.

lOrm,

Figure 5.39. Optical micrograph obtained from a dehydrated

agarose film (0.49wt.%) showing particulate matter identical

to that observed whilst studying very dilute solutions.
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Figure 5.40 Optical micrograph obtained from a hydrol-

ysed agarose solution (54.5 hrs.) showing a "gel" region
(top right) and particulate matter.



-134-

Figure 5.41b. !OPM.

Figure 5.4%7a,b. Optical micrographs obtained from agarose

ash.
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topography (figures 5.42a,b).7 Damage to the specimen is

also evident in these micrographs.

Analysis of the ash content of the native agarose
proved to be much more successful when these techniques were
applied. Figures 5.43a,b,c show transmissioﬁ electron
micrographs of the ash residue mounted on formvar-coated
copper grids. These micrographs show the ash particles to
be elliptical and rather monodisperse in nature with average

particle dimensions of (0.08X%X 0.13) rnu

An elemental analysis of the ash was performed

using the X-ray analysis facility of the electrdn microscope.
This analysis showed the ash to consist mainly of calcium

and sulphur, but with varying, althoqgh much smaller, amounts
of sodium, magnesium, aluminium, silicon and phosphorus
(figure 5.44). 1In these analyses the copper peak comes from
the copper mountings used and the iron peak is thought to
come from an impurity in the "graphite dag" used to mount

the specimens. Elements of atomic number less than 23(Na)

cannot be detected by this technique.

Powder X-ray Diffraction

Agarose ash was mounted in a 0.3 mm. diameter glass
capillary and the powder diffraction pattern obtained using
a Phillips powder camera with Straumanis type film mountiﬁg.
The sample was exposed to copper radiation (40kV;25mA)

for 3 hrs..
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Figure 5.42b

Figures 5.42a,b. Scanning electron micrographs of a 0.49wt.2

agarose film (dehydrated and sputtered with gold). The central
blister in figure 5.42a is an indication of beam damage to

the specimen. [ Scale: 6.48 mm = 1.0 fﬂh ]
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Figure 5.43 Transmission electron micrographs of agarose

ash._

Figure 5.43a. Scale: 4.8 mm = 0.1 ym.
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Figure 5.43b. Scale: 14.4 mm = 0.1 rxu

Figure 5.43c. Scale: 19.2 mm = 0.1 })m. O‘Irlm.
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No high angle reflections were observed and hence

the nominal camera diameter (11.46 cm.) was used in order to
calculate the scattering angles. Some sixteen reflections

were easily visible and the d-spacings are shown in table

5.7.

Table 5.7 d-spacings from Powder X-ray Diffraction

Experimental results

angle of d-spacing d-spacings for
reflection /E CaSO4 anhvdrite [80]
29 /o /R

2.28 3.90 3.87

2.47 3.61 nil

2.54 3.50 3.49

2.94 3.04 nil

3.13 2.85 2.85

3.36 2.67 nil

3.63 2.47 2.47

3.87 2.32 2.32

4.08 2.21 2.21

4.32 2.09 2.09

4.68 1.94 1.94

4.87 1.87 1.87

5.22 1.75 1.75

5.57 1.65 1.65

5.89 1.57 1.56

6.24 1.49 1.49

Of the sixteen observed reflections thirteen are
in excellent agreement with the d-spacing of CaSO, anhydrite

[80].
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This finding is consistent with the X-ray fluorescence
analyses which showed calcium and sulphur to be the main
constituents of the ash. Impurities such as phosphorus and
silicon may easily be incorporated in the ash since Sioj',
3-,502— are isomorphous [81]. The inclusion of such

4 4
impurities would render the ash more insoluble. The three

PO

remaining d-spacings could not easily be identified with

the impurities thought to be present.

5.2e Ion Interactions

Following the report of Hickson and Polson [24]
that agarose would not form gels when dissolved in 2M
potassium iodide, a study of the effects of addition of such
ions was undertaken. It was found that no gelation or phase
separation occurred for a 0.9wt;% agarose solution in 2M
potassium iodide even when cooled to 3°C in an ice bath.
However, when dialYSed against distilled water to remove the
ions, the normal rigid,turbid agarose gel was regenerated.
Thus the potassium iodide was acting as a "gel inhibitor"

and did not affect the structure of the agarose units.

The effects on gelation of a number of ionic
compounds were briefly studiedﬁ
KI;KI3
KNCS
NaCl
NaN3
CsI
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It was found that, at about 2M concentration,
all these compounds except NaCl inhibited gelation; in each
case the normal gel could be regenerated by dialysis. Since
NaCl did not prevent gelation an ionic strength argument is
clearly inappropriate and more detailed experiments were

carried out.

Swelling of Dried Films and Fibres.

Dried agarose films were swelled in distilled
water, KI solution and KNCS solution. The ionic solutions
produced much greater swelling of the films (~3.5x for 2M
KI) and it was noted that in the ionic solutions the
swollen gels were far less turbid. Also with sufficiently
concentrated ionic solutions it was poséible to disperse

preformed gels completely.

An extruded fibre of agarose was placed in KI
solution and a crystal of iodine added. The fibre quickly
took up the yellow/brown discoloration indicating selective

adsorption of the I3 ion in the gel network.

Critical Concentration of Ions and Centrifugation

A 1.0wt.% agarose gel was made up in varying
concentrations of potassium thiocyanate solution. Upon
cooling the gels formed were carefully observed. The results

are shown in table 5.8.
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Table 5.8 Critical Concentration of KNCS

concentration
of 0.244 0.495 0.828 1.014 2.13
KNCS /M
remarks gelled gelled gelled small non-
(turbid) (turbid) (clear) gel gelling
particles

Thus there is a critical concentration of KNCS

required to prevent gelation.

A 2.54wt.% solution of agarose in 2M KNCS was
‘centrifuged for five hours at 23,000 r.p.m.. No signs of
segregation could be observed. Similar results were found
with KI solutions. This is in marked contrast to the
observed sedimentation of agarose gels in pure water; which

leads to a segregate of overall concentration ~7wt.%.

Photon Correlation Measurements

Measurements of the diffusion coefficient of'the
agarose particles in KI and KNCS solutions were made using
the photon correlation apparatus. Typical plots of the
first cumulant versus (wavevector)2 are shown in.figures
5.45,5.46. Unlike the corresponding aqueous solutions
these plots show a linear dependence symptomatic of Brownian
motion. The diffusion coefficient was investigated at 54°C
for several agarose concentrations in the range 0.1-1.5wt.%
in both 2M KI and 2M KNCS. The variation of the diffusion

coefficient with agarose concentration is shown in figure

5.47.
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Figure 5.45 First cumulant versus (wavevector)2 for a

1.04 wt2 agarose solution in 2M potassium thincyanateat 54 °C.
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Figure 5.46 First cumulant versus (wavevector)2 for a

1.00 wt® agarose solution in 2M potassium iodide at 54 °C.

.
— — ® in 2M K NCS
1.2k
‘D -==0Q in 2M K I
Dﬁ cms
in aqueous
0.8 .
solution
0.4
—
o® == ®
1 2 —d
0.5 1.0 1.5

concentration/ wt$

Figure 5.47 Concentration dependence of the effective

diffusion coefficient in ionic solutions at 54 °C.
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Figure 5.48 shows the temperature dependence
of the intensity of scattered light for a 0.5wt.% agarose
solution in 2M potassium thiocyanate. As can be seen
there is no evidence of hysteresis occurring in this system

between 20-100°C or of any gelation process whatsoever.

Further measurements on potassium iodide solutions
by both light scattering and optical rotation similarly

showed no evidence of a hysteresis cycle.
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Figure 5.48 Scattered intensity versus temperature for a 0.5 wt%® agarose solution

in 2M potassium thiocyanate.
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CHAPTER 6

Discussion and Interpretation

6.1 The Hysteresis Cycle

The existence of hysteresis phenomené in the agérose/
water system has been confirmed by measurements of the
scattered intensity and optical rotation as a function of
temperature. A typical hysteresis loop is shown schemati-
cally in figqure 6.1.

We may define four regions of special interest:

1) Region (I). This region pertains to the
fluid, non-turbid solution as it is cooled
from 10040 °C, and is termed the "sol state".
It is characterised by a constant and repro-
ducible value of the parameter under study
"and exhibits complete reversibility when

temperature cycled (100440 °C).

2) A sharp increase in the turbidity of the
sample accompanied by a reproducible change
in optical rotation is observed at some
concentration-dependent temperature,T#
(region (II ). This corresponds to the onset
of gelation as indicated by the development

of elastic properties.

3) A gradual decrease in turbidity as the fully
formed gel (region I) is heated from, say,
20990 °C (region IV ). The decrease in turbi-
dity is accompanied by a similar variation in

optical rotation towards the sol state value.
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Figure 6.1 Schematic representation of the hysteresis cvcle
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Turbidity measurements have shown region IV
( the dispersing gel ) to be thermally
irreversible when temperature cvcled. The
parameters in this region do not exhibit the

high degree of reproducibility found in region I.

4) As the system is heated to 90-95 °C, the
parameter ( turbidity or optical rotation ) re-
establishes a value characteristic of the "sol
state" when complete dispersion of the gel has
been effected and the system regains its

fluidity.

The existence of such a hysteresis cycle has been shown
for both gelling and non-gelling solutiéns; thus it arises,
not solely as a consequence of three~dimensional gel form-
ation , but because of a change in some intrinsic property

of the system.

Hysteresis is also evident from the variation of the
effective hydrodynamic radius of the agarose units in non-
gelling solutions as determined by photon correlation
speétroscopy. This is shown in figure 6.2 together with
values of the effective hydrodynamic radii for gelling
agarose solutions as determined from the asymptotic behaviour

of the first cumulant as wavevector, K » 0.
Two major conclusions may be drawn from these data:

1) In non-gelling solutions the dramatic increase
in turbidity is accompanied by a two-fold

increase in the effective hydrodynamic radius.
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Thus , although gelation does not occur in these
dilute solutions, there is aggregation of the
agarose units into larger domains.

2) The excellent agreement shown in values of the
effective hydrodynamic radius for gelling and
non-gelling solutions suggests that a common
agarose unit is involved irrespective of whether
gelation or aggregation occurs as the solution
is cooled below T*.

Thus the concentration-dependent temperature,T*, may
be identified as an aggregation temperature for the agarose
system; noting that for concentrations >~0.1 wt% there are
sufficient agarose units to provide a connected three-
dimensional aggrégate structure throughout the solution.
This finding is also supported by‘observations of very
dilute non-gelling agarose solutions (~0.02 wt%) which,
when left to stand for several months, were found to form
a ring of turbid gel at the bottom of the vessel.

The hysteresis cycle for agarose is thus based upon

what is essentially a two state system; viz:

1) The sol state - which will be defined as the
fluid state of low turbidity existing in the
temperature range 40-100 °C providing that the
sample has not been allowed to cool below this

lower limit during the period of observation.

2) The aggregated state - which exists in the temp-

erature range 20-90 °C and is characterised by
high turbidity, but which may be fluid or an

elastic solid (gel) depending on concentration.
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These two states are well defined by parameters ob-
tained from photon correlation experiments. For dilute,
non-gelling agarose solutions the wavevector dependence
of the initial slope of the adtocorrelation function pro-
vides a suitable characterisation. 1In the sol state a
( wavevector )2 dependence is observed, whilst in the
aggregated state a ( wavevector )3 dependence is found.
Similarly, for gelling agarose solutions different

functional behaviour of the autocorrelation function is

found depending on the state of the system:

1) In the sol state an exponential autocorrelation
function is obtained; the initial slope of
which is found to have‘a ( wavevector )3

dependence.

2) 1In the gel state exponential autocorrelation
functions could not be obtained; only cosusoidal
oscillatory functiohs were observed. Analysis
of these functions showed them to be in excellent
agreement with the predictidns and observations

of Nossal.

The various wavevector dependences observed provide

a valuable insight, and will be discussed in the following

sections.

6.1a (Wavevector)2 Dependence

This behaviour is symptomatic of simple Brownian
diffusion of the scattering species and was analysed

accordingly; 1i.e.
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g"'(K,t) « exp [-K°Dp.t]
where Dy 1is the translational diffusion coefficient.

The applicability of the above equation depends upon
the relative magnitude of the experimental wavevector,K,
and the effective radius,r, of the scattering species as
discussed in section 3.4c . In order to monitor an
overall translational motion, the experimental wavevector
must probe distances greater than the radius of the
scattering species. Thus the above equation is only valid
provided that the product Kr is less than unity. When
the magnitude of the wavevector is such that shorter dist-
ances are probed (i.e. Kr>1) internal motions within the
scattering species, where they"exist,‘will be able to
contribute to the scattered spectrum and thus destroy the

simple (wavevector)2 dependence.

Considering. typical experimental values for these
parameters for dilute non-gelling agarose solutions in the
sol state we obtain:

r~0.5%10"% cm; K (90°)~1.9%10° cm |

Hence Kr~9

Since the product Kr is greater than unity, internal
motions ought to contribute to the scattered spectrum, when
a simple (wavevector)2 dependence should not be observed.
The experimental data thus seem to be in conflict with the
basic principles of light scattering. This paradox may be

solved by considering the following approach:

When studying polymer motions using scattering techniques

it is generally assumed that the optical radius and
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hydrodynamic radius both derive from the segmental distribution
in the same manner and are thus equal. However, this need

not be the case if the scattering unit consists of two

species of different refractive index. For such a system

the species of higher refractive index will contribute

more per unit volume to the scattered spectrum and thus,

save in the special case that the high refractive index
component forms the outermost layer of the scattering

particle, the hydrodynamic radius will be greater than the

optical radius.

In order for the experimental aata to be made consistent
with this model approach, the optical radius must have a
value-0.05})m or less. This implies that for the above
data to be interpreted in a rational manner a "hard—core“‘
within the particle must be responsible for the scattering
phenomena over the relevant wavevector range, when a more
‘diffuse sheath which scatters light more weakly will

dominate the rheological properties (figure 6.3);

This structure for the agarose unit has been proposed
solely from a consideration of photon correlation studies
of non-gelling agarose solutions. It is conditioned by
arguments on the value of the product Kr, and depends not
at all on chemical analyses or microscopy, which can therefore
be used to confirm or disprove this hypothesis. A major
part of this work has been concerned with the verification
or otherwise of this proposed structure and the rational-
isation of the gelation process in the light of new

experimental data.
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6.1b (Wavevector)3 Dependence

A (wavevector)3 dependence of the initial slope of the
autocorrelation function was observed both for non-gelling
solutions in the aggregated state and gelling solutions in
the sol state. From the dramatié appearance of the (wave-
vector)3 dependence in non-gelling solutions as aggregation
occurs it is reasonable to conclude that the origin of such
a dependence lies guite generally in the virial and
hydrodynamic interactions between agarose units. Similarly
the proximity of agarose units as the concentration increases
will favour interparticle interactions and thus a similar
dependence would be expected in the sol state at gelling

concentrations (region I).

Thus for gelling agarose solutions we find:

HE 1S
where the constant_‘é must have dimensions [L]3 [T]_1 since
for Brownian diffusion rf= -2 k2 D and
D = kgT ;w12 oyt
6ﬂrbr°
, 3 =1 e
Thus §‘ L1® (1177 ) = kg7

q%

Experimentally'ijis found to be concentration-
dependent. It then follows that in this dimensional argument
q* must also be concentration dependent and cannot simply
be identified with the solvent viscosity,qo.

The function CT/q&mN(where C is a constant) has been
evaluated from solution viscosity measurements and compared
with the experimentally determined § (figure 6.4 ). The

excellent agreement obtained by such a comparison suggests
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an empirical relationship of the form:

§= 3.5%10718 1

Nsocn
and thus
M= 3.5x10"18 7 &3
Qsowure

The origins and meaning of this empirical relationship

will be discussed in greater detail in section 6.3.

6.1c Viscosity

The relative viscosity of a suspension of spherical
particles is usually quoted in terms of a power series in

volume fraction:

Nrew= Qson = 1+ k §+ k §

°
where k, is taken to have a value of 2.5 so that the above

1

relationship reduces to the Einstein equafion as the volume

fraction apprbaches zero. The coefficient k2 is the two-

body interaction coefficient calculated for collision doublets.
There are many theoretical treatments of the effect of

increasing volume fraction on the relative viscosity of a

suspension, and several excellent review articles are

available [ 82,83,84 ]. The analysis and interpretation of

viscosity data is hindered by the large variation in the

parameters k] and k2 produced by non-ideal suspensions.

The Einstein coefficient, although defined as 2.5 for a

system of monodisperse spheres is found experimentally to

be in the range 1.9-4.0. Theoretically, the parameter k2

has been found to have values in the range 5.1-14.1.

From the various theories available we have considered
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two derivations which show close agreement. The approaches
considered are due‘to Kynch [85], who solved the equations
of motion for a concentrated suspension, and Vand [86] who
considered the coefficient k2 as arising from the formation
of collision doublets. Vand's treatment has been further
extended by Roscoe [B7] , who considered the effect of
polydispersity. As can be seen (figure 6.5) these two
approaches show excellent agreement in the magnitude of

the relative viscosity for a given volume fraction.

The experimental data were compared with these two
approaches and a relationship between volume fraction and
concentration derived (figure 6.6). Thus for %—<~0.2

EE= 0.50 ¢

where ¢ is wt% agarose.

The deviations at higher concentrations may stem frqm
entanglement effects sincé we are actually dealing with a
polymer solution rather than a suspension of hard spheres.

The teinperature variation of§ for a given concentration
may also be explained in terms of entanglement effects since
it has been shown in this work that the effective hydrodynamic

radius of the particles increases with temperature.

6.2 The Agarose Unit

Using the foregoing derived data we are now in a
position to discuss the structure of the agarose units. The
main points of information arising from the experimental

data are as follows:
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Figure 6.5 Predicted relative viscosity versus volume

fraction for moderately concentrated solutions
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Figure 6.5 Volume fraction (from Kynch/Vand) versus

concentration (wt2) for agarose solutions
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1) From photon correlation studies of dilute

2)

3)

non-gelling agarose solutions the effective
hydrodynamic radii of the particles has been
found to be large ("~O.Srm). In order to
rationalise these data a "hard core" model
has been proposed with a central core of
refractive index Neore surrounded by a
second component of refractive index

Neheokh * ' The necessary condition being

that the core is responsible for the bulk of
the scattered spectrum in the wavevector
range studied.

Optical microscopy revealed particulate
matter of the correct dimensions to exist

in dried agarose films. However,-these
particles could not be observed in solution_
The fact that they could not be observed is

onsistent wi
c stent with n“m>n5he&u~% when

n Son..u"now;
the hydrated sheath contributes little to

the scattered spectrum. The value of

dn/dc for polysaccharidés in water, at

0.14 mlg-1, is small.

Pyrolysis of agarose revealed it to contain
0.44% by weight of insoluble "ash". Subse-
quent studies by X-ray fluorescence and X-ray
diffraction confirmed the ash to be composed
mainly of crystalline calcium sulphate.
Electron microscopy revealed the ash part-

icles to be elliptical, crystalline bodies

exhibiting a high degree of monodispersity
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and with average dimensions (0.08x0.13)rm.
3) Comparison of viscosity data with the

theoretical models of Kynch and Roscoe led

to the relationship:

§=0.50c (for c<{~0.4wt.%)

The above data now enable a qualitative model of

the agarose unit to be constructed. If we assume the cores to be
roughly spherical of radius 0.0SFm and to be composed of cal-
cium sulphate (density 2.3Zg/cm3) then 10-3g of agarose

6

contains 4.4x10 g of cores. Thus the number of cores pres-

ent is given by:
n= 4.4x10°° | = 3.62x10

4/3 1 (5%10°%)3 2.32

9

and the volume of the cores is 1.90x10 °cm3.

Thus the cores are only a very small fraction of

the total weight and volume of the solute.

If one considers a 0.1wt.% agarose solution, i.e.
10_39 of agarose/cm® then for such a system the volume

fraction is (0.50x0.1) 0.05 and thus:

volume of cores/cm3 - 1.90x10 %cm3

volume of polymer/cm’ - 4.998x10” 2cm’

weight of cores/cm3 - 4.4x10‘69

weight of polyrner/cm3 - 9.956K1O-4g.

The number of agarose chains/crn3 is given by:

9.956x10 Kk 6.023x10°3 - 4.997x10"5
Molecular Weight (~120,000)
and the volume per chain, v is 4.998x1072 210" em3
75

4.997x10

Equating volumes:
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0.05=3.622x10x dx7 (0.4x10°5H3 + n v
3 , £

where n$ is the number of free chains. The radius of the
agarose unit has been taken to be O.4rm i.e. the smallest
value observed in photon correlation studies. Thus

15
n24.90x10 ~.
) 3

Therefore the number of chains adsorbed on cores,

15 13% 014

nqu, is (4.997-4.903)x10 “=9.4x10 1 and there are there-

fore ~2.6x.104 chains adsorbed per core.

We conclude that for a 0.1wt.% agarose solution
the mean separation of hard core particles is ~6.5/.)m and
there are some 56,000 free chains present in the cylinder
of solution between thesé particles (figure 6.7).

Thus these observations and calculations suggest
that there could exist a "hard-core" particle with ~2.6x104
agarose chains adsorbed per core. However, the bulk of the

solution consists of free agarose chains which dominate the

rheological behaviour of the system.

6.3 Properties of the Agarose Unit

In the previous section a model was proposed for
the agarose system on the basis of experimental data. In

this section the model is further scrutinised by comparison

with other data.

The proposed model consists of a "hard-core" part-
icle surrounded by adsorbed polysaccharide chains, which is

immersed in a polysaccharide solution. The bulk of the
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Figure 6.7 Model of a 0.1 wt% agarose solution

”2.6X104 adsorbed
agarose chains per core
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weight and volume of the solute is present in the form of
free chains. The "hard-core" is thought to be mainly respon-
sible for the scattering of light, but the rheological
properties of the solution, for instance viscosity, will,

however, be dominated by free chain behaviour.

Considering the hysteresis loop we find that in the
"sol state" the effective hydrodynamic radius decreases with
decreasing temperature, although the scattered intensity
remains constant. Similarly the volume fraction is unaffec-
ted by the change in effective hydrodynamic radius for
concentrations less than ~0.4wt.%. Both these observations

are in complete agreement with the proposed model.

Perhaps the most striking experimental finding is
the (wavevector)3 behaviour exhibited by aggregated non-
gelling solutions and sol state gelling solutions. This
behaviour had tentatively been considered to arise from inter-
actions between agarose units. This proposal may now be

examined in greater detail.

The experimental results satisfy a relationship

of the form:

3 18

r: =c T K° where c~3.5%10"
Soww
Considering the findings of Brown et. al. (see

section 3.5) for a system of interacting particles:

[M= pg K>
S (K)
Then DQK2 x C T K3
S (K) Tsore
or De o C K

T
S (K) rlSm.N
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D, is given by the Stokes=Einstein equation and thus:

K

T
‘150\.5]

Kp T 1 ~ c
- e
GTTYI r S (K)

o0

. . .
l.e. C a c K

Qo S (K) Qsow

In order to complete this derivation we must

replace qoby rkoui The proposed model tells us we must
do exactly this, since viscosity is governed by free chain

behaviour. We then obtain the condition:

S(K) & _1_
K

S(K) has been discussed in section 3.1; it is the
fourier transform of the pair correlation function (figure

6.8).

The form of the pair correlation function consis-
tent with the postulated S(K) is consistent with temporary
aggregation of the "hard-core" particles in the sol state
because the mean separation between "hard-cores" at these
solution concentrations is many times tﬁe separations shown
‘above, in figure 6.8. The form of the dependence

S(K)x 1, g(r)gl _; has not so far been justified theoret-
2
[K] r

ically, however, studies of the linear aggregation of poly-

styrene spheres have also shown similar behaviour [88].

The present finding that S(K) shall depend linearly
on the inverse of K has also been investigated experiment-
ally via the scattered intensity, for it is known that:

I (K)X P(K). S(K).

The model for the core units which has been
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Figure 6.8 Static structure factor and pair correlation
function
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Figure 6.9 Relative refractive index (m) versus radial

distance for oroposed "hard-core" particles.
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described in our hypothesis enables P(K) to be estimated,

when a second qualitative study of S(K) can be made.

From the proposed model the variation of polymer
concentration with radial distance from the core centre may
be calculated, and hence the variation of refractive index

may be obtained (figure6.9).

By considering the "hard-core" units to consist of
i shells of relative refractive index m. the contribution

of each shell to P(K) may be estimated([89]:

2
P (K) = 12 L 1 5 [(ma—1)VaGa(K) + (mb—ma)Vbi(K)+..]
Va (ma—1)

where Vi is the volume of shell i and Gi(Kﬁ'is the structure

factor for that shell [32] (figure 6.10).

The particle scattering factor may then be evalu-
ated (figure 6.11) and compared with inténsity data (figure
6.12). Excellent agreement is.found between the scattered
intensity and the form of [P(K).S(K)] as predicted by the

proposed model.

We conclude at this stage that the proposed model
is in excellent agreement with experimental data. We now
turn to the gelation process. In dilute non-gelling solu-
tions the "hard-core" particles are isolated entities, free
to undergo translational diffusion. When the solution is
cooled the hydrodynamic radius of the particles gradually
decreases as the polymer-polymer interactions begin to out-
weligh the polymer-solvent interactions. At some concentra-
tion-dependent temperature,T*, these units then flocculate

to form larger aggregates.
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P(K) &[G, (K)]°
.
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Figure 6.10 Contribution of each shell of the proposed

"hard-core" to the particle scattering factor P (K)
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Figure 6.11 Particle scattering factor P(K) and P(K)/K for

the nronosed "hard-core" model.
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Figure 6.12 Comparison of scattered intensity with prediction

based on the "hard-core" model.

The above experimental data were kindly supplied by Dr. J. Davis.
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In more concentrated solutions the interactions
between particles are such that dimers are formed in the sol
state and this is reflected in both light scattering and
viscosity measurements. Again as the solution is cooled a
temperature is reached at which permanent aggregation of
these particles occurs: because of the increased number
density a three-dimensional aggregated structure or gel is
formed. This phenomenon may be compared to the 8-point
for an ordinary polymer solution. The free chains will also
become "insoluble" at this point and will adsorb onto each
other and onto the aggregated structure, thus strengthening
the gel fibres. 1In many of the optical micrographs dend-
ritic type growths were observed (figures 5.37b,c,d); Since
van der Waals interactions between colloidal particles favour
the formation of linear chain aggregates it seems reasonable
to propose that the "hard-core" particles aggregate in this
manner to form the backbone structure of the incipient gel.
Several other observations give added support to‘a mechanism
of this form:

1) The extrinsic fluctuations in scattered
intensity observed in most samples a few
degrees above the aggregation temperature,
T*, may be explained in terms of a heterogen-
eous gelation phenomena involving the aggre-
gation of impurities which are most likely
to be adventitious clusters of "hard-core"
particles.

2) It has pbeen shown [20] that, at temperatures

slightly above the normal aggregation
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temperature, a gelation process occurs but

with very slow kinetics as found in this

study by the formation of a soft gel after

3 - 6 days. Both this finding and the fact

that the addition of colloidal material

designed to simulate the naturally occurrifig

ash markedly increased the aggregation temp-

erature are in keeping with the concepts of

heterogeneous gelation.

A useful interpretation of the variation of the

intrinsic aggregation temperature with concentration may be
obtained by considering a qualitative argument put forward

by Everett [90].

Assuming that:

1) the chemical potential of an agarose unit in
an aggregate can be taken to be constant,
Fagg (T), and

2) that the chemical potential of the dispersed
agarose units is of the form:

N t

Pdisp - f%isp (T) + RT tn c

Then if the dispersed units are in equilibrium

with those in the aggregate at T*:

Fdisp - rggg (T*)
and:
- -
}égg (T*)*; Faisp (T9) = léggy = Rr*dn ¢

where %ggy is the standard free energy change upon addition

of a particle to the aggregate. Thus one obtains:

> T+ - = a(%ggs o

¥Mn ¢ dT -
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This qualitative argument suggests that a plot of
T* versus €n c should be linear with the gradient governed

_e-
by the magnitude of A .
v e magnitude o aggY

Figure 6.13 shows such a plot. There are three
linear regions distinguishable in this figure; these corres-
pond well with the following concentration regimes:

1) Dilute non-gelling agarose solutions

(€ {L0.1wt.%) (region I)

2) Gelling agarose solutions (0.1wt.%${c{1.0wt,%)

which form elastic gels (region IT )

3) Gelling agarose solutions (e»-1.0wt.%) which

form rigid gels (fegion m) .

Although the assumptions made in the derivation
may not strictly hold for agarose solutions, the app;oach
does provide a consistent interpretation of the data in
terms of the interactions between "hard-core" units in the-

sol state.

Thus:

1) For very dilute solutions (region I) the
particles are non-interacting iﬁ the sol
state giving a simple (wavevector)2 depen-
dence of the initial slope of the auto-
correlation function.

2) In region I the particles interact to form
temporary dimers in the sol state and hence
give a (wavevector)3 dependence.

3) Region II no doubt arises from the close

proximity of the agarose units at higher
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Figure 6.14 Effect of intramolecular repulsion
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concentrations and the onset of permanent
interaction/entanglement effects. This is
in agreement with the interpretation of

viscosity data in this concentration range.

Finally, we must consider the effect of addition

of various ions; NCS , I, etc. It has been shown that these

3
ions prevent gelation when present in sufficient quantity.
Since the inhibition of gelation is not a consequence of
pH or ionic strength, reversible adsorption of these ions
onto the polysaccharide chain must be responsible. Thus
they act as gel inhibitors through the intra- and inter-
moleqular repulsion that they produce. Considering the
proposed model for the agarose coated "hard-core" particles;
two major effects should be observable upon addition of such
ions; |
1) Intramolecular reﬁulsion between adsorbed
ions of the same sign will cause an extension
of the polysaccﬁaride chain and result in
an increased hydrodynamic radius. (figure
6.14).

2) Intermolecular repulsion will prevent the

association of agarose units.

Both these effects have been observed experiment-
ally. The increase in effective hydrodynamic radius is
reflected in the magnitude of the diffusion coefficients
obtained in potassium thiocyanate and potassium iodide
solutions (figure 5.47). Perhaps the most striking feature
is the loss of the (wavevector)3 dependence and its replace-

ment by the simple (wavevector)2 dependence. The
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(wavevector)3 dependence has been shown to arise from an
association of the agarose units which causes the static
structure factor to become wavevector dependent over the
wavevector range studied. The loss of this dependence can
only be explained by the prevention of association of these
particles. The now-charged agarose units are screened by
the solution and hence undergo a largely independent
Brownian type diffusion resulting in a (wavevector)2 depen-

dence.

Thus, as a result of light scattering studies and
microscopy a model has been proposed for the agarose system
which has enabled us to suggest a mechanism for the gelation
process. The model is consistent with numerous other experi-
mental findings such as intensity light scattering, ion
interactions and hydrolysis. It can also rationalise the

experimental findings of other research groups.

Unfortunately the mode of association of the poly-
saccharide chains cannot be ascertained from this work.
However, the coil-helix transition as proposed by Rees seems
very unlikely in the light of aggregation temperature results
and seeding experiments. "The moré elongated mOdel for chain
association as proposed by Atkins, however, would be totally

consistent with the results presented here.

6.4 The "hard-core"

The proposed model relies on the "hard-core" that
has been postulated from the light scattering data on non-

gelling agarose solutions. Subsequent microscopy of both
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agarose solutions and the ash obtained by pyrolysis support
the existence of these cores. They have been found to be
mainly composed of calcium and sulphur with numerous other
elements (Mg, 81044-, PO43_) present in smaller amounts.
The presence of "ash" in agarose samples is not a new find-

ing, however; to date the nature and the role of the ash in

the gelation process had not been investigated.

X-ray diffraction studies have shown the ash to
contain calcium sulphate which itself is sparingly soluble.
The inclusion of silicate, phosphate, sodium and magnesium
ions into the matrix will reduce the solubility still

further.

It has been shown that the ash content may be an
important parameter in determining the gel-forming prdper—
ties of the solute and’thus a detailed study of the role of
tﬁe ash may yield important information about the gelation
mechanism. Preliminary filtration experimenﬁs to remove the

"hard-core" particles have not been successful.

The monodisperse, crystalline nature of the acsh
indicates that these particles are intfinsic to the system.
They are selectively replicated by nature in the seaweed
itself. It then follows that other natural products may
contain similar colloidal inclusions, which must therefore
be taken into account in corresponding dynamic and structural
studies. Previously reported properties of natural polymers

could well be those of their inorganic inclusions!
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