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I ntroduction



2 INTRODUCTION

1.1 General Introduction

Rheology studies the relation between the deformation of materials and the applied
forces. This relation is important during the processing and applications of many
agricultural and industrial products such as paints, food and cosmetic products. The
macroscopic flow properties (like the viscosity) of these products are related to the
microscopic properties of the ingredients (like the molecular weight). Understanding
this relation for Guar gum solutions is the main goal in this thesis.

One of the ingredients which is often used as a thickener in food and cosmetic prod-
ucts is Guar gum. By adding only a small amount of Guar gum in water a drastic
increase in the solution viscosity is caused. Guar gum belongs to the class of Galac-
tomannan biopolymers. These polymers consist of a Mannose backbone partially
covered with Galactose side groups.

Figure 1.1: Impression of a Guar gum chain

In the case of Guar the mannose/galactose ratio is 1.6 to 1. Other Galactomannans
are for example Tara gum, Locust bean gum and Fenugreek. In the case of Locust
bean gum, which has a mannose/galactose ratio of 3.9 to 1, it is possible to form a
solid gel from the viscous fluid via a freeze-thaw process. With Guar gum solutions,
thisis not possible. In industry, the above mentioned effects are used to improve the
properties of the products. This is mostly done via a trial and error process, since
the relation between macroscopic and microscopic properties is not yet understood.
By understanding this relation, further improvement of industrial products like ice-
creams, salad dressings and dairy products would be possible. Therefore, Guar gum
was investigated intensively in order to find out more about this relation. The results
of this investigation are presented in this thesis. In order to understand the relation
between macroscopic and microscopic properties, these results are compared with
microrheological model predictions. From this comparison it follows that no quan-
titative model predicts the observed rheological behavior. Besides these quantitative
models there are also undeveloped model concepts that might provide insight in the
rheological behavior of Guar gum solutions. Asapart of thiswork, one of these con-
cepts (atransient network model with chain connectivity) was developed in order to
check the capabilities of this concept in describing the relation between macroscopic
rheological and microscopic properties of Guar gum.



1.2 PREVIOUS WORK 3

1.2 Previouswork

Although investigations on Galactomannans can be dated back to the sixties, the re-
search that forms the basis for this work started in the later seventies. In this section
an overview of this literature is given. This overview is split up into a number of
different areas:

"Hyperentanglements’ in Guar gum solutions

Semi-rigidity of Guar chains

Galactose distribution along Guar chains

Microrheological models

Enzymatic modifications

Gel formation of Locust bean gum solutions

Other experimental work on Guar gum
The first three areas deal with the polymer properties of Guar gum. In subsection
four, some previous work is presented with was done in order to relate the macro-
scopic behavior to amesoscopic model concept. Subsection number five contains the
work that is aready done on enzymatic modifications. Since it is possible to change
the mannose/gal actose ratio via enzymatic modifications to the ratio of Locust bean
gum, a subsection with previous work on Locust bean gum is also given.
An overview of the important theoretical modelsis not given here, sincein chapter 4,
the relevant models will be aready discussed in more detail.

1.2.1 ’'Hyperentanglements in Guar gum solutions

Doublier and Launay? started in 1976 to investigate the rheological properties of
Guar gum solutions and noticed a strong concentration dependence. In 1981 they
compared Locust bean gum with Guar gum solutions’. From the fact that the zero
shear viscosity depends mainly on the reduced concentration c[n] and not on the
mannose/gal actose ratio, they suggested that entanglements play a dominant role in
concentrated solutions. Remaining differences in the relaxation time of the Ree-
Eyring model fits between Guar and locust bean gum solutions were attributed to the
difference in the mean branching degree.

Morris et al.* continued thisinvestigation of the rheological properties and they found
that Locust bean gum and Guar gum did not follow the empirical rule ¢n = 4. Also
the Cox-Merz rule did not hold. They pointed out that more specific intermol ec-
ular associations (" hyperentanglements’) might cause these deviations. Also, the
extremely strong dependence of the specific viscosity upon polymer concentration
(investigated by Robinson et al %) was attributed to the existence of specific polymer-
polymer interactions.

Still, Richardson and Ross-Murphy® concluded from non linear rheological mea-
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Figure1.2: Impression of specific polymer-polymer interactions. Thelarger Galac-
tose free backbone parts are believed to form hydrophobic bonds with each other.

surements that Guar gum solutions behaved as ideal reptating polymers®1!. Ross-
Murphy even repeated this conclusion in an overview article in 1995°.

New evidence for ’ hyperentanglements’ was presented in 1995 by Goycoolea et al?L.
They compared the difference in viscosity, caused by a difference in pH, in concen-
trated and diluted solutions. From the fact that the relative difference in concentrated
solutions was much higher, they concluded that " hyperentanglements’ exist in Guar
gum solutions. These ' hyperentanglements’ or specific polymer-polymer interactions
are then in fact physical bonds between the larger Galactose free hydrophobic back-
bone parts. These parts will attract to each other, thereby forming physical bonds.
Recently, Gittings et al. presented even more evidence for physical bonds between
Guar gum polymer chains. They studied the structure of Guar gum in water via ultra
small angle light scattering?® and found the presence of large aggregates of 10 um.

1.2.2 Semi rigidity of Guar chains

A detailed study about the influence of the solvent on the specific viscosity versus
reduced concentration curve was presented by Launay et al?®. They reported three
different concentration dependence regimes (two critical concentrations). Richardson
et al.?” concluded from an anal ous study where al'so three concentration regimes were
found, that Galactomannans are semi-rigid polymers.

1.2.3 Galactosedistribution along Guar chains

McCleary! analyzed the fine structure of Guar gum. Using the results of chromatog-
raphy experiments of different enzymatically hydrolyzed modified Guar gums, Mc-
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Cleary found first indications for a non random Galactose distribution. Also he pro-
posed that long sections of unsubstituted Mannose groups are required for strong
interactions of Galactomannan polymers with Xanthan gum. McCleary et al® con-

tinued to investigate these interactions and proved that the interaction of Galactoman-
nan samples with Xanthan increased as the D-Gal actose content decreased. In 1985,
McCleary et al.” published new results about the fine structure of Guar gum. By com-
paring the amounts of different oligosaccharides released on hydrolysis of the poly-
mer with predictions from several computer models, they showed that the Galactose
sidegroup distribution in Guar seed indeed is non-regular. They found indications
that the Galactose side groups are arranged mainly in pairs and triplets. In 1986, ev-
idence was published® for the fact that the Galactose substitution pattern effects the
interaction properties of Galactomannans.

1.2.4 Microrheological models

In 1994, Kokini and Surmay** reported a study of the first normal stress difference.
From the concentration dependence of 13 — 02, they concluded that interchain re-
laxation processes play a dominant role in Guar gum solutions. After investigating
the linear rheological behavior of Guar gum, Kokini® compared model predictions
of four different models (the Rouse model’®, the Zimm model'’, the Bird-Carreau
model® and the reptation model*®*!). His conclusion was that the Bird-Carreau
model was able to predict the linear rheological behavior (storage and loss modulus
as a function of frequency) of concentrated Guar gum solutions. However, Kokini
based his conclusion upon the data of one Guar gum solution, so no concentration
and molecular weight dependencies were taken into account.

1.25 Enzymatic modifications

A new branch in the field of Guar gum research was the development of an enzy-
matic modification process which was used for changing the interaction propertied?.

This modification process was used to investigate the yield behavior of Xanthan and
enzyme modified Galactomannans'®. It turned out, that this yield behavior depends
strongly on the Galactose content.

Besides this, Tayal et al.?® reported a study on a different modification: The enzy-
matic degradation of Guar gum (enzymatically lowering of the molecular weight).
They found that the zero shear viscosity was sensitive (a decrease of several orders
of magnitude) to the extent of degradation.
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1.2.6 Gel formation of locust bean gum solutions

Work that does not deal directly with the microstructure of Guar, is the studies of the
gelation behavior of Locust bean gum. However since it is possible to modify the
mannose/gal actose ratio of Guar gum to the ratio of Locust bean gum, this work is
also related to our work. Tanaka et al 2* reported the gel formation of Locust bean
gum via a freezing-thawing process. Richardson and Nortorf® studied this gelation
behavior in more detail as afunction of Sucrose concentration and temperature. They
found a maximum in gelation rate close to -5°C and a large temperature hystere-
sis. According to the authors this indicates that the process of cross-linking of the
polymers (which causes the gel formation) is controlled by nucleation and growth
processes instead of reversible pairwise cross-linking. Recently, another paper that
deals with Galactomannan gelation was presented®. Richardson et al. reported that
the gel properties of locust bean gum gels depended on the Galactose content, gelling
temperature and concentration. Also alarge temperature hysteresis between gelation
temperature and gel melting was observed which was interpreted as an indication
that the gelation mechanism is under kinetic control. The presented gels melted at a
temperature of 44 °C.

1.2.7 Other experimental work on Guar gum

Besides from the work mentioned above, some research was donein related areas.
For example, Carnali'® published in 1992, a paper in which the gelation of Guar gum
with borate is described. Thiswas not of much interest for the in this thesis presented
research, but it isan important fact to know that Guar gum gels with borate.

Work from acompletely different field is the x-ray diffraction study, done by Kapoor
et al.?2. Their results indicate that Galactomannans of low and high Gal actose content
have arelated crystal structure.

In 1999, a study was done on the degradation of Guar gum due to high temperature
processing®. It was found that degradation of Guar gum occurred, caused by high
temperatures of up to 120°C. This degradation also caused a decrease in viscosity.

1.3 Outline of thethesis

From the overview, it becomes clear that, although Guar gum was investigated inten-
sively, the relation between rheological macroscopic and microscopic properties is
till not clear. Also, a systematic study on the influence of the macroscopic variables
on the linear rheological behavior has not been performed yet. Further on, microrhe-
ological modeling of associative polymers is till an under developed area, although
it has been receiving increased interest in the last few years. Also, only few studies
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have been aimed at analyzing experimental rheological data with such models. Espe-
cialy, the field of models based on entanglements and physical bondsiis still open.
Since the previous work shows that both entanglements and physical bonds (" hyper-
entanglements’) might play arolein therheology of Guar, we developed anew model
in which the relaxation processes are related directly to the breakup of physical bonds
but influenced indirectly by entanglements. They cause the chain connectivity effect:
Each chain segment that is located directly or via other segments between two physi-
cal bonds carries stress due to the presence of entanglements. Thismodel is presented
in chapter two.

In chapter three the model assumption that chain segments carry stress if they are
located between two physical bonds was changed to the assumption that chain seg-
ments carry only stress if they are located between two physical bonds and never
have lost their stress in the past. The difference of these two assumptions can be
understood by thinking of a G(t) experiment. If a step strain is performed, the ac-
tive segments (segments that are located directly or via other segments between two
physical bonds) start to carry stress. Due to the breakup of bonds these segments
will become inactive (not located between two physical bonds) and therefore they
will loose their stress. But due to the forming of bonds some inactive segments will
also become active. In the first of the two assumptions, these segments will not only
become active, but they will also carry new stress. In the second assumption, they
only become active and remain free of stress.

Besides this difference in assumptions, also the model was extended so that different
types of physical bonds (strong and weak ones) can be taken into account.

In chapter four a systematic study is presented on the rheological macroscopic prop-
erties of Guar gum as afunction of several different variables like molecular weight,
temperature and polymer concentration. Also a comparison of this behavior with
predictions from different microrheological modelsis made. The best overall predic-
tions were obtained with the in chapter three presented model.

In order to aobtain more evidence, three important model assumptions (the occurrence
of weak bonds, strong bonds and thermodynamic equilibrium) were investigated in
chapter five by changing the solvent quality and the mannose/gal actose ratio via en-
zymatic modifications. The results of this study show that the assumption of thermo-
dynamic equilibrium and the assumption of having weak bonds do not hold. There-
fore no developed model is able to describe the rheological behavior of Guar gum
solutions correctly. However strong indications were found that the two observed re-
laxation mechanisms are caused by hydrophobic bonds between polymer chains (that
cause large structures) and by a diffusion process which is not reptation.
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Chapter 2

A New Transient Network Model for Associative Polymer
Networks

2.1 Synopsis

A new model for the linear viscoelastic behaviour of polymer networks is devel-
oped. Inthis model the polymer system is described as a network of spring segments
connected via sticky points (as in the Lodge model). An important extension (with
respect to previous models) is that chain connectivity is taken into account. All seg-
mentsthat are located in between connected stickers are supposed to carry stress. The
attachment and detachment of stickers is described with kinetic equations in which
activation energies play arole. Simultaneous transitions involving groups of stickers
are allowed.

The model shows astrong dependence upon the number of segments per chain. Broad
relaxation spectra can be obtained. The storage modulus can have more then one
plateau corresponding with the fact that stress relaxation may need the breakup of
several bonds.

Keywords Transient network model, bond energy, stickiness, linear visco-elagticity,
associating polymers, time-temperature superposition.
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2.2 Introduction

Several models have been developed so far to describe the rheological behaviour of
polymer melts and solutions. We can distinguish between three model types. First
there are the bead spring models like the Rouse modef*®. Secondly we have the rep-
tation models in which the polymer chain moves back and forth along a tube which
represents the constraints imposed by the other polymers.

The third class is formed by the transient network models, first proposed by Green
and Tobolsky!?, Lodge* and Yamamoto®. In these models a polymer system is
described as a network of spring segments in which segments are annihilated and
created during flow. The stress is the sum of the contributions of al network seg-
ments.

Many improvements have been made | ater on the transient network model to describe
non linear flow phenomena-'%1’. More recently a lot of work was done consider-
ing linear and non linear visco-elasticity of physically cross-linked networkg%-23,
Simulations have aso become an important tool for the investigation of transient
networks>>8:12,

Degspite their success to describe the rheology of particular systems, there is till
much to be desired. No analytical models have so far been able to describe broad
relaxation spectra (without using the ad-hoc concept of a’segment complexity?4)
and the same holds for the molecular weight dependence. A recent approach to deal
with these limitations was given by Gonzale?° and Leibler et al.’® who modeled
stress relaxation, combining transient network and reptation elements.

In the present chapter, we develop a new transient network model for linear visco-
elagticity, following a different approach in the sense that several relaxations are al
explained from asingle origin, being intermolecular bonding. The polymer systemis
described as a network of polymer chains, consisting of spring segments connected
via sticky points. The connectivity of the whole polymer chain is taken into account
by assuming many sticky points on the polymer chain (at which the chain can be
connected to the network). Asaresult, the model predicts a chain length (molecular
weight) dependence and broad relaxation spectra. The model may also be a good
starting point for developing atransient network model for the non linear behaviour.
Transient networks have also been the subject of a number of recent experimental
studies>"15, A first confrontation of our new model with experiments from literature
will be made in section 2.6.5.

The outline of this chapter isasfollows. In section 2.3 we present the model concept
and in section 2.4 we derive the consgtitutive equation. Comparison with the Lodge
model was made in section 2.5. The model results are presented and discussed in
section 2.6. In section 2.7 the assumptions made, and the scope of the model are
treated in more depth. Section 2.8 contains the conclusions of this chapter.
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2.3 General Model Concept

It is assumed that a polymer chain can be modeled as a series of segments perma-
nently linked to each other in alinear (i.e. unbranched) configuration. At the joints,
whereabout free rotation is possible, there are sticky points via which the polymer
chain can be connected to the network. Here, the network is defined as a collection
of chains connected to each other via stickers, and which can resist stress viaadefor-
mation of its segments.

We focus upon the state of a whole chain instead of individual segments. Thisis
similar to the reptation model®. In the chain each sticky point can exist in two states:
either connected or free. The state of a chain is defined by the states of al its sticky
points. Transitions between the states of the chain are possible via various processes
involving one or more sticky points.

One should notice here that we distinguish between the state and the configuration of
achain. The state of a chain designates the state of its sticky points. The configura-
tion of the chain is given by the orientations and magnitudes of its segment-vectors.
We consider in our model two types of segments. Segments belonging to the network
and segments not belonging to it. We assume that the network will deform affinely
with the macroscopic flow. Because of this deformation, segments belonging to the
network will carry stress. Therefore they are called active segments. Segmentswhich
are part of either aloose end or afree chain will not carry stress. They are called in-
active segments. In figure 2.1 active and inactive segments are shown. Note that for
active segments one or both segment ends may also be indirectly connected to the
network via other segments of the same chain.

Ld

-

-

-
e active
*

inactive

Figure2.1: A polymer with active and inactive segments.

When transitions take place, chain-segments may change from active to inactive and
vice versa. If asegment becomes inactive, the stressin that segment islost. Asin the
origina Lodge model** the distribution function for the parts of the chain consisting
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of inactive segments is assumed to be the Gaussian equilibrium distribution function.
For the active segments we assume confinement in a tube, similar to the reptation
model®, where the tube represents the topological constraints for a strand imposed by
the other chainsin anetwork. Thisideais shown in figure 2.2.

Figure2.2: A polymer chain with the active segments confined in a tube represent-
ing the topological constraints.

Note that the tube concept is only used as a constraint on the sticker positions; we
do not consider diffusive motion along the tube. In the present paper we restrict
ourselves to the linear viscoelastic regime.

2.4 The congtitutive equation

We consider an incompressible fluid with a concentration of ¢ macromolecules per
unit volume. It is assumed that every chain contains the same number of segments
and all segments have identical properties. With N sticky points per chain, the number
of segmentsisN — 1.

To define the state of achain weintroduce the state vector s. Thisisarow matrix of N
elements designating for each sticker whether it is connected ($ = 1) or not (§ = 0).

When a sticker is connected to the network we have a so called bond. Stickers that
are not connected will be called free. So the state of a segment is either active or
inactive whereas the state of a sticker is either free or connected.

We assign the vector g to the segment from sticky point i to sticky point i + 1. We
define Yq(qs1, ...,gn—1,t) asthe normalized configuration-space distribution-function
of the chains that are in state s. We aso define adistribution function Y, normalized

to Ns, as: NsWg with Ns the total number of chainsin state s per unit volume.

Since only the active segments deform affinely, they contribute to the stress and the
stress tensor T can be written as:

T=5 Y Nk<aqgi>=) > Ts (21)

S ieAs S ieAs
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where A is the set of the indices (i) designating the active segments q of chains
in state s. Here Kk is the spring constant of the segments and the brackets denote an
averaging with respect to the distribution function yx:

< Qigi >s= /QiQille(Qi,t)d3Qi (22

To obtain an expression for the second moment < gq; >s we start with the balance
equations that govern the time dependence of the distribution functions. For chains
in state s these are of the usual form of equations of continuity for the distribution
function Wy in configuration space, with a convection term describing the motion,
and creation and annihilation terms describing the transitions between chain states:

ows Nzt oo .
- = —'WSQK_S; fss’ws‘f'sé fy Wy (2.3)
ot k; 00k d s

In equation (2.3), the second term on the right-hand side represents the annihilation
of chainsin state sto all other possible states noted as $ with fs¢ the corresponding

transition rate-constant. The third term isthe creation rate of chainsin state sfrom al
other possible states s. Since we restrict to linear viscoelastic behaviour, we assume
that all fsy are independent of g.

The configuration-space distribution function for the parts of the chain consisting
of inactive segments is assumed to be the Gaussian equilibrium distribution function.
Because of the tube-constraint no change in configuration takes place during the state
transition unless active segments become inactive. So < gq; > is taken equal to

< gigi >¢ unless active segments become inactive. To obtain an equation for the
second moment < q;q; >s we multiply equation (2.3) by giq; and integrate over

configuration space. This leads to:

oW ) .
WSQiCde?’Qi = /Za—qk'wSQindeSQi (2.4)

_/; fsg‘PsQqu'd?’QinL/s; fs sWeqiq;d3q;
s S

As in the Lodge model we make the assumption that the active segments deform
affinely with the macroscopic flow described by L, the macroscopic vel ocity gradient
tensor. So:

di=L-q (2.5)
Substituting this in the previous equation we obtain the egquation for the second mo-
ment of the distribution function for segment i of achain in state s:

3
=Ns < Qi >s= — 5 fsoNs<qigi >s+ > fesNs <qigi > (26)
ot &y s
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where g isthe so-called upper convected derivative which is defined as.

5 d
—A=—A—-L-A-A-LT 2.7
at dt 2.7)

To obtain an expression for the stress tensor we also need an expression for the num-
ber of chains per unit volume in state s, N;. For this purpose we use the kinetic
equations obtained by integrating equation (2.3) over all configurations:

dN.
d—ts - —; fggNersZ fs sNg (2.8)
s S

An Arrhenius equation is assumed to relate the transition rate constant £ between
two chain-states to the activation energy Es¢ needed for the transition and the tem-
perature T:

—E
fse = a - exp( k_l‘f”g) (29

Here a~1 is the characteristic time-scale of the process when the activation energy
becomes zero and k is the Boltzmann constant.

The energy needed for atransition of achain state isrelated to the energies, needed for
bonds to be broken or formed. For single bonds, we define these activation energies
to be E, and E; (seefigure 2.3).

energy barrier

Eb
E,

bond

no bond

Figure2.3: The activation energiesthat must be overcomefor one bond (one sticky
point).

By assuming that the sticky points behave independent of each other, the activation
energy of achain-state transition egqual's the summation of the energies needed for the
formation and breakup of the single bonds:

N
2
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with:
E11=0, Eio=E, Eo1=E; and Ego=0 (211)

Using the equations (2.8) and (2.9) we obtain the following set of differential equa-
tions: dN E E

—S_ _ . it . =SS

i S;a exp( T )Ns+g§sa exp( T )Ny (2.12)

Solving this set of equations leads to the following steady state solution:

SPE) g OPCB)  gnen o (p13

M= (oo rep( B ep(—Er) +ep(—E)

with ng the number of connected sticky points for the chains in state s:

N
Ns = 'le (2.14)

This solution can also be obtained by using statistics (and is only valid for the linear
viscoelastic regime since fs¢ was taken independent of ¢;). We recall here that § is

element i of the state vector s.

Returning to the calculation of the stress tensor, we can now make equation (2.6)
explicit by substituting equation (2.9-2.11) and (2.13). The resulting expressions
contain many summations but they are just a set of uncoupled first order differential
equations as we will explain now.

Since we assumed that the distribution function for a part of the chain consisting of
inactive segments equals the Gaussian equilibrium distribution function, the second
moment for these inactive segments is given by "%1. This means that < giq; >¢ =

KT1 when g in state s is an inactive segment.

On the other hand, since we assume that the chain-part belonging to the network is
enclosed in atube and we neglect the stress relaxation due to movement relative to
the tube, < gigi >¢ can be set equa to < gigi >s when @ in state S is an active
segment. Summarizing, < gig; >y is either set equal to < giq; > or set equa to

k%l, depending on the state of segment i in chain state $ and therefore the differential

equations are uncoupled. Using this, the summations given in equation (2.6) can be
simplified because Ns and fs¢ are constants. Therefore the equations for the second
moment for segment i in state s become of the form:

0

5 < didi >s= —Ag- < Qidi >s+Bg1 (2.15)
with Ag and By depending only on the state of the chain s, the number of the segments
i, the energies E; and Ey, the temperature T, the chain concentration c, the prefactor
o and the spring constant K. Thistype of equations can be easily solved for < qq; >s.
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When we multiply equation (2.15) by Nk and we add to Ty (see for the definition

equation (2.1)) an isotropic stress of AB\—S! Nsk 1, equation (2.15) can be rearranged to:

sl

1 By
™ T +Tg = A—:NSKZD (2.16)

Here we used that D = %6%1 with D the rate-of-strain tensor and we linearized the
equation. Thisisthe equation corresponding to the Maxwell model and from which
the moduli can be calculated*. From equation (2.1) it can be seen that the stress tensor
isasummation over Ty, so this model leads us to asummation of Maxwell elements.
The problem is in al the summations. We have to solve equation (2.16) for each
segment for each state which means that we have to solve (N — 1) - 2N equations. The
two summations within each equation are summations over 2V — 1 terms so we have
to determine 2- (N —1) -2V (2N — 1) constants. Thereforeit isnot possible to give an
explicit expression for the stress tensor. For small N, however, it is possible to derive
and solve al the equations of < gg; >s.

2.5 Comparison to the L odge model

We will now show that our model for the case of one segment per chain can be
reduced to the Lodge equation. In the Lodge modef'* chains are not considered
explicitly and only segments are distinguished. This corresponds to our model with
chains consisting of one segment and two stickers. Segments can occur in four states:
one of them active and the other three inactive. The state vector of the active segments
is 11 and the state vectors of the free segments are 10, 01 and 00. The stress tensor,
given by equation (2.1) then reduces to:

T =NuK <0191 >11 (2.17)

When we define h as (f11710 + f11701 + f117oo) and gNg as (f10711N10 + f01711N01 +
foo,11Noo) and use that the distribution functions for the inactive segments are the
same we can write equation (2.6) as the relevant equation of the Lodge model:

0

5L < 0202 >11= —hNg <202 >11 +GNo < GoCo > (2.18)
Also the kinetic equation for the active segments, given by equation (2.8), becomes
the kinetic equation of the Lodge model:

%Nl = —hN1 +gNo (2.19)
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2.6 Results

For small N it is till tractable to derive all the equations for the second moment of
the distribution function for a segment g in state s and hence calculate the dynamic
moduli. The largest number of sticky points per chain used was 8. This number
was used in al calculations unless stated otherwise. To explore the capabilities of
the model we have varied the activation energies, the temperature and the number of
sticky points and calculated the dynamic moduli for a very broad frequency range.
Themoduli G' and G” are expressed in units of KT and the frequency f isnormalized
to a.

2.6.1 General featuresof the mode

We will first examine the general features of the model. Figure 2.4 shows a typical
result for the dynamic moduli of a multi-segment chain. We took both activation
energies equal to 6 KT.

101§
100k
107

" [KT]

© 104

104

105 sl v ol o vl vl o vl ol 3
10210 10" 10° 10® 107 10° 10° 10* 10° 102 10

frequency [d]

Figure 2.4: Representative result of the new transient network model. See text for
details.

This leads to severa plateau zones for the storage modulus. The shortest relaxation
time is visible at the dimensionless frequency of 2- €. The factor of 2 expresses
that the fastest process viawhich a chain can lose tension is the breakup of one of its
outermost bonds, of which there are two. More generaly, for any number of bonds
that have to be broken (simultaneously) to get a certain stress-relaxation, there are
always two chain-ends available.

The other frequencies marking the upper end of the plateaus are likewise simply
obtained from equation (2.9), with the energy a multiple of the activation energy
needed for one bond to break.

Although there is a clear separation between the different plateaus, the number of
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relaxation times is in fact much larger than the number of plateaus. This does not
show up due to a clustering of relaxation times within groups: this isillustrated in
figure 2.5.
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Figure 2.5: The relaxation spectrum?* corresponding to figure 2.4.

To understand this, one should recognize that the relaxation time %, belonging to
segment i in state s results from a summation of all rate constants £¢ that belong to
transitions, where segment i will relax (see equation (2.6)):

1
S Zg’:freeexp(_ESs’/kT)

The most important contribution to this summation is given by the fastest relaxation,;
the other small contributions cause the clustering of relaxation times shown in figure
2.5. The distance between these clusters is € as expected.

The number of the plateaus N, can simply be obtained from the number of bonds that
have to be broken to release a segment in the middle of achain with all stickers fixed.
The fastest way to achieve this stress release in asingle step is simultaneous breakup
of all bonds from the segment to the (nearest) chain-end. Thisinvolves,

5 dickers for N=24,6..
N1 dickers for N=3,5,7...

The magnitude (i.e. stress level) of the highest plateau G, is the summation over all
chain states of the number of active segments a, multiplied with the concentration
of that chain state:

Ty (2.20)

(2.21)

Gpo =Y 85 Ns (2.22)
S

We recall that Gy, in (2.22) is normalized to KT.
The value of the second highest plateau can be similarly accounted by now consider-
ing all chain segments that will stay active when the most left and right bonds of the
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chains are broken:
Gp, = Zasl - Ng (2.23)
S

where the subscript p; stands for the first additional plateau and where the subscript
s1 designates segments in state s that stay active when the most right and left bonds
are broken.

This analysis can be extended to the other plateaus too:

Gpno — z asno . Ns (224)
S
with no the number of bonds broken at the left and the right side of the chain.

2.6.2 Dependence upon the number of sticky points

Figure 2.6 shows the influence of the number of sticky points per chain. Both ac-
tivation energies are taken 6 kT which is sufficient to observe a separation into G
plateaus, but still small enough to have a transient network behaviour. The number
of sticky points per chain is varied from 2 to 8. The concentration of chain segments
isset equal to 1.
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Figure 2.6: Dependence upon the number of stickers per chain. e =2, A = 4, =
6and + = 8.

Two sticky points per chain leads to the Lodge model with arelaxation time of% -5,

The plateau value is proportional to the concentration of active segments which in
this particular case equals the concentration of active chains: 0.25 KT according to
equation (2.13). Seealso figure 2.6. Thereis no second relaxation time here, because
all chain segments are able to relax all stress when the outermost bonds are broken.

To explain quantitatively the first additional plateau we will examine the result with
four sticky points per chain. Here according to equation (2.21), there should be a
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second plateau. The dominant relaxation timesare$ - €® and 1 - 2 which correspond
with the frequencies in figure 6. The highest plateau value can be determined using
equation (2.22) and isequal to f—g KT. Note that in figure 2.6, G is normalized to the
number of segments per chain. The second plateau value is, using equation (2.23),
equal to % KT (because only the middle segment, in the chain state where every
sticky point has formed a bond, is not able to relax when the outermost bonds are
broken).

These examples illustrate our statement in 8§ 2.6.1 that the dominant relaxation times
and strengths can be directly related to physical processes. For a higher number of
sticky points we see an increase of the levels of the G plateaus.

2.6.3 Dependence upon the activation energies

Figure 2.7 shows the storage modulus for different activation energies when the dif-
ference in the two activation energies is taken to be zero. When the activation energy
issmall, the bonds form and breakup easily and the storage modulus can be compared
with the storage modulus from the reptation theory. When the activation energies be-
come larger the transient network model will become more and more a rubber-like
network, because the relaxation times become larger (see equation (2.20)).

10"
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Figure 2.7: Dependence upon the activation energy. The number of sticky points
per chainis 8 and the activation energy of breakup is equal to the activation energy
of forming. The activation energiesare: A = 2KT, e = 4KkT, B = 6 KT and + = 8KT.

Now we will focus upon the moduli when the activation energy of forming a bond
is taken to be different from the activation energy of breaking a bond. We will split
this dependence in two parts. First the activation energy of forming a bond is taken
constant (6 KT) and the energy of breaking a bond is taken equal and less (6,5,4,2
KT). In figure 2.8 thisis shown.
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Figure2.8: Differencein activation energies. The number of sticky points per chain
is 8 and the activation energy of forming is 6 KT. Activation energies of breaking
are. e = 6KT, A=5KT, + = 4KT and @ = 2KT.

We see that the relaxation time decrease follows equation (2.20) with Ky the ac-
tivation energy needed for the transition from chain state sto $. Also the plateaus
become less discernible and finally the second, third and fourth plateau disappear.
When we look at equation (2.13) we see that the number of chains that are in state
s depends on both activation energies. By taking the activation energy of forming
a bond much higher than the activation energy of breaking a bond, the number of
chains that are in states with many bonds is decreasing sharply. Therefore also the G
plateau levels decrease.
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Figure2.9: Differencein activation energies. The number of sticky points per chain
is 8 and the activation energy of breaking is 6 kT. Activation energies of forming
are. e = 6KT, A=5KT, + = 4KTand @ = 2KT.

In figure 2.9 the activation energy of breaking abond is set constant (6 kT) and the
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energy of forming a bond is varied (6,5,4.2 kT). We now can see that when the
energy of breaking abond is much higher than the energy needed to form abond, the
storage modulus plateau levels become also much higher because most sticky points
are connected and therefore only small parts of chains are able to relax their stress
when one bond is broken. It can be seen in figure 2.9 that the important relaxation
times do not change. These relaxation times are determined by the energy of breaking
abond and this energy is not changed.

2.6.4 Special cases

In this section we will present two interesting special cases. First, with our model
reptation like moduli can be obtained. Also our model does not necessarily satisfy
time temperature superposition.

Comparison with the reptation model

The key concept of reptatiorf is that a polymer chain is confined in a tube. This
chain moves back or forth via a diffusion process like a reptile and is therefore able
to relax stress. The tube represents the topological constraints imposed by the other
chains in the network. The most important and also the longest relaxation time in
the reptation model is the time needed for the innermost tube segments to relax their
stress via the process of tube renewal. It isimportant to note that the reptation model
leads to a narrow spectrum of relaxation times.

In our model, a narrow relaxation spectrum, can be achieved by taking a chain with
many sticky points and weak bonds (activation energies of about 1 KT).
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Figure 2.10: Comparison of our model and the reptation model. The longest repta-
tiontimeusedis1s. Seetext for details.

By taking weak bonds the activation energy for simultaneous break-up of many bonds
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will still be low. As a consequence, the probability of these processes will be rela-
tively high, whereas the longest relaxation time will not be too different from the
shortest time. Hence, afairly narrow relaxation spectrum will be generated, like for
reptation. In figure 2.10 a comparison between our model and the reptation model
is shown (for a chain with 8 sticky points). It can be seen that we get reptation like
moduli.

Time temperature superposition

Last we will show that our model does not necessarily satisfy time temperature super-
position. In other modelsit is possible by scaling the frequency and the moduli axes
to obtain superimposed curves for the moduli. In our model there are two reasons
why thisis not the case.

First, the dominant relaxation times do not scale in the same way with the temper-
ature. The first dominant relaxation time scales logarithmically with the activation
energy for breakup whereas the second dominant relaxation time scales logarithmi-
cally with twice the activation energy for breakup. Therefore the ratio between these
dominant relaxation times will change with the temperature and this makes it impos-
sible to obtain superimposed moduli curves by scaling.

Secondly, when the activation energies for breakup and forming of abond are differ-
ent, the storage modulus plateau values will also scale differently with the tempera-
ture as can be seen from equations (2.13) and (2.24). An example is shown in figure
2.11, where we used relatively high activation energies to show the difference in the
moduli. In this figure we scaled both axes in such away that at the high frequencies
time temperature superposition is obtained.
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Figure 2.11: Failure of the time temperature superposition over the full frequency
range. Activation energies. Es = 14 KT, E, = 10KT.

It can be seen very clearly that time temperature superposition fails at the lower fre-
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guencies.

2.6.5 Comparison of predictionswith experimental data

Toillustrate the potential of our new model, we present here afirst comparison with
experimental data. In figure 2.12 data (taken from Maerker and Sinton™) are shown.

They measured the dynamic moduli of a2.0 % poly (vinyl alcohol) solution in water
plus sodium borate (SB). In this system the PVA-chains can form atransient network
due to areversible cross-linking reaction mediated by the borate iong®. Obviously,

many sites along the PVA-chain are available for such a cross-linking. A peculiarity
of this system (which is however irrelevant for thisillustration) isthat after cessation
of shear the network slowly breaks down.
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Figure 2.12: Experimental data taken from Maerker and Sinton'®. (A, A) = 2%
PVA-SB solution measured 21 days after having a shear induced network, (e,0) =2
% PVA-SB solution measured 1day after having a shear induced network, lines are
transient network model, dashed lines are new transient network model (see text for
details).

A PVA solution without SB exhibits dynamic mechanica properties nearly identi-
cal to those of the 21 days old sample, showing no evidence of plateaus. When we
compare the data of a sample equilibrated without shear for 21 days with a’freshly’
(1day) presheared sample, it is clear that the contribution of other relaxation mech-
anisms like Rouse or reptation can be neglected compared to the transient network
contribution.

Looking at the moduli for the network, we see at low frequencies for the storage
modulus an increase compared to low-frequency limiting behaviour. At intermediate
frequencies there is a plateau zone for the storage modulus and at high frequencies
there is an increase of the loss modulus. From this we can conclude that there are at
least three relaxation processes due to the transient network behaviour (since other
relaxation mechanisms can be neglected).

When we want to predict three relaxation processes with our model we need at |east
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6 sticky points per chain. Thereal PVA/SB system may well have more sticky points
per chain, but due to computational limitations we had to take the number of sticky
points per chain equal to 8. Assuming activation energies of forming and breaking
of 5.05 and 4.70 kKT and using 8 sticky points as explained, we obtained the model
prediction shown in figure 2.12.

The qualitative improvement obtained with our model as compared to the transient
network mode! of Lodge**, Yamamoto?® and Green and Tobolsky*! is obvious, whereas
the activation energies are not unreasonable.

2.7 Discussion

We will evaluate the capabilities of the model and discuss the important model as-
sumptions.

2.7.1 Model capabilities

As explained it turned out to be intractable to calculate the moduli for more than
8 sticky points per chain. The question is to what extent the moduli curves would
change if the number of sticky points would be further increased. Thisissue may be
important in comparisons to experimental systems. The answer depends on the acti-
vation energies for breaking and forming a bond, since these are of key importance
for the magnitudes of the various relaxation strengths, as can be seen from equations
(2.13) and (2.24).
One can distinguish between the dominant relaxation times and the storage modulus
plateaus. All dominating relaxation times can be determined using:
1 =

= _epM- )
with Ny the number of storage modulus plateaus (equation 21). For N >> 1 the
plateau moduli cannot be accounted, but for afinite number it can be done. In fig-
ure 2.13 the values of the highest and second highest storage modulus plateaus are
plotted as a function of the number of sticky points per chain (keeping the segment
concentration constant as before). This isin accordance with the usual practice that
the dynamic moduli curves extend over about 4 decades in frequency and that only
the first two storage modulus plateaus will be observed.
It can be seen from the figure that the highest storage modulus plateau is almost in-
sensitive to N except when the activation energy for breakup is lower than that for
formation of a bond. In that case the highest storage modulus shows a dependence
on N which however becomes very weak for N>8. This can be concluded since the
fraction of active segments must become 1 (unless the activation energy for breakup
approaches zero) when N becomes infinite. Then a rubber-like behaviour will be

M={12,..,Np} (2.25)
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Figure 2.13: Storage modulus plateau levels as function of the number of sticky
points per chain. The highest plateau levels (G po ) start at N=2. The second plateau
levels (Gpy ).start at N=4. Activation energies (Ep,E¢ ) in units of kT, belonging to
the plateaus (Gpo,Gp1 ) are: (A,e) = (6,2), (+,0) = (6,6), (4...) = (2,6).

reached which isatheoretical limit.

When the activation energy for breakup is lower than the energy for formation, there
is no visible second storage modulus plateau. For the other two cases, the second
storage modulus plateau levels are aready relatively insensitive to N when the num-
ber of sticky points per chain is 8. So even if more sticky points per chain would be
present in the 'rea chain’ the right order of magnitude should already be obtained
with 8 stickers.

A second point is that the rate constants for the various transitions between chain-
states were set equal to one constant o in equation (2.9). Obviously, the structure of
the model (i.e. the types of equations that have to be solved) allows to make adistinc-
tion between different rate constants for different transitions. Such a distinction may
be appropriate in certain cases. For instance, when the concentration of chain seg-
mentsis increased, the probability for abond to break will remain the same, whereas
the formation rate of bonds could increase since there are more stickers available per
unit volume.

2.7.2 The model assumptions

We made in this model three important assumptions that will now be discussed: The
incorporation of the tube concept, the additivity of the activation energies (equation
(2.10)) and the (re)distribution of inactive chain segments according to a Gaussian
distribution function.

The tube concept was incorporated in the model via the assumption that stress relax-
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ation can only occur when active segments become inactive. However, among the
active segments there will be segments with one or both stickers not bonded. Still,
these segments are not supposed to (be able to) relax any stress. Thisisasimplifica-
tion and it allowed us to obtain a set of uncoupled differential equations instead of a
coupled set.

This assumption, that stress relaxation can only occur when active segments become
inactive, is best justified when the system is concentrated which means that the seg-
ment length is large compared to the mesh size of the network. Thisisthe case when
the polymer concentration is much higher than the critical concentration ¢ were
overlap starts to occur. Then there are topological constraints imposed by the other
chains in the network and the chain is only able to move along its contour.

The latter movement is in our model also restricted because of the bonds and there-
fore active segments cannot reptate. Then however, relaxation due to Rouse motion
of polymer chainsis still possible. In our model we did not take into account Rouse
relaxation, because we assume that Rouse relaxation becomes important at much
shorter timescales than the timescale where transient network behaviour starts to oc-
cur. So our model isvalid when:

*

NR2 1 E
c>C ——Z Rg D

and = 5 &PG)

(2.26)

with T, the longest Rouse relaxation time'8, Z the friction per sticky point and R, the
radius of gyration.

Secondly we assumed that the activation energy needed for a chain transition simply
equals the sum of the activation energies needed for all the sticky points involved in
thetransition. Thisisafirst order approximation, but it is clear that the energy needed
for the breakup of two bonds simultaneously is more than the energy needed for the
breakup of one bond.

Last we will discuss the assumption that inactive segments are distributed in a Gaus-
sian equilibrium distribution. When the system is concentrated the distribution func-
tion of segments that become inactive will not instantaneously transform into the
equilibrium distribution. This equilibrium distribution will be reached viaadiffusion
process. We did not take this diffusion process into account, but when the character-
istic diffusion time is small compared to the shortest relaxation time of the network
processes, thisisjustified. The time during which the segments are free is then much
larger compared to the time scale of the diffusion process.

2.8 Conclusions

We think that our new model opens interesting possibilities for describing and un-
derstanding the linear visco-elasticity of polymers that form a transient network via
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associative sites. Varying only three model variables (the activation energies of break-
ing and forming a bond and the number of sticky points per chain), the model can
predict moduli functions resembling those of known models, as well as various new
cases. Reptation like moduli can be obtained with our model by taking chains with
many weak bonds of 1 kT. Rubber-like behaviour occurs when the activation energy
for breaking a bond becomes large. The larger the number of segments, the lower the
activation energy that is needed for this behaviour.

The number of equations that have to be solved becomes very large when the number
of sticky points per chain becomes large.

However, provided that the activation energy for breakup of asingle sticker is large
enough (say greater than 3 kT), the essential features of the relaxation behaviour i.e.
the number of storage modulus plateaus, the stress-levels of these plateaus and the
dominant relaxation times can be easily predicted in terms of activation energies of
forming and breakup of bonds and the number of sticky points per chain.

The dependence upon the activation energy of breaking abond is clear. Raising this
energy leads to higher relaxation times according to the Arrhenius equation and also
the number of chains in certain states depends strongly upon this energy following
equation (2.13).

The activation energy of forming a bond does not have any influence upon the re-
laxation times, but like the activation energy of breaking a bond it determines the
number-distribution of chains in state s and therefore the plateau-val ues.

This model is also the first transient network model that predicts a clear dependence
upon the number of sticky points per chain, which can be seen as a kind of depen-
dence upon the molecular weight. Not only the number of plateaus depends upon this
number, also the plateau magnitudes depend upon it.

I'n our model the temperature only appears in normalizations of the energies of springs
and bonds. However time-temperature superposition does not necessarily hold in
such a way that relaxation spectra belonging to different temperatures can be fully
laid over each other.
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Chapter 3

A generalized transient network model for associative
polymer networks

3.1 Synopsis

A transient network model is described for a polymeric system consisting of linear
chains, connected with temporary cross-links. The model is a reformulation and
extension of a similar model which was presented recently [Wientjes, R. H. W.;
Jongschaap, R. J. J.; Duits, M. H. G.; and Mellema, J. A new transient network
model for associative polymer networks. J. Rheal., 43(2):375-391, 1999].

Contrary to common transient network model s the interconnection between segments
is explicitly taken into account. The dynamics of the system is also described by the
state of awhole chain, instead of separate segments. As aresult a prediction of the
shape of relaxation spectra is possible. The model predicts broad spectra with long
relaxation times, in particular for chains with many stickers. In the present formula-
tion also systems with multiple types of stickersis can be treated. In that case plateau
regions in dynamic moduli may appear.

Keywords Transient network model, bond energy, stickiness, multiple bonds.
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3.2 Introduction

Transient network models are an important class of models, developed to describe
the rheological behavior of polymer melts and solutions. The transient network con-
cept was first proposed by Green and Tobolsky?, put in atensorial format by Lodge®

and Yamamoto'® and developed further by many others (see the book! for areview).

Lately, there are a number of new developments in transient network models. First,
improvements in order to describe nonlinear flow behavior1®, further on simulations,

which have become an important tool for the investigation of transient networks!34

and finally a combined transient network and reptation theory in the sticky reptation
models of of Rubinstein et al. 61112

Although the transient network concept was primarily developed to model entangle-
ment in polymeric systems, the model may also be used to model the dynamics of
weak gels, consisting of anetwork of chains with reversible crosslinks. In the present
paper we propose anew transient network model for this type of systems.

A special feature of this model is that the network segments are not treated as inde-
pendent. Instead, the interconnection of segments in a chain is taken into account
explicitly. Asaresult the present theory allows the prediction of relaxation spectra.
Thisisfundamentally different from ordinary transient network models, where rel ax-
ation spectra are introduced by using the ad-hoc concept of complexity of segments.
Although a general constitutive eguation is derived (eq 3.19 below), we will con-
centrate here on the linear viscoelastic behavior. In arecent paperl* we published a
model based upon the same principles. In our present paper the mathematical analy-
sis, however, is reformulated and extended. We improve an assumption in our earlier
paper about the stress contribution of newly created segments. As a result we now
obtain different predictions. In the new formulation, we are able to treat also the case
of multiple types of stickers. Thisturns out to be of significant influence.

3.3 Model

We consider a system of linear flexible polymer chains with on each chain (see fig-
ure 3.1) afinite number of stickers that can associate to form reversible crosslinks.
As a result the whole system acts as a reversible gel of multiple connected chains.
The stickers can exist in one of two states: free and fixed. The connection state of
the whole chain will be specified by a variable s which determines the states of all
stickers along achain. The parts of achain between stickers are called segments. All
segments are equal and modeled by linear entropic springs. Segments which carry
stress are called active.

In order to specify the state of a segment i in achain in state s we use a parameter \}
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= Inactive segment O = Free sticker

= Active segment @ = Fixed sticker

Figure 3.1: Chainwith free and fixed stickers and active and inactive segments.

defined as

V. = 1+ segmenti activein state s
= 0<«= segmentiinactivein state s (3.2)

Thisis not a dynamic variable, but a constant which determines unambiguously the
state of al segments for any value of the state variable s.

Theenvironment of achainistreated for the active segments as atube, which prevents
motions perpendicular toit. Thistube-constraint issimilar to the one used in reptation
dynamics.? In the present model, contrary to the so called sticky reptation model$
however, there is no motion of the chain along the tube. The main purpose of the
tube is to retain the direction of active segments as long as they remain active, even
when adjacent stickers are free. A transition of a sticker from fixed to free results
only in a loss of tension in an adjacent segment if in that transition the segment
becomesinactive. If, for example the sticker in the middle of the chain in the 5th state
displayed in figure 3.2 becomes free, no change of stress takes place in the adjacent
segments. If this occurs in the 6th state of the same figure the stress in the segment
left to that sticker will be released. This is a cooperative effect which is specific for
our model and results in relatively long times in the stress relaxation spectrum.

The non-active segments are assumed to be always in their equilibrium distribution.
This is similar to the common assumption of transient network theories! that seg-
ments are created in the equilibrium distribution. This assumption which isobviously
an oversimplification isretained to keep the analysis relatively smple. If anon-active
segment becomes active, its contribution to the stress is determined by its subsequent
motion. The total contribution of active segmentsi in a state sis determined by the
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Figure 3.2: Change of state of segmentsdueto changesof the state of stickersaong
the chain. A transition of a sticker from fixed to free results only in aloss of tension
segment if that sticker defines the terminus of a succession of active segments.

distribution function l]Jis. In the next section the coupled set of evolution equations
by which the segment distribution functions are determined will be discussed. This
is an improvement on our earlier papert* where it was assumed that the distribution
function of active segments was dependent only of the state s.

3.4 Evolution equations

Likein classical transient network theory”16 the rheological properties of the system
are determined by the creation, loss and motion of segments. Of primary interest are
the evolution in time of the density W,(q;,t) of chain-segments number i of a chain
in state sin an infinitesimal three-dimensional volume element dPq; in the segment-

configuration space, and the number density n, of chainsin state s. We also define a
one-chain probability density Ji by

Wy(ai, 1) = nss(qi ) (32)
The evolution eguation of segments is assumed to be

T~ Vg () 5 (A - At (33

The first term in the right hand side is the convective part. Due to the factor \} this
term is non-zero only for active segments, in accordance with the assumption that the
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inactive segments are always in equilibrium. The motionq of the active segments is
assumed to be affine, so
ai=L-q (34

where L = (Ov) " the velocity gradient tensor.
Thelast term in eq 3.3 defines the kinetic contributions. Ays isthetransition rate of a
chain for transition from state sto state .
By integration of eq 3.3 a rate equation for n, the density of chains in state s, is
obtained:

Ng = SZ AssNg + Ag sNs (355

S

Thiskind of gain-loss equation is called a Master equation® For the transition prob-
abilities it can be proved ® that

S

This allows usto write eq 3.5 in amore compact form:
Nns = z ANy (8.7
s

Where the summation over s extends the whole range of statesincluding $ = s. _
From equations 3.2, 3.3 and 3.5 we obtain for the one-chain distribution function

oWy 0 i Ny i

e —Vsa—qi (Wsdi) + Z n—sAss'(U»'g — ) (3.8
and by multiplication with Vi, using the identity vivi = vL (no summation) and sep-
arating in the last term contributions with segment i active and contributions with
segment i inactive in the state s and using our model assumption that free segments
are awaysin the equilibrium distribution P, after some rearrangement the following
evolution equation for yx:

.0 i .0 . n . . . n oo . .
VL LT ) + 3 AV (L) (00— ) + 5 T Al (uh — ul)
ot 0q; Ng Ns
(3.9)

The first summation are transitions from inactive to active, the second summation
transitions from active to active segments.

3.5 Constitutive equation

The macroscopic stress tensor T is the sum of contributions of the active segments,
S0

T=3 STt (3.10)
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where

TL=nk(S,—S°) (3.11)

with K the segments-spring constant,

S = (qq)s= / qaud3q (3.12)

the second moment of the segment distribution function qJS and S° the equilibrium

value

&= ()= "1 (3.13)

This is essentially the so called Kramers form' of the polymer contribution to the
stress tensor.

In order to obtain this result, the force in an active segment with a segment vector q
of achain in state s has been taken to be

fl=Kkq; (3.14)

This is an approximation. In fact, for a series of connected active segments, with
free stickers at the interconnections, due to equilibration of forces, the force in al
segments will be the same. This force will depend upon the total extension of these
segments. Moreover, the free stickers will aso move from the positions determined
by the assumption of affine motion and no longer coincide with the connections be-
tween the tube elements. To include thisin an anaytical formulation of our moddl, if
possible, would be very cumbersome. We expect, however, that eq 3.14 can be used
as an approximation for the spring forces and that the free stickers always follow the
positions, determined by the assumed affine motion. At least, in atreatment of linear
viscoelastic behavior, which is the main issue of our present paper, these approxima:
tions are expected to be sufficient.

From eq 3.9, eq 3.12 and eq 3.13 the following evol ution equation for S is obtained.

S R kT
5SS+ Y Pu(sh - ) =2 D (315)

where £ is an upper convective derivative (so & S° = —2XT D) and

) Ne - Ne _;
Bl = SVidy + =Bl (3.16)
Ns Ns

with
Bly = —AgVivl (3.17)
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We refer to appendix A for details of the derivation of these resullts.
From eq 3.11 and eqg 3.15 the following differential equation for T is obtained:

5( ) ZBss = 2kTD (3.18)

With eq 3.16 and eq 3.17 this may also be written as
éTI + Z Bngg =2nkTD (3.19)

The equations eq 3.7, eq 3.10 and eq 3.18 or eq 3.19 provide a complete set of con-
stitutive equations of the model. We see that the constitutive behavior is determined
mainly by the matrix A of transition rate coefficients which determines by eq 3.7 the
rate of change of number densities of the states n; of the chains and the matrices By

or B, occurring in the stress tensor expressions. The matrices iy or B, also contain
information about the chain connectivity in the matrix \,. Due to these features the
present model is able to give more detailed predictions about, in particular the lin-
ear viscoelastic behavior of the system than the common transient network models.
In the next section we will discuss in some detail how in our model the relaxation
spectra are predicted explicitly.

3.6 Linear viscoelastic behavior

For the analysis of linear viscoelastic response we use alinearized version of eq 3.19
with an ordinary time derivative and for all n the equilibrium values: r and instead

of the whole stress tensor we only consider the shear stress component T = T». In

aone-dimensional representation, the differential equation for the contributions Jg to

the stress T = S ; VLTl then becomes:

4 Z Bl Ty = ndkTy (3.20)

If all eigenvalues of the matrix [B] are distinct the following transformations can be
used to decouple the equations eq 3.20

Bl = P‘;lBiu iy = diag (b, b, ...,) (3.21)

=P, (3.22)

Then eq 3.20 becomes _
T4 bl = Zr P mOkTY (3.23)



42 GENERALIZED TRANSIENT NETWORK MODEL

Fourier transformation gives:

i AL
T, = P ,n 0 KTy 3.24
s 1+iw ; sty Y ( )
with the relaxation times 1
L= il (3.25)
After transformation to the original variables we finally obtain:
A i )\s/ <~
T,=Gy————v (3.26)
1+ i
with ' o
Gy =kT Y S viPPlyang (3.27)
S g
The corresponding storage and loss moduli are
i2
-y ye- _hs (3.28)
s 1+ 002)\'
G'(w Gi—— (3.29)
z Z 1+ w2>\' 1+ 6PA2

3.6.1 ThematricesA and nu

In order to apply the results derived in the previous section we need explicit expres-
sions for the elements of the matrices Ay and VL. To that end a consistent numbering
of stickers, segments and states is needed and we use a scheme, based upon the binary
representation of numbers. The state number swill be chosen such that the digits 1
in its binary representation correspond to fixed and digits O to free stickers. In figure
3.3 thisisillustrated for eight states of a chain of three segments.

In accordance with this numbering, we will also number the segments from right to
left so for a state with state number s such that 21 < s < 2 the highest value of
the number of a fixed sticker is k. Noting that for states with an odd value of the
state number sthe right-end sticker is fixed and that multiplication of sby afactor 2
corresponds to shift of the pattern of free and fixed stickers with j stepsto the left we
see that for states with 21 < sand s= m2} where mis an odd number, the segments
with numbers between j and k are active. In this way the the non-zero values of the
matrix V., are readily obtained.

Next, the transition matrix Ay has to be constructed. To that end we define a matrix

|19
K_[h 1] (3.30)
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Chain states Binary Decimal
C; o 0000 0
€ o 0001 1
C; o o 0010 2
€ o o 0011 3
C; o o 0100 4
€ o o 0101 5
€, o o O 0110 6
€ o o o 0111 7
o 9 1000 8

Figure 3.3: Thestate numberss of statesfor the case of achainwith three segments.

where g is the transition rate for transition of a sticker from free to fixed and h the
transition rate for transition of a sticker from fixed to free.
For the two states of a’chain’ consisting of one sticker, by using eq 3.6, we obtain
for the transition matrix
w_|-h 9
A [ h g ] (3.31)
By making use of the Kronecker product

2

1 g g g
_ | h 1 ghg
Kok=1| o & 9 o (332)
2 h h 1
the A matrix for the case of two stickers is obtained in a similar manner:
—2h—h? g g o?
h —g—h—gh h
(2 _ g g g g
A% = h ah _g—h—gh g (3.33)
h? h h 20— ¢
In generd
AN =KEN 4 ZK )3, (3.34)

where K®N denotes an n-fold Kronecker product. Expressions for higher order v
and A matrices are readily constructed numerically with algorithms based upon these
rules.
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A similar procedure is possible for systems with different types of stickers if they are
arranged in some regular pattern which is repeated along the chain. In that case the
same procedure is valid, with the only difference that instead of the 2 x 2 matrix K a
bigger matrix hasto be used as building blocks for the A.

3.6.2 Examples

We will show now some examples of predictions of linear viscoelastic behavior ac-
cording to the present model. A drawback of the method, outlined above is that the
number of states increases rapidly with the number of stickers and a considerable
amount of computer time and memory is required for the analysis. This may be
reduced eventually by making use of special algorithms, but at present we only per-
formed calculations for relatively few stickers. This, however is sufficient to illustrate
some characteristic features of the model.

We use a chain with up to eight stickers. First the case of equal stickers will be dis-
cussed and after that also the case of a chain with two types of stickers. Finaly, we
also use adifferent method, namely a straightforward simulation of the creation, loss
and deformation according to the present model for an ensemble of chains. In this
way also results for larger numbers of stickers can be obtained.

For the creation and loss rates g and h we use an Arrhenius type of equation:

g,h~ aext (3.35)

were o~ isacharacteristic time, k isthe Boltzmann constant, T the absolute temper-
ature and theindex t = g for creation andt = h for loss processes. For the calculations
we take a = 1 and express the activation energies & in units KT. The results shown
here are renormalized to the number of segments per chain.

100 ¢
107 o ¢
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2k R
102 g PR +
C +
© 10°¢ . h F1: *
4l N *
10 E +4+ + +
F ® %
10 * o{f‘
10-6 C \\\H’\‘ Ll RTTI sl
10° 10" 102  10®  10%  10%

t
Figure3.4: Relaxation spectraEg =3, En=5,6: N=5,4+: N=8

In figure 3.4 the relaxation spectrum is given for the cases of 5 and 8 stickers with
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Eg =3 and E, = 5 ascalculated with eq 3.21, 3.25 and 3.27. We see that the spectrum
isrelatively wide and we a so note the rapid growth of the number of relaxation times
with increasing N. Especialy for the case of 8 stickersit is visible that the relaxation
times can be divided in two groups of relaxation processes. The largest relaxation
times are about 2 10* which correspond to relaxation process where 2 bonds breakup
simultaneously. The second group is the group around 1 1 which is the breakup
time of one sticker. This group consist of many different relaxation times, divided in
two subgroups. Firgt, there is the relaxation process were chain segments relax after
aprocess of breakup of several stickersin succession. The corresponding relaxation
time grows roughly in alinear way with the number of bonds that have to break for
such aprocess. Secondly, there are often various ways for the same number of bonds
to break (either simultaneoudly or in succession). Thiswill cause the relaxation time
to be proportional to the number of possible ways of breaking.

10° ¢

10'1E

Gl Gll

10+ 103 102

10" 100

£
A
A
A
A
A
A
A

omega

Figure 3.5: Viscoelastic moduli for 5 stickers per chain and E4 = 5, open symbols
designate G”, closed symbolsG', E, =3: 0, En=5:A,En=7: 0

In figure 3.5 the moduli G' and G” are given for a chain of five stickers, a creation
energy of Eg = 5 and three different values of the lossenergy B, =3, 5, 7. Wenote (in

particular for high values of §,) therelatively flat lopein the low frequency region of
the moduli curves, which is an indication of abroad spectrum. We see that the value
of the plateau modulus increases for higher values of E,. Thisis also what should

be expected, since a high value of &, implies alonger average lifetime of the chains,

which means higher stresses. For higher values of B, we also see a shift of the curves
to the left, which corresponds to longer relaxation times. This is also in accordance
with the longer lifetimes of the chains.

In figure 3.6 the viscoelastic moduli are presented for the case that E; = E, = 5 and

three different values of N: N =3, 5, 7. We see a strong increase of the moduli

values with the number of stickers. Thisis characteristic of the present model where
the connectivity of the chains is taken into account. If a sticker becomes free, this
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100 ¢
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Figure3.6: Viscoelastic moduli for Eq = 5and Ep = 5, open symbolsdesignate G”,
closed symbolsG', 0 :N=3, A:N=5,0:N=7

will not always mean a loss of stress. Only for stickers that terminate a succession
of active segments such is the case. The probability of such an occurrence does not
depend on N, but for larger N the fraction of such stickers is simply smaller. This
increase in the number of multi-connected states for higher N also contributes to
shift the relaxation spectrum to larger times; this causes the shift of curvesto the lft.
Roughly the mean relaxation time scales with the number of stickers.

100 ¢ /
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Figure 3.7: 2 types of stickers: N = 6, Eqweak = 5, Eggrong = 10, ® © Ehweak =
3, Engrong = 6, A : Enweak = 5, Engrong = 10, 4 Ehweak = 7, Engrong = 14

In figure 3.7 the effect of different types of stickers isillustrated. Here we consider
the viscoelastic moduli for the case of two type of stickers: strong E; = 10 E,, = 2
and weak Eg = 5 E,, = 1 for the cases E, = 3, 5, 7. We see that in this manner it
is possible to obtain G' curves with different plateau’s and G’ curves with multiple
maxima.

Although the example here is given to show some features of our model, it should
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be noted that application for the case of two types of stickers is part of our current
research on the rheological behavior of Guar gum solutions®®.

Again, we see for higher values of &, larger moduli and a shift of the curvesto longer
time ranges.
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Figure3.8: Comparison of simulation and analytical results: N =6, Eq =5, Ey=5,
+ : analytical, e : simulation

In figure 3.8 the results of direct ssmulations are compared with the results obtained
with the analytical method discussed above. In this simulation the relaxation spec-
trum is obtained from single chain simulations. During these simulations the lengths
and orientations of chain segments are kept constant. Thisisalowed, sincethelinear
relaxation behavior is determined only by the breakup and formation of bonds. A
step strain experiment is simulated: a chain, randomly placed in a given state per-
formsavirtual step strain. Asaconsequence all active chain-segments obtain agiven
extension and orientation and a given stress.

During a simulation timestep, the stickers have a given probability, determined by
the activation energies, to change their state (free, fixed). By this process particu-
lar chain-segments become inactive and loose their preferred orientation and stress.
When chain segments become inactive the corresponding relaxation time and num-
ber of segments that becomes inactive is stored. In the stress relaxation experiment
inactive segments will not contribute to the stress any more, even if they become
active again. The process of changing states of stickers is repeated until al stress
contributions are lost. The simulation is repeated for many randomly chosen chains
and the time values and stress losses of the various chains are collected. In this way
the relaxation spectrum is obtained.

We see significant differences with the analytical results, in particular in long time
range. These difference are caused by errors, dueto the relatively small number (typ-
ically 100) of chains used in the simulations. On the other hand the simulation results
still give a reasonable approximation of the magnitude and shape of G.
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Figure 3.9: Simulation results for one type of stickers: Eq =5, En=5,0: N=2,
A:N=446:N=800: N=16
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Figure 3.10: Simulation results for two type of stickers, random placement of

strong and wesk stickers (1:1): Egweak = 5, Ehweak = 5, Egstrong = 10 Engrong = 10,
o: N=2,A:N=446:N=8,0: N=16
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This offers the possibility to extend the range of N values. Thisisillustrated in the
figures 9 and 10 for the storage modulus G for the cases of one and two types of
stickersand N = 2, 4, 8, 16.

Note that in figure 3.10 two plateaus are visible for the case of 2 stickers. Thisis
a result of the random placement of strong and weak stickers. Sometimes a chain
with two strong stickers is simulated and then the relaxation time becomes large.
In the analytical solution the plateau at low frequencies would not be present here.
For a large number of stickers the difference between the one and two type sticker
behavior becomes less. However the behavior in the case of one sticker remains
smooth compared to the case of two stickers.

3.7 Concluding remarks

In this chapter a network model is presented which is essentially different from com-
mon transient network models in the sense that the stress release in segments is
treated as a cooperative process. If a sticker becomes free, the stress in the adjacent
segments is not always released, this will happen only for segments which become
free in the sense indicated in figure 3.1 In other cases the stress in the segment will
remain the same. Physically this leads to broad spectra with long relaxation times,
in particular for chains with many segments. Thisis qualitatively in accordance with
the observed behavior of polymer gels.

Formally, the dynamics of the system is primarily described by the state s of the
whole chain, and not, like in ordinary transient network models, by the state of in-
dependent segments. A drawback of this representation is that the number of states,
increases rapidly with the number of stickers, so with modest computing resources,
only chains with relatively few stickers can be analyzed. For that case, as has been
shown in the previous section, the main features of the model can aready be be
demonstrated adequately. We have discussed the linear viscoelastic behavior of the
chain with up to eight stickers for a few values for the creation and loss rates. It has
been shown that the model predicts a wide relaxation spectrum with a shape, deter-
mined by the underlying kinetics. Thisisessentially different from ordinary transient
network models, where shape of the relaxation spectrum isintroduced ad hoc by the
concept of complexity’ of segments.

The shape of the spectrum alters if different types of stickers are introduced. We
have seen how in that case plateau regions in the dynamic viscoelastic moduli may
appear. This feature may be used by the modeling of particular systems like gels of
bio-polymers. In an earlier paper® moduli with plateau values were also obtained
for the case of one type of stickers. This, however appears to be the result of the
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crude approximations in the mathematical analysis which have been improved in the
present formulation.

In the work of Leibler, Rubinstein and Colby® [LRC] the dynamics of a temporary
network with reversible crosslinks is described by a sticky reptation model. In the
LRC model, arepational diffusion takes place if parts of the chain become free (in
an earlier treatment of Gonzalez® it was required for a reptation step that the whole
chain wasfree). Stressrelaxation ismodeled asin classical reptation theory and takes
place at a characteristic time Ty, the disengagement time of the whole chain. Twoim-
portant time scales in the LRC model also are the average lifetime 1 of the stickers
and the disengagement time Ty. Asaresult the model predicts essentially two plateau
regionsin G (w).

Our model is in a sense complementary to the LRC model. We neglect reptation
completely and attribute the stress relaxation is solely to the stress release in free
segments at the chain ends, which is assumed to be instantaneous. We assume that
in atransient gel this mechanism of stress release is far more important than the slow
stress relaxation due to (sticky) reptation. and that the only fundamental process is
the creation and loss of individual stickers. Interconnection of segmentsis taken into
account and that the relaxation spectrum is derived explicitly. As aresult, our model

(for one type of stickers) predicts no extra plateau region in G(w) but only a broad-

ening for frequencies below the characteristic time of the stickers, whereas the LRC
model predicts a plateau between this region and frequencies corresponding to the
reptation (disengagement) time scale. The first part of the LRC-relaxation spectrum
(belonging to their characteristic time 1) isindependent of the molecular weight. We,
on the other hand, find a relaxation spectrum which strongly depends on the number
of stickers and also of the molecular weight.

It should be noted aso that currently no explicit derivation of relaxation behavior
based upon the sticky reptation model is available. The LRC model provides a de-
tailed analysis of the diffusion of the chain along the tube but only a crude estimation
of the of the relaxation behavior, based upon classical reptation theory and the ob-
tained results for the characteristic time scales. A rigorous treatment should be based
upon the stress contributions in the chain segments.

Finaly if should be noted that contrary to LRC, our model, although based upon
rather crude approximations, predicts a closed constitutive equation.

An obvious extension of our present model is an analysis of non-linear rheologi-
cal behavior. Thiswill not be undertaken, however in this paper. The advantage of
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our present analysis of linear viscoelastic behavior is that some specific results are
obtained, with only afew amodel assumptions.

Asin classica network theory the extension to the non-linear regime may proceed
by introducing (rate of) strain or stress dependent creation and loss rates, non-affine
motion etc. Thisis possible, in principle, but this requires the introduction of extra
model parameters. On the other hand it should be noted that the fact that we are able
to derive an explicit analytical congtitutive equation provides at least a starting point
for non-linear constitutive modeling. In approaches like the LRC-model, where no
constitutive equation is derived, such isimpossible.

Instead of phenomenological and empirical constitutive modeling we would prefer
however to extend the numerical treatment used in connection with our figures 3.9
and 3.10. In that treatment physically realistic properties can be attributed to individ-
ual stickers and also more realistic segment force laws then our equation 3.17 can be
introduced. The only price that have to be payed here is that with such modifications
the model will be no longer have a closed analytical form. Such, however is an ex-
ception in rheological modeling, anyhow.

Additional refinement of the model is possible. In particular the assumption that
released segments transfer instantaneously into their equilibrium stete is rather arti-
ficial. It would be more redlistic to introduce here some kind of reptation time for
the chain ends. Although such is probably possible we did not introduce this. The
assumption isin the spirit of classical transient network theory, moreover, since the
main contribution to the stress is due to the active segments, we do not expect a sub-
stantial improvement of the model by this refinement.

Other modifications could be: the introduction of additional mechanisms like stress
release, non-affine motion etc., we still believe, however that the basis principles
as outlined in this paper are the essential elements describing the linear viscoelastic
behavior of weak polymer gels.

3.8 Appendix: Derivation of equation eq 3.15
By eq 3.9, 3.12 and 3.13

O . i — .
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and . n .
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Chapter 4

Linear Rheology of Guar Gum Solutions

4.1 Synopsis

We have investigated the linear viscoelastic behaviour of Guar gum solutions as a
function of frequency, temperature, polymer concentration and molecular weight.
Thiswas done to sort out the importance of different relaxation mechanisms like rep-
tation or the breakup of physical bonds. In the kiloHertz regime, Rouse behaviour is
observed. At lower frequencies, two storage modulus plateau zones were found, indi-
cating two additional relaxations. One is operative between 1 and 100 Hz, and gives
rise to a very broad relaxation spectrum, even for monodisperse Guar. Describing
the dependencies of the relaxation time and low-shear viscosity on concentration and
molecular weight with power laws resulted in unusually high coefficients. The sec-
ond relaxation becomes manifest below 0.01 Hertz and has not been earlier reported.
Here the temperature dependence is very strong whereas all other dependencies are
weak. Anayzing the experiments with existing models for transient polymer net-
works revealed that at best a partial decription of the experimental dependencies can
be obtained. It was concluded that at |east two different relaxation mechanisms must
play arole, classical reptation not being one of these. Best overal predictions were
obtained with amodel assuming two types of associations. However, also the picture
of starpolymer-like structures held together via bonds with along lifetime could give
comparable predictions. For a further distinction between these mechanisms more
information about the mesoscopic structure is needed.

Keywords Guar gum, Locust Bean Gum, Linear Rheological Behavior, Molecular
Weight, Polymer concentration, Temperature dependence, Arrhenius equation, Tran-
sient network theory.
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4.2 Introduction

Galactomannans are water-soluble polysaccharides found in the seed endosperm of a
variety of legumes. They consist of a (1—4)-linked 3-D-mannopyranosyl backbone
partially substituted at O-6 with a-D-galactopyranosyl side-group$. One Galac-

tomannan which is widely used as an industrial hydrocolloid is Guar gum which
has a Mannose : Galactose ratio of 1.55. In connection to its use as a thickener in
food products, several research groups have investigated the rheology of Guar gum
solutiong®923.26,27

In arheological study of Ross-Murphy?® where start shear behavior and the validity

of the Cox-Merz rule were investigated, it was concluded that Guar gum solutions
behave like an entangled solution, as described by Doi and Edwardg. This conclu-

sion was drawn in spite of earlier observations of Richardson and Ross-Murphy?®

who noted the onset of atransition at low shear rates (0.01 s 1), although the New-

tonian low-shear plateau had already been reached. Robinson et al?’ mentioned a
strong nonlinear dependence of the specific viscosity upon concentration. From this
it was concluded that not only purely topologica entanglements, but also specific at-
tractive polymer-polymer interactions must play arole. Indications for this were also
obtained by Goycoolea et al 1> and by Gidley et al.!® who attributed a crucia role
to the a-D-Galactose side groups in the process of network cross-linking by semi

helix-helix aggregation.

From this short overview it is clear that the rheological behavior of Guar gum solu-
tionsis still incompletely understood and that specific polymer-polymer interactions
might play arole in the observed rheological behavior as well as reptation phenom-
ena. To sort out the importance of different relaxation mechanisms, we have sys-
tematically investigated the linear viscoelastic behavior as a function of frequency,
concentration, temperature and molecular weight. To support interpretation we have
characterized the molecular properties by using GPC, intrinsic viscosity measure-
ments and several microscopy techniques. In this paper we will compare the linear
viscoelastic behavior with predictions from existing microrheological models that
take into account topological constraints and/or physical bonds.

The chapter is further organized asfollows: In section 4.3 the preparation of the solu-
tions, the microscopic characterizations and the rheological measurement techniques
are discussed. In section 4.4 the experimental results are shown. These results will

be compared to rheological modelsin section 4.5, followed by adiscussion in section
4.6, after which conclusions will be drawn in section 4.7.
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4.3 Experimental

431 Materials

Guar gum [Meyhall] was purified from a commercia flour using a modification of
the method of McCleary et al.*. Crude Guar gum (10 g) was treated with 200 ml
of boiling, agueous 80 % ethanol for 10 min. The obtained slurry was collected on
a glassfilter (no. 3) and washed successively with ethanol, acetone and ether. This
material was added to 1 liter of demiwater and alowed 1 hour to hydrate. It was
then stirred with afoodblender (125 W), homogenized (1 minute) and centrifuged at
2300 g for 15 min. The supernatant was precipitated in two volumes of cold acetone.
After redissolving in hot water, the polymer solution was ultracentrifuged at 82000
g for 1.5 hour at room temperature. The supernatant was precipitated with two vol-
umes of ethanol. The precipitate was collected on a glassfilter (no. 4) and washed
with ethanol, acetone and ether before freeze-drying. This lead to amost monodis-
perse purified Guar gum. Only one batch of Guar was purified in this laborious way,
to get a monodisperse system. Solutions of this material were prepared by adding
known weights of the dry Guar to twice distilled water, and allowing it to hydrate for
extended periods (several days) to ensure that the sample had completely dissolved.
Thiswas done at atemperature of 277 K for concentrations between 0.4 (w/w)% and
2.0 (w/w)%. We will refer to this purification and dissolving method as procedure I.
For the purpose of characterization with Mark Houwink plots, three Guar gums with
different molecular weights [Meyhall] were purified with a less laborious but oth-
erwise similar procedure. Here crude Guar gum (10.0 g) was suspended in 1 liter
of demiwater and stirred with a foodblender (125 W) for 1 minute. The obtained
solution was placed in a refrigerator for 24 hours and then centrifuged at 22000 g
for 5 hours. 800 ml of the obtained supernatant was precipitated in two volumes of
cold acetone. The precipitate was collected on a glassfilter (no. 4) and washed with
ethanol, acetone and ether. The so obtained purified Guar gum was freeze-dried and
dissolved as described in procedure . This procedure is called procedure I1.

Using these procedures led to very long dissolving times. To shorten this, a third
purification and dissolving procedure was used. In this procedure four different Guar
gums [Meyhall] with different molecular weights were purified by adding 10.0 g to
400 g acetate buffer of pH 4.66 [Merck]. The slurry was homogenized for 75 sec-
onds with a foodblender (500 W) and centrifuged at 22000 g for 5 hours at room
temperature. The supernatant (typical concentration 2% w/w) was used as a stock
solution from which lower concentrations were obtained via dilution. Thisis proce-
dure 111, Several control experiments revealed that the rheological behavior was not
significantly changed on switching from procedure Il to I11.
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4.3.2 Molecular characterization

The molecular weights of the purified Guar gums using procedure | and Il were de-
termined by GPC-MALLS-RI (multi angle laser light scattering). The Guar was dis-
solved in a50 mM phosphate buffer with pH 8.0 to a concentration of 0.1 % (w/w)
and filtered through a0.45 um filter prior to injection. At the exit of the GPC column
the (instantaneous) values of M and Ry were detected on line. The results are sum-
marized in table 4.1.

Table 4.1:Molecular weights for via procedure| and |1 prepared samples

Guar | My[kD] | Mw/M
HM 1048 1.02

150 1400 11
90 1000 15
30 350 1.7

The mannose/galactose ratio of Guar HM/150/90/30 was determined by HPL C after
hydrolysis of the polymer to be 1.59 + 0.05.

Molecular weights of the Guar gums, obtained via procedure Il were obtained from
intrinsic viscosity measurements. These experiments were done with an Ubbelohde
capillary viscometer [Scott, type 532 01/ 0A].

3.00
2.40 /
1.80

1.20 W

0.60 -

reduced viscosity [l/g]

1 1 1 1
0-08 00 0.08 0.16 0.24 0.32 0.40
guar concentration [g/l]

Figure4.1: Reduced viscosity measurements. A :Guar 30 ¢ :Guar 30 duplo e :Guar
90 + :Guar 150

From the reduced viscosity measurements, intrinsic viscosities were obtained using
the Huggins equation:

n_q
Nrea = “— =[]+ he[nl’c (4.2)
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Here c is the concentration Guar gum, 1,4 iS the reduced viscosity, ng is the solvent
viscosity and [n] is the intrinsic viscosity. h is the so called Huggins coefficient
which is a polymer constant which usually lies in the range 0.5-0.8. The Huggins
coefficient was determined for all the curves and turned out to be constant within the
experimental error range: 0.55 + 0.05, which is within the expected range. With the
obtained intrinsic viscosities we made a Mark-Houwink plot (figure 4.2) and found
the Mark-Houwink constants kyy and o to be (6.7 & 1.1) -10~' I/g and 1.05 +
0.01. Thisrelation was used later as a calibration curve to determine the molecular
weights from intrinsic viscosity measurements for the samples made by purification
procedure I11.

«@
o

intrinsic viscosity [l/g]
o

0.3 . . . L
2e+005 1e+006 2e+006

Mw [D]

Figure4.2: Mark Houwink plot

The critical concentration where overlap between polymer chains starts to occur (¢)
and the intrinsic viscosities for the, via preparation procedure 111 obtained samples,
were abtained from specific viscosity measurements (nﬂS —1) asafunction of concen-
tration. Figure 4.3 shows atypical result. From these results we determined ¢ [n] to
lie around 2 which is comparable to earlier findings of others®.

In table 4.2, the measured intrinsic viscosities, calculated molecular weights and crit-
ical concentrations are listed.

Table4.2: [n], My and ¢* for the via procedure 111 prepared samples

Guar | [n][l/g] | Mw[kD] | c*[g/I]

150 1.217 910 13
90 0.958 730 2.8
60 0.510 | 400 4.5

30 0333 | 270 4.5
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Figure 4.3: Determination of c* of Guar 150. e :Ubbelohde measurements
o :Contraves Low Shear 40 measurements

All measurements other than characterizations were performed at concentrations higher
than c*. Typically, three concentrations were investigated for each Guar system, with
the upper limit set by the extent to which the sample was sufficiently fluid-like to be
manipul ated.

4.3.3 Mesoscopic observations

To obtain information about the mesoscopic structure of the Guar gums we used three
microscope methods. AFM and replica=TEM did not provide information from the
bulk structure since surface and pre-treatment effects were involved.

To obtain more direct information about the mesoscopic structure as present in so-
lution, we labeled Guar gum with Rhodaminel soThioCyanate-'* and observed the
solution with a Confocal Scanning Laser Microscope via detection of the fluores-
cence of RITC. Since no inhomogeneities could be observed within the resolution
of the instrument, it can be concluded that the Guar gum solutions must be homoge-
neous at least down to lengthscales of 1 um.

We also attempted NMR to detect hydrogen bridges and DSC to locate a possible
phase transition, but without providing conclusive evidence. Also light scattering
experiments gave no useful information, since the solutions were too turbid.

4.3.4 Macroscopic rheological measurements

Linear viscoelastic moduli measurements between 103 Hz and 2 10! Hz and as a
function of the temperature were performed using a Bohlin VOR with a cone and
plate geometry (cone angle of 1° and 60 mm plate diameter). Measurements were
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conducted at 6 temperatures ranging from 10 to 60°C. To avoid effects of solvent
evaporation, a home-made vapor lock filled with paraffin oil was used. A correction
was made for the temperature dependence of the gap width (-1.9 umf C) between
cone and plate. In order to exclude inaccurate measurements, we checked the Bohlin
VOR with two Newtonian fluids: water and aBaysilon oil (Bayer) with aviscosity of
300 mPas. These testsamples showed correct results, including the limiting behavior
of G’ and G” for low frequencies. Further on, we ensured that all measurements re-
sulted in data that were clearly in the range of the torque resolution (2.35 10> Nm).

A 10 ml syringe was used to insert the sample. After insertion the sample was pres-
heared at 80 1/s for 1 minute to obtain a homogeneousdly filled gap and to define the
mechanical history of the sample. Then the sample was allowed to relaxate for 30
minutes before the measurements were started.

Linear viscoelastic measurements were also performed at high frequencies, using
three torsion resonators and a nickel tube resonator. Those instruments were devel-
oped in our laboratory and details on design and principle can be found in Ooster-
broek et al.24, Blom and Mellema? and van den Ende et al X°. With those instru-

ments, dynamic moduli of weak gels can be measured at a discrete set of frequencies
between 70 Hz and 250 kHz, at ambient temperatures. To allow interpretation of the
results the surface loading criterion should be satisfied®. This means that the shear

wave generated by the torsion bar must be damped significantly before it is reflected
by the walls of the container. For the in this paper presented data, this criterion was
satisfied.

Measurements of the viscosity as a function of shear rate were performed at 10°C,

using a Contraves Low Shear 40. A Couette geometry was used, with inner and outer
radii of respectively 5.5 and 6.0 mm.

44 Reaults

Our rheological measurements were done with the focus to distinguish between dif-
ferent possible relaxation mechanisms via comparison of the results with predictions
from microrheological models. To get an overview we started the investigation by
measuring the frequency dependence over an extended range. The results showed
two storage modulus plateau zones with different temperature dependencies. These
plateau’s were investigated further as afunction of the polymer concentration and the
molecular weight.

4.4.1 Frequency behavior

To map out the frequency domain we first measured the frequency dependence of
a 0.4 (w/w) % monodisperse Guar HM solution. For this system it was possible to
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cover 8 decades in frequency by using the Bohlin VOR, the torsion resonators and
the nickel tube resonator. As shown in figure 4.4 the data obtained from the different
instruments connect well to a smooth curve.
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Figure4.4: Linear viscoel astic behavior of a monodisperse 0.4 % (w/w) Guar HM
solution, measured at 25 °C over an extended frequency range. The dashed line
corresponds to Rouse behavior. + :G’' ¢ :G” 0 :G”" gyar

We corrected G’(w) for the contribution of the solvent, to alow for analysis of the
loss modulus of the Guar only: Gguar . This correction was significant for frequencies
above 10* Hz. The G'(w) and the corrected G’ (w) data shown in figure 4.4, make it
clear that, at high frequencies, the agreement with the frequency scaling of the Rouse
model?® is very good. Both moduli follow a slope of 0.5 in the log-log plot. At
frequencies below 10° Hz two plateau zones for the storage modulus can be observed
(at 1072 and 10 Hz). To the best of our knowledge, this is the first time a storage
modulus plateau for Guar gum solutions at very low frequencies is reported.

4.4.2 Scalingwith temperature

For the temperature range studied, it turned out that all investigated samples showed
a very similar frequency dependence above 0.03 Hz. Therefore it was possible to
obtain temperature mastercurves by scaling the moduli curves, measured at different
temperatures, along the frequency axis. Figure 4.5 shows an example of the obtained
mastercurves for G (w) and G’ (w). Especially from these reduced plots it becomes
evident that at low frequencies, the storage moduli show a different temperature de-
pendence. A plateau is observed for G (w), with a magnitude that increases strongly
with temperature. Remarkably enough, the loss modulus G’ (w) does not show these
deviations in the scaling behavior with temperature. Its slope in the log-log plot
amounts 0.8 which is close to the limiting behavior. Thus it corroborates that only
the onset of the low frequency relaxation is observed, and that the characteristic fre-
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quency must correspond to very long timescales (> 16 s). A salient detail of the
relaxation spectrum within the Hz-range is that it is rather broad. This wide range
of relaxation times cannot be caused by polydispersity, since Guar HM was almost
monodisperse (see table 1).
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Figure4.5: Moduli mastercurvesfor a 1.0 % monodisperse Guar HM solution (pro-
cedure ). Temperaturesin °C: ¢ :60 ¢ :50 v :4057 :30 e :20 0 :10.

From the obtained frequency scaling (for frequencies above 0.03 Hz.) an Arrhenius
plot was made, i.e. according to:

 Eapl 1
or e |z -7)

Here a7 isthe frequency multiplication factor needed to shift the moduli curves mea-
sured at temperature T to the modulicurves at temperature Tef. Eap is the apparent

activation energy whereas k is the Boltzmann constant. Figure 4.6 shows a typical
result.

(4.2)
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Figure4.6: Arrheniusplot of the 1 % (w/w) monodisperse Guar HM sample.

From the slope, the apparent activation energy was obtained to be 10.0 + 0.5 kT
(at T= 283 K). It turned out that this apparent activation energy does not depend
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on the molecular weight or the Guar gum concentration. Within the experimental
error-range aways (for all Guars listed in table 4.1 and 4.2 and all investigated con-
centrations) the same apparent activation energy was obtained.

4.4.3 Scaling with concentration and molar mass

Toinvestigate the rheological behavior further so that comparison with micro-rheologi-
cal models becomes possible, we studied the moduli and flowcurves as a function of
concentration and molecular weight. It turned out that the shape of the moduli curves
at frequencies above 0.03 Hz was independent of both. To illustrate this we scaled a
4 % Guar 30 solution on top of a 0.5 % Guar 150 solution in figure 4.7:
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Figure 4.7: Mastercurvesof 4 % (w/w) Guar 30 (A, A) and 0.5 % (w/w) Guar 150
(e,0) solutions. A,e : storage moduli, o, A:loss moduli

Due to this independence, al points within a curve (except for frequencies below
0.03 HZ) can be scaled onto a mastercurve. This makes it possible to extrapolate
some curves to high frequencies. Especialy interesting is that it also allows for an
analysis of the concentration and molar mass dependence by considering just the
scale factors. The point where G (w) crosses G’ (w) is very suitable for both the
scaling itself and for the analysis. The inverse of the crossover frequency can be seen
as a characteristic time (denoted as Tz —g). The magnitude of G' (w) at this point
(denoted as G' = G”) can be seen as arepresentation of the characteristic strength of
the relaxation(spectrum). It is proportional to the high frequency storage modulusin
the absence of Rouse relaxations. The scaling results for 1o—g and the relaxation
strength as a function of concentration and molar mass are shown in figure 4.8 and
4.9.

Also the flow curves were measured as a function of concentration and molecular
weight. An example of the flow curves of Guar 150 is shown in figure 4.10.
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Figure 4.8: Storage modulus plateau versus Guar gum concentration (left) and
molecular weight (right).Numbers indicate power law coefficients. left: o :Guar
150 A :Guar 90 v :Guar 60 ¢ :Guar 30right: e : 2 % (W/w) o : 1 % (w/w)
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Figure 4.9: Tg—gr versus Guar gum concentration (left) and molecular weight
(right). Numbers indicate power law coefficients. left: o :Guar 150 A :Guar 90
v :Guar 60 ¢ :Guar 30right: e :2 % (w/w)
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The zero shear viscosities n (y — 0) obtained from the flow curves were found to cor-

respond well to the low frequency limits of i/ («w — 0) estimated from G” (w) curves

(figure 4.10). Such a correspondence is expected for materials that show liquid-like
behavior at long timescales. Itisalso interesting to investigate the applicability of the
Cox-Merz rule>. This empirical rule, stating that

()= ﬂ%’)ﬁ(%)z:n(w for o=y (43

does not apply to our Guar solutions. We found that | n* (w) |> n (y) for w =Yy, which
obviously is due to the contribution of G (w) since G” (w) =~ n (y) w as mentioned
before.

The power law scaling of the zero shear viscosity with the Guar gum concentration
and the molecular weight is shown in figure 4.11.
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Figure 4.11: Zero shear viscosity zero shear viscosity versus Guar concentration

(left) and molecular weight (right). Numbers indicate power law coefficients.|eft:
e :Guar 150 A :Guar 90 v :Guar 60 4 :Guar 30right: e :2 % (w/w) o :1 % (w/w)

In table 4.3 an overview of the measured scaling relations is given:

Table 4.3: Power law scaling of linear rheological quantities. Uncertainty ranges include
differences between Guar batches

scaling | My c

No 58+0.2| 454+0.8
Go_c | O 18+0.1
Te=g" 6.7£08 | 2.74+0.2
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4.4.4 Low frequency behavior

One of the most astoni shing observations we aready presented isthe storage modulus
plateau at low frequencies. Although differences from the limiting linear viscoel astic
behavior were observed earlier by Richardson and Ross-Murphy?®, a second storage
modulus plateau at low frequencies has not been reported before. It can be seen
from figure 4.5 that the temperature dependence of this plateau zone is rather strong.
Further investigations show that there is no clear dependence on concentration and
molecular weight as can be seen in table 4.4:

Table 4.4: Storage modulus plateau at low frequencies. Imv=lowest measured G’ vaue

Guar | Solvent My [KD] | c[wiw %] | Giow plateau [Pa
HM | bidest water 1048 2.0 Imv=1

HM | bidest water 1048 1.0 0.5

HM | bidest water 1048 0.5 0.5

150 | acetate buffer* | 910 2.0 Imv=0.8
150 | acetate buffer* | 910 1.0 0.20

150 | acetate buffer* | 910 0.5 0.15

90 acetate buffer* | 730 2.0 Imv=0.1
90 acetate buffer* | 730 1.0 0.20

90 acetate buffer* | 730 0.5 0.15

30 acetate buffer* | 270 4.0 0.02

30r | acetate buffer* | 270 4.0 0.02

30 acetate buffer* | 270 2.0 0.08

30r | acetate buffer* | 270 2.0 0.04

30 acetate buffer* | 270 1.0 Imv=0.005
30r acetate buffer* | 270 1.0 Imv=0.005

*: acetate buffer was used to allow comparison with a future study. The buffer did not show any other
influence than to optimize the performance of an enzyme to be added.

From these data we can conclude that there is only a very weak concentration de-
pendence with a scaling power of 0.5 or less. Also, we can observe some correlation
with molecular weight, but this dependence is not too clear.

4.5 Comparison with microrheological models

For the first time alow frequency plateau in G’ has been observed. We have observed
it for differently prepared samples (including adifferent purification), and at different
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concentrations. The clear temperature dependence of this G' plateau demonstrates
that the associated stress relaxation is one of a dynamic structure and not that of e.g.
a permanent rubber like structure. In this context we also like to note that the mag-
nitude of the elasticity is small and that a dight shearing of the fluid is sufficient to
make the plateau disappear for 15 minutes. Analogous behavior was found in other
associating ionomers®®. This also indicates that this behaviour is of structural origin.
We have attempted to interpret the variety of observations discussed in the previous
section, in the sense of identifying relaxation processes and proposing corresponding
mesoscopic structure(s). Obviously awealth of information on the structure and re-
laxations is contained in the measured rheological data themselves. But the problem
is how to disclose it.

Our first approach has been to obtain afocus for this, based on physical characteriza-
tions of the polymer structure at the mesoscopic level. Several microscopy techniques
(CSLM, Replica=TEM and AFM) were applied but no conclusive evidence about the
structure at mesoscopic lengthscales could be obtained, other than that the Guar so-
lutions appeared to be homogeneous down to micrometer lengthscales (see section
4.3.2).

Characterizations of the chemistry of the polymer in solution can aso be used to
guide interpretation. Guar gum is a Galactomannan chain with free Mannose back-
bone parts. Combining this with the empirical relation between solubility and the
galactose/mannose ratio of Galactomannans, itisimplied that the free Mannose back-
bone parts have the tendency to form bonds when dissolved into water. Another
characteristic isthat all our samples were prepared above the critical overlap concen-
tration.

Using this information we have analyzed our rheological measurements by compar-
ing them to predictions of existing models in polymer rheology. In this comparison
we have considered the dependencies on temperature, concentration as well as molar
mass, to alow for amaximal distinction between the predictions according to differ-
ent models. We realize that the scope of such a comparison still has its limitations.
Although several models have been proposed to describe the linear rheologica be-
havior of polymer networks, many of these contain idealizations that may not apply
to apolymer solution from practice, like Guar gum. Therefore acomprehensive map-
ping between one of these models and our observations is not to be expected. In the
following wewill investigate which of the existing model s gives predictions that bear
the closest resemblance to our observations.

The appearance of two storage modulus plateau zones indicates the occurrence of
two distinct mechanisms for relaxing the stresses imposed via the oscillatory de-
formation. In a polymer network, stresses are induced via distortions of the chain
distribution function. This can involve both the orientation and the length of chains
or chain strands. Since our polymer solutions are all above ¢, and since physical
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associations between polymer chains can be expected, two mechanisms that should
be considered at first are the breakup of bonds, and diffusion of chain (strands) out
of confining tubes (reptation). To take into account the possibility that the two types
of relaxation are independent, we will first compare our measurements with models
that predict only one relaxation. Thereafter, coupled relaxations will be considered.

45.1 Reptation model

For fluids containing entanglements, one of the possible relaxation mechanisms to
consider is the diffusion of chains along their contours. This process, called repta-
tion has been modeled by Doi and Edwards'’. In this model the chains do not form
physical bonds with each other, but there are topological constraints which restrict
the transversal motion of chains.

The reptation model predicts one storage modulus plateau and a relaxation spectrum
spanning approximately 1 decade. Comparing the predictions of the Doi-Edwards
model with our experimental observations for the monodisperse system (shown in
figure 4.5), it is clear that the model is not able to describe the experimental high
frequency relaxations, which span almost 3 decades in freguency.

Table 4.5 Predicted scaling behavior, according to reptation. Numbers between brackets
indicate experimental values.

reptation scaling | My c

No 3(5.8) | 3.75(4.5)
G —c’ 0(0) 2.25(1.8)
T =g" 3 (6.7) 15 (2.7)

Other discrepancies become evident from the comparison presented in table 4.5.
According to the reptation model, the scaling of tw—gr and the zero shear viscos-
ity (with the polymer concentration and the molecular weight) would correspond to
much weaker powers than observed in the experiments. An exception is the scaling
of the magnitude of the moduli, but considering the magnitude of the storage modu-
lus Go, again adiscrepancy isfound. According to the model, the number of stepsin
aprimitive chain % (the number of tube segments) follows from G via:

Go = NC% KT (4.4)

with N; the number of chains per unit volume. Here a is parameter which is of the
order of the mesh size of the network which defines the tube. When we take for
example the storage modulus of 20 Pafor the 0.5 % (w/w) Guar HM solution, we
obtain a number of steps in the primitive chain equal to 2. Obviously the concept of
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a confining tube, which forms akey element in the reptation model can only hold for
L

z>>1

Considering the various discrepancies it can only be concluded that our observations
for the linear rheological behavior cannot be interpreted with ”simple” reptation (i.e.
as described by Doi and Edwards’), not even when restricting to a certain part of the
frequency domain (0.03-100 Hz).

45.2 Associative polymer solution model

Recently Bromberg® and English et al .1%12 reported experimental studies on the rhe-
ological behavior of associative polymers. Some observations with astriking similar-
ity to ours were made in these investigations. Bromberg® found an unusually strong
temperature dependence for the storage modulus, comparable to the temperature de-
pendence we found for G (w) at low frequencies. English et al.*! found storage
moduli that were not proportional to ¥ in the low frequency regime, where this lim-
iting behavior is usually observed. Instead they observed a slope of 0.7 in alog-log
plot. Also thisis in qualitative accordance with our observations. Already in the
beginning of section 4.5 we have argued that chain associations are to be expected
on molecular grounds. These notions make it interesting and appropriate, to consider
predictions of rheologica models developed for associative polymers.

In 1998 Semenov and Rubinstein presented a comprehensive modeling for associa
tive polymer solutions, including predictions for linear viscoelastic behaviof®34:32,
Polymers with associative sites (stickers) along the chain will form clusters in solu-
tion. Above acertain threshold concentration g, the clusters will connect to a space-
filling network. We will discuss only the two possible regimes above this treshold
concentration, since only there a storage modulus plateau zone is predicted, which
can be compared to our experimental G (w) data above 10 Hz.

Just above the gel concentration ¢, the network consists of large clusters which are
singularly connected with each other viaso called ' critical bonds' . When such abond
is broken, a cluster is released from the network and will quickly relax its stress in
a Rouse-like manner. The relaxation time is then determined by the time it takes to
break up the critical bonds (see figure 4.12 for an illustration). At higher polymer
concentrations, a strong transient network will be formed, in which each chain is
multiply connected to other chains in the network. Here critical bonds do not exist
anymore and the relaxation process has become the multiple breakup of bonds before
chains can undergo Rouse relaxation. To investigate the applicability of the Semenov
and Rubinstein (S& R) model we consider both regimes in the following.

Weak network regime

To make acomparison with the model we have assumed that for all molecular weights
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7N\

Figure4.12: Cartoon of the breakup of acritical bond

and concentrations, our samples were just above the gelation threshold. The num-
ber of stickers per chain is expected to increase proportionally with the molecular
weight. According to S& R%, Cg is then proportional to the chainlength to the power
(1—3v)/(1+ 2), with v = 0.59 and z depending on the solvent quality. Assuming
good solvent conditions for the chain without stickers, z= 0.225. The scaling of the
storage modulus plateau Gy can then (using equation 3.16 of S& R*?) be expressed
as.

Go~ EM ™ (eMI0%2 1)3 (4.5)

with €= ¢/c§, M = M /Mo and c§ the value of ¢ at reference molar mass Mo. Ac-
cording to equation 5, the dependence of G on ¢ or M will not show linearity in a
log-log plot. However in the limiting case of aVI%63 > 1 the local slopes will be
minimal, being 4 for the concentration dependence and 0.89 for the molar mass. For
smaller eM%83 the local slopes will be larger. Similar arguments apply to the scal-
ings of Te—g» and the low shear viscosity ny. The prediction for the relaxation time,
corresponding to the breakup of ’critical bonds’ is given by

T~EMO83_1 (4.6)

and the prediction for the zero shear viscosity is

(a0 1) * 47)

The lower bounds for the power law coefficients are listed in table 4.6.

No ™~ Gies



72 LINEAR RHEOL OGY OF GUAR GUM SOLUTIONS

Table 4.6; Predicted minimal scaling behavior for associative polymer solutions without
entanglements. Numbersin bracketsindicate experimental values. Seetext for further details.

associative polymer scaling | My c

No >0.89(5.8) | >4(4.5)
Gg—c’ > 0.89(0) >4(1.8)
T -G >0.63(6.7) | >1(2.7)

Except for the concentration dependence of the zero shear viscosity, the predicted
power laws are not observed in our measurements and especialy the minimal pre-
dicted powers for Go(My) and Go(c) are higher than the observed powers. Also, the
shapes of the predicted scaling-curves (which are on alog-log scale steadily increas-
ing concave functions with asymptotic power law behavior) do not agree with the
observed shapesin figures 4.8, 4.9 and 4.11 which are either linear or slightly convex
functions.

Therefore we can conclude that the model of Semenov and Rubinstein for the weak
network (critical bonds) regime does not correspond well to our experimental data.

Strong network regime

For astrong network, the chains would have to be multiply connected to other chains
and the absolute magnitude of the observed storage modulus plateaus should indi-
cate so. From the measured values the mean number of connections per chain can
be accounted, comparable to the calculation in section 4.5.1 for the number of en-
tanglements per chain. This leads to a the mean number of connections per chain
of 2 in the case of a 0.5 % (w/w) Guar HM solution, indicating that for the lower
experimental polymer concentrations, the chains are on the edge of being singly or
multiply connected.

According to the model of Semenov and Rubinstein, the relaxation time dependence
changes for a strong network into:

T~ E2M?2 (4.8)

Our observed molecular weight dependence of the relaxation times (belonging to the
high storage modulus plateau) differs strongly from this prediction. Hence also this
regime of the S& R model bears no resemblance to our observations.

453 Hindered reptation

It was already mentioned in the introduction that specific polymer-polymer interac-
tions as well as reptation might play arole in the observed rheological behavior of
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Guar gum. Therefore we will now discuss the model of hindered reptatiorf® (by
Leibler, Rubinstein and Colby), denoted in the following as LRC. In this model each
polymer chain is supposed to contain many association sites. The chains are also
entangled with each other and therefore diffusion is only possible along the chain.
To understand the relaxation processes that take place, let us consider the step-strain
experiment inwhich polymer chains will be stretched and placed in preferred orienta
tions. Since the chains are connected via physical bonds to the rest of the system, the
whole chains will not be able to return to their equilibrium length at once. Only the
loose chain ends can perform such a (virtually instantaneous) Rouse relaxation. The
parts of the chains that belong to the network have to remain stretched until the bonds
are thermally broken. These strands are only able to reach their equilibrium length
after al bonds have been broken at least once. After stress has been released via
this mode, there will still be residual stress, since the preferred orientations have re-
mained. To restore the equilibrium orientation distribution, the chains have to diffuse
reptation-like out of their tubes (which represent their topological constraints). This
diffusion process can only take place for chainstrands that are not directly connected
viabonds to the rest of the system. Since the bonds break and form continually, chain
strands are only temporarily not connected to the system. In thisfashion, the presence
of stickers acts to ow down the diffusion process. It is via this so-called hindered
reptation, that the chains will acquire random orientations and release the remaining
stress.

Rouse, loose ends

& Hindered
. . « reptgtlon
G(t) o
. Breakup of bonds

t

Figure4.13: Snapshot of apolymer showing hindered reptation (left) and the corre-
sponding predictions for the relaxation behavior (right). The dots are the surround-
ing polymers.

The relaxation time belonging to Rouse relaxation of the network strands is in the
model set equal to the breakup time of a physical bond: in other words the breakup
event ismodeled as atrigger for these Rouse relaxations. Assuming thermal breakup
as a random event, characterized only by a temperature dependent probability, the
temperature dependence of the relaxation time is modeled with an Arrhenius equa-
tion. The equalization also implies that the relaxation time is predicted to be inde-
pendent of the molecular weight. With respect to the dependence on concentration,
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no predictions are made in the LRC model.

The second and longest relaxation time is determined by both the reptation and the
breakup timescales. In the case that the relaxation times of thermal breakup and of
the hindered reptation are well separated, the LRC model predicts two storage mod-
ulus plateaus as shown in figure 4.13. The magnitude of the low frequency plateau
must obviously be identical to the one predicted by the Doi Edwards model, and the
magnitude should scale with the polymer concentration to a power of 2.25.

When we confront these predictions with our experimental data, we see in both cases
two storage modulus plateau zones. The observation that the relaxation time, cor-
responding to the high frequency plateau, shows an Arrhenius-like temperature de-
pendence is explainable with the breakup of stickers involving a certain activation
energy. Also this would be in accordance with the LRC model. An observation not
covered by the LRC model is that the relaxation time associated with the thermal
breakup, wasin our experiments found to depend strongly on molecular weight.

A more serious difference between the model and the experiments becomes evident
when the magnitude of the low frequency G plateau is considered. As in the dis-
cussion of the Doi-Edwards model, again equation 4.4 can be used to estimate the
number of tube segments (g). Applying this method now to the low frequency G

plateau, we find for the 0.5 % (w/w) Guar HM solution a number of only 0.05 which
means that the network mesh size islarge compared to the tube length. Therefore we
cannot justify the attribution of the low frequency relaxation to reptation. In addition
we would like to point out that it is not only the magnitude of the low frequency G

plateau that fits poorly. Also, its concentration dependence is much weaker than the
predicted scaling with a power of 2.25. This makes the reptation of single chains an
unlikely cause for the storage modulus plateau at low frequencies.

45.4 Two types of associations

Another possible reason for the occurrence of two distinct relaxations, could be a
variability in the stickers present on the Guar chains. It has been suggested that
a minimum number of 6 free backbone units in a row is needed to form a stable
bond™®. Following this reasoning, it is conceivable that stronger bonding is achieved
for an increased number of subsequent bare backbone units. In the ssimplest, this sit-
uation could be represented by atwo sticker model. Therefore, we will now discuss
arecently developed model in which two types of physical bonds cause two different
relaxation possibilitiest’-34.

In these modelsit is assumed that the polymer chains contain regularly spaced associ-
ation sites (stickers), which are available for physical bonding. In solution atransient
network is formed, of which the dynamics is governed by the breakup and forming
rates of the bonds. Equality between these rates (detailed balance) defines a steady
state. All stickers are considered to be present in one and the same network (asillus-



4.5 COMPARISON WITH MICRORHEOLOGICAL MODELS 75

trated in figure 4.14).

An important ingredient of the model (and also an improvement compared to ear-
lier models) is that the connectivity of the chains is taken into account. All network
strands that are enclosed between two bonded stickers are modeled to carry stress.
Here the bonded stickers may be provided by any of the association sites located on
the same chain. Chain strands that become part of loose ends, are supposed to release
their stress instantaneously. Chain parts not constituting loose ends are supposed to
carry stress due to their confinement in virtual tubes. Here the tubes represent the
topological constraints imposed by the other chains in the network. Due to the in-
troduction of these concepts, the predicted relaxation spectrum shows a dependency
on the number of stickers per chain Ny (which has the molecular weight as its ex-
perimental counterpart). Both Tz—g and the broadness of the time spectrum are
predicted to increase with Ny.

It is now a simple matter to qualitatively explain the predicted relaxation behavior of
this model. In a step-strain experiment, all chain strands that are enclosed between
two bonded stickers will be stretched and will take preferred orientations. Subse-
guently, stress will be released via the breakup of bonds as explained above. First,
stress will be released on the shortest timescale of breaking the weak bonds. What
remains after this relaxation is the stress of the network held together by the strong
bonds. The breakup time of these bonds is longer, and in case the two breakup times
are very different, the relaxation behavior will resemble that of figure 4.14.

breakup weak bonds

/

G(t)
/

breakup strong bonds

t

Figure 4.14: Cartoon of atransient network with strong and weak physical bonds
(Ieft), and the corresponding predictions for the relaxation behavior (right).

Two important model quantities that lend themselves to a comparison with experi-
mental results are the breakup time(s) and the number density of bonds. The former
guantity can be identified as proportional to the relaxation time whereas the latter
is proportiona to the storage modulus plateau. To calculate them, the breakup and
forming rates (h and g) need to be specified. We would like to point out here that
the dependencies of these rates on experimental variables (like the temperature and
concentration) are not specified by the model itself, and hence need to be separately
introduced.
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A concentration dependence for h and g can beincorporated by assuming that breakup
is an independent process and that the formation of a bond involves a random en-
counter of two stickers. In that case h ~ n,, and g ~ nZ with n, and n,. the number

densities of open stickers and closed sticker-pairs respectively. The steady state is
then characterized by a chemical equilibrium constant, i.e.

1
oo _NX
Bee .20 K (4.9)
ns  N2(1-x)

where X is the fraction of bonded stickers. N is the total number density of associa-
tion sites (irrespective of whether they are bonded or not) and is proportiona to the
polymer concentration. Recalling that the relaxation strength G is proportional to
the number density of bonds Nx, it is easily verified that G ~ N? for small K (x < 1)

whereas G' ~ N for largeK (x =~ 1).

The temperature dependence of h and g can be modeled with Arrhenius equations
(like equation 2). The rates are then expressed in their respective activation energies
(Ep for breakup, E; for forming) and the temperature. Combining this proposed tem-
perature dependence with the proposed concentration dependence, the equilibrium
constant K would scale as

K ~ e(Bo—Er)/kT (4.10)

The dependence of the relaxation time upon the molecular weight (in terms of the
model: Ng) cannot be chosen but is defined by the model. This dependence is qual-
itatively an increasing convex function. Figure 4.15 shows a typical result of this
dependence. It can be seen that the local slope depends strongly on the number of
stickers per chain.

Comparing these predictions to our experimental data, we see in both cases two stor-
age modulus plateau zones together with the broad relaxation spectrum. Also the
dependence of te—gr upon the number of stickers per chain (figure 4.15), matches
qualitatively with its experimental counterpart (in figure 4.9): increasing and dlightly
convex. Assuming that 6 free backbone units are needed to form a stable weak bond
(Goycoolea et al. 1995)) and that the Galactose units are placed randomly on the
backbone chain, the number of stickers on the chain is of order 10, but is difficult to
pinpoint precisely. The local scaling power of roughly 3.0 for 10 stickers per chain
is obviously low compared to the observed 6.7, but as mentioned above the slope
depends strongly on the number of stickers which could only be roughly estimated.
The found scaling power with concentration of 1.8 for the experimental high fre-
quency G’ plateau liesin predicted range and is close to 2.0 as predicted from equa-
tion 9: G' ~ N2 for x < 1.

The scaling of the low frequency G plateau with concentration and temperature is
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Figure 4.15: Typical result of the dependence of the mean relaxation time on the
number of stickers per chain, according to the model of Jongschaap et al. in the case
that K = 1.

less satisfactorily described by the model supplemented with the afore mentioned de-
scription for chemical equilibrium. Theweak concentration dependence as evidenced
by table 4.4 lies below the lower limit predicted by eq 4.9, i.e. G~ N for x ~ 1.

To explain the strong temperature dependence of the low frequency G with egs 4.9

and 4.10, it would be required that E; " > E{"" , in other words the bonded state
should have a higher energy than the free state. Thisis qualitatively different for the
weak bonds.

Perhaps a more plausible assumption would be, to consider the weak and strong
bonds to have a different nature. For example the weak bonds may be hydrogen
bridges whereas the strong bonds could be of a hydrophobic nature. Hydrophobic
bonds can not be characterized by an activation energy that is more or less indepen-
dent of temperature, but instead they may a show a strongly increased tendency to
bonding when the temperature is raised®.

Summarizing, the two sticker model of stickers is capable of successfully describing
several observations, like the two storage modulus plateau zones and the temperature
dependence. The flexibility of the model with respect to the choice for the creation
and annihilation rates makes it both versatile, and more difficult to corroborate or fal-
sify. The concentration dependence of the storage modulus plateau at low frequencies
remains difficult to understand.

4.6 Discussion

In this paper we presented the linear rheological behavior of Guar gum solutions.
Comparing our experimental results to earlier work, no discrepancies are found.
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However since we investigated the moduli down to 104 Hz, we were able to observe
the second storage modulus plateau zone at low frequencies. The extensive mapping
of the concentration and molecular weight dependence alowed us to compare the
experimental results with microrheological models. In this section two subjects that
arise from this comparison are discussed. First we discuss some (not yet worked
out) model concepts, that may lead to comparable predictions. Secondly, we make
some remarks about Guar gum as amodel system and comment on the need to obtain
additional information about the mesoscopic structure.

4.6.1 Other model concepts

Comparison our experimental data on Guar gum with different microrheological

models has shown that existing models can predict qualitatively only parts of the
observed behavior. This was not unexpected, since the models are based upon ide-
alizations that are needed for simplicity which do not apply to Guar gum solutions.
However, from this comparison it became clear that not even a part of the frequency
behavior is described by the reptation model and that physical bonds are needed most
likely for explaining the complex overall behavior.

From the predictions of the different associative polymer models we can conclude
that the picture of having two types of stickers with a clearly different bonding be-
havior (different energies needed for breakup and forming) leads to the closest match
with the experiments. Sticking to the concept of having two different relaxation
mechanisms, determined by different physical bonds, we can also think of other (not
yet developed) model ideas. An important difference between these ideas and the
model presented in section 4.5.4 isthat only afew strong bonds (and no weak bonds)
are assumed to be present per chain.

Assuming a few strong bonds would lead to lead to large polymer structures, more
or less comparable to star-polymers. For star-polymers also two storage modulus
plateau zones have been reported by Pakula et al 2, Vlassopoulos et al 33 and Kap-

nistos et al.'8. They compared their experimental results to predictions from Milner
and McLeish?? for starlike polymers and found an extra storage modulus plateau at
low frequencies. To explain this, a mesoscopic structuring of the star-polymers was
proposed, similar to that of dense colloidal particle systems. The central parts of
stars with a high number of arms are then considered as cores occupying a volume
excluded for elements of neighboring stars. Because of this, the centers of mass of
these stars show distinct positional correlations in the sense of a configurational dis-
tribution function. Thefree energy stored in this configuration then causes the storage
modulus plateau at low frequencies.

When we assume that in our experimental system, polymer chains form afew strong
physical bonds with a very long lifetime, these bonds will cause the formation of
large structures, similar to polymer stars but with non-linear and non-monodisperse
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polymer arms. These structures will also show slow structural rearrangements on a
long timescale, caused either by the breakup of strong bonds or via a diffusive re-
laxation of the mass centers of these "stars’. On a short timescale the classical arm
retraction mechanism will be observed (reptation of stars) which causes the storage
modulus plateau at high frequencies. Figure 4.16 shows an example of such astarlike
polymer structure.

Figure 4.16: Large starlike reptating structures, formed by physical bonds. The
dots present the surrounding polymer chains.

This model idea would predict two storage modulus plateau zones and a very broad
relaxation spectrum (belonging to the arm retraction mechanism), since the distri-
bution of starlike arms will clearly be polydisperse. When we assume that the via
strong physical bonds formed stars do have only a few arms (4-6) we can predict a
strong molecular weight dependence for the relaxation time and the zero shear vis-
cosity since they already show an exponential behavior upon the molecular weight
for 'normal’ starlike polymers’. In fact, Lusignan et al.?* measured in 1999 the vis-
cosity of randomly branched polymers as a function of the molecular weight of the
linear polymer chain arms. They found a scaling of 6.0 where we found a scaling
of 5.8 + 0.2. In the case that the long timescale process is caused by the breakup of
strong (hydrophobic) bonds, the found temperature dependence for the storage mod-
ulus plateaus at low frequencies can be predicted qualitatively (see section 4.5.4).

So, although the two sticker model (discussed in section 4.5.4) predicts qualitatively
many of the observed phenomena, other model concepts which predict qualitatively
the same behavior are also conceivable. At present we can not make a sharp dis-
tinction between these. A very suitable experiment for getting a sharper focus would
be to remove part of the Galactose sidegroups by means of enzymatic modification
(and study the rheological consequences). In case the relaxation between 0.1 and 10
Hz would involve the breakup of hydrogen bridges, modest changes in G (w) are
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expected. But in the case of starlike reptation of loose ends, the length distribution of
these ends may change significantly, giving rise to more noticeable changesin G (w).
These experiments will be done in a future study.

4.6.2 The mesoscopic structure

Although the frequency spectrum between 0.1 and 10 Hz is easily characterized
regarding the dependencies on experimental variables (time-temperature and time-
concentration superposition), the shape of the spectrum and the relaxation strengths
can be only qualitatively mapped with existing microrheological models. The behav-
ior at lower frequencies is more difficult to understand and describe, since here the
relaxation times are difficult to probe.

Our primary goa was, however, to understand and describe the linear rheological
behavior of Guar gum. Our systematic investigation of the dependencies on T, ¢
and M have made it possible to rule out classical relaxation mechanisms. However,
pinpointing alternative mechanisms that are in agreement with all observations is dif-
ficult. The identification of associative sites as the mechanism responsible for stress
relaxation at low frequencies was made on the basis of exclusion of other possibil-
ities, combined with chemica information. And it is the models with the lowest
specificity that best survive the comparison with experimental data. On one hand,
this reflects that the state of art in modeling has not proceeded far enough for cover-
ing the complex and diverse behavior of associative polymers. On the other hand it
underlines the need for information in addition to rheological data.

Additional experiments aimed at understanding the chemistry or elucidating the struc-
ture may further guide interpretation and modeling. It is however difficult to find
suitable techniques for characterizing the Guar. However, scattering experiments like
SANS may help to obtain more information about the internal structure and to under-
stand the mesoscopic structure.

4.7 Conclusions

From our extensive investigation of the rheological behavior we can conclude that
at high frequencies Guar gum (> 100 Hz) solutions show Rouse behavior. At lower
frequencies Guar gum shows two storage modulus plateau zones and a very broad
relaxation spectrum (at the high storage modulus plateau) which is not caused by

polydispersity.

Guar gum shows very strong scaling behavior with molecular weight and polymer
concentration as can be seen in table 4.3. Recent investigations demonstrate that as-
sociative polymer systems generally show strong scaling behavior, comparable to our
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observations. The exception from these strong scalings is the scaling of the storage
modulus plateau zones. The plateau at high frequencies scales as predicted by rep-
tation. Still, the scaling lies aso in the range of what can be expected by assuming
physical bonds. The plateau at low frequencies however scales very weak with the
concentration and the molecular weight and it is not clear what causes this weak de-
pendence.

Comparison with different microrheologica models showed that two or more re-
laxation mechanisms are needed for explaining this complex behavior. The classical
reptation model can not even predict a part of the observed frequency behavior, and
at least one type of physical bonds is needed for obtaining qualitatively correct pre-
dictions. However it was not possible to discriminate between the model ideas of two
types of associations (section 4.5.4) and starlike structures caused by strong phys-
ical bonds (section 4.6). For a better understanding of the relaxation mechanisms
that cause the rheological behavior of Guar gum solutions, more information would
have to be obtained about the in situ mesoscopic structure. This could make a more
specific modeling both feasible and appropriate.

4.8 List of Symbols

a = parameter of the reptation model
ar = frequency multiplication factor

¢ = polymer concentration [g/1]

c* = critical concentration [g/1]

Cg = gel concentration [g/l]

08 = value of ¢y at reference molar mass M, [9/1]
c=c/c

Eap = apparent activation energy [KT]
E, = activation energy for breakup [KT]
E¢ = activation energy for forming [KT]
f = frequency [HZ]

G’ = storage modulus [P4]

G” =loss modulus [P4]

Go = storage modulus plateau [Pa]

g = forming rate [1/9]

h = breakup rate [1/9]

h: = Huggins coefficient

k = Boltzmann constant

kmn = Mark Houwink constant [1/g]

K = chemical equilibrium constant
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L = contour length of the primitive chain [m]
My, = weight average molecular weight [D]
Mg = reference molar mass [D]

M =M/Mo

Ne. = NUMber density of closed sticker pairs [nT3]
N, = number density of open stickers [m3]
N = number density of association sites [ 2]
Ng = number of stickers per chain

Nc = number of chains per unit volume [m 3]
T = temperature [K]

Tret = reference temperature [K]

x = fraction of bonded stickers

z=0.225

o = Mark Houwink constant

y = shear rate [1/9]

n = steady shear viscosity [Pag]

n* = complex viscosity [Pas]

n’ = dynamic viscosity [Pas]

No = zero shear viscosity [Pa ]

N = solvent viscosity [Pas]

[n] = intrinsic viscosity [l/g]

Nreq = reduced viscosity [1/g]

v =0.59

T =relaxation time[9]

Tg—g = Characteristic relaxation time[g]

w = angular frequency [rad/g]
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Chapter 5

The Relaxation M echanisms of Modified Guar Gum
Solutions

5.1 Synopsis

We investigated the effect of enzymatic modifications (using a-D-Galactosidase) and
solvent modifications (adding Urea and NgCO3) on the linear viscoel astic properties
of agueous Guar Gum solutions. These experiments were done to gain more insight
into the mechanisms of stress relaxation in different regions of the frequency domain.
All modifications were performed on a 1% w/w solution of a Guar with amolar mass
of 1 MD. Via enzymatic modifications, Galactose sidegroups were removed in dif-
ferent fractions f of the available amount, up to f = 0.57. Moduli were measured as
afunction of frequency (0.003-10 Hz) and temperature (283-323 K). On increasing
f, a sharp transition from aliquid to a gel was found at f = f.. Different values for
fc were found for samples stored at 277 K or at 248 K (and thawed), indicating ki-
netically controlled structure formation at least for part of the samples. Below £, the
changes in the relaxation behavior were very modest. In the Hz range, the character-
istic relaxation time and strength, and the time temperature superposition remained
much aike that of unmodified Guar. Changing the solvent quality neither had sig-
nificant effect. Therefore interchain bonding could be ruled out as the origin for the
high frequency relaxation behavior. Instead, it was proposed that the fast relaxations
involve diffusion processes of multi chain structures. Above . gels were formed, i.e.
the storage moduli became much higher than the loss moduli, and almost frequency
independent. The low frequency storage moduli strongly increased whereas the high
frequency moduli remained essentially unchanged. This corroborated that interchain
bonds are directly or indirectly involved in the stress relaxation in the mHz range.
Further mechanistic information is hard to obtain. Yet we propose a microscopic pic-
ture that can explain most of our observations. It would merit a further study with
other techniques. The possibility to make weak gels of a-D-Galactosidase treated
Guar was demonstrated, and also this deserves further study.
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5.2 Introduction

Guar Gum is a Galactomannan polysaccharide originating from the seed endosperm
of the guar plant (Cyamopsis tetragonolobus), also known as cluster bean. Galac-
tomannans consist of a (1—4)-linked (3-D-mannopyranosy!l backbone partialy sub-
stituted at O-6 with a-D-galactopyranosyl side-groups. Guar has a molecular Man-

nose/Galactose ratio of approximately 2. (Measured value for the batch used in
this project is 1.59). Related Galactomannans are Tara Gum and Locust Bean Gum
(LBG), with M/G ratios of respectively 3 and 4. Galactomannans are known to have a
higher solubility in water when alarger fraction of the Mannose units is covered with
a Galactose side group. For M/G ratios larger than 5 the polymer isno longer soluble.
Related to this solubility issue, it is also easier to make a gel from a Galactomannan
with a higher M/G. For example, whereas LBG forms a gel after freeze-thawing??,

Guar Gum does not. However, Guar Gumisstill interesting for industrial applications
because of its availability at lower cogt, its use as afood thickener and its potential to
replace LBG after enzymatic modification (to increase M/G). In the present paper we
shall study the linear rheological behaviour of solutions of Guar Gum, as well as en-
zymatic modifications thereof. Our aim was to gain more insight in the mechanisms
underlying the rheology, and to explore the potential use of modified Guar.

Several research groups have investigated the rheology of Guar Gum solution$—1°,

Comparing the different studies, it becomes clear that the rheological behaviour
of Guar Gum solutions is gtill incompletely understood and that specific polymer-
polymer interactions might play arole in the observed rheological behaviour as well
as reptation phenomena. This motivated us to perform a systematic study on the
frequency, temperature, concentration and molecular weight dependence of the lin-
ear visco-elastic moduli. The results were analysed via comparison with mesoscopic
models®. The main findings are summarized here. We found two storage modu-
lus plateau zone's; one at high frequencies (> 10 Hertz) and one at low frequencies
(<0.03 Hz). The storage modulus plateau at low frequencies was in the dPa range,
and appeared to be sensitive to strain. Its magnitude increased reversible with tem-
perature, while it was insensitive to concentration. The storage modulus plateau at
high frequencies was followed by a broad relaxation spectrum, which was not related
to polydispersity. The mean relaxation time of the spectrum showed an Arrhenius-
like temperature dependence, and strong concentration dependence. The magnitude
of the modulus increased with concentration while it was insensitive to temperature.

From comparisons with existing micro rheological models, it was concluded that a
recently developed transient network modef*23 in which the chains are supposed to
contain two different types of stickers (weak and strong), gave the best consistency
with experimental results. In this model, all stickers are supposed to be regularly dis-
tributed along the chain. Chains are supposed to assemble into a transient network,
containing both weak and strong bonds, each associated with a certain relaxation
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time. In the calculation of the stress tensor, al network strands that are enclosed be-
tween two bonded stickers make a contribution. By allowing these bonded stickersto
come from any of the association sites located on the same chain, the connectivity of
the chains istaken into account. Supplementing this model with a” chemical equilib-
rium” description for the formation and annihilation of bonds, a predicted relaxation
spectrum featuring two G (w) plateau’s was obtained. The observed temperature de-
pendencies of the plateau’s could be reproduced within the model by inserting suit-
able numbers for the bond (activation) energies. Dependencies on molecular weight
were qualitatively confirmed. In thisinterpretation, the weak bonds (apparent activa-
tion energy 10 ksT) were associated with hydrogen bridges. The strong bonds would
be due to hydrophobic interactions between the free backbone partg%2L.

To further investigate the validity of these concepts we shall consider in the present
paper three issues:

1. Thermodynamic equilibrium. To what extent this is the case, was studied by con-
sidering the dependence of the visco-elastic moduli on the thermal treatment of the
samples.

2. Weak physical bonds as the origin for the high frequency behaviour. In the case
of Guar, the only conceivable weak physical bonds would be hydrogen-bridges. Ex-
ploiting the sensitivity of these bonds to their chemical environment, we have inves-
tigated thisissue by changing the solvent quality.

3. Strong hydrophobic bonds as the origin for the low frequency behaviour. The
local hydrophobicity of Galactomannan chains is generally believed to be related to
the number of adjacent bare Mannose backbone units. We have investigated the role
of hydrophobicity by enzymatically removing Galactose sidegroups.

This chapter is further organized as follows. The experimental details of the chemi-
cal modifications as well as the rheological experiments are given in section 5.3. In
section 5.4 the experimental results are given. The consequences of these results are
discussed in section 5.5 and in section 5.6 the conclusions are shown.

5.3 Experimental

5.3.1 Materials

Guar Gum [Meyhall] was purified by adding 10.0 g to 400 g acetate buffer of pH
4.66 [Merck]. The slurry was homogenised for 75 seconds with a foodblender (500
W) and centrifuged at 22000 g for 5 hours at room temperature. The supernatant,
containing 80 % of the suspended mass, was diluted by afactor of two, thusyielding
al % w/w stock solution. This solution was stored in a refrigerator. The molecular
weight was determined earlier* as 910 kD. Gal actose side groups were removed from
the Guar chains by using a-D-gal actosidase [Megazyme]. The activity of the enzyme
was specified as 47 U/mg, with 1 U defined as the amount of enzyme that releases
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one mmol of p-nitrophenol per minute (substrate: p-Nitrophynyl-a-galactoside) at
pH 4.5 and 313 K. The activity of the enzyme for cleaving the sidegroups of Guar
was optimized by setting the temperature at 310 K and the pH at 4.7. All modifica-
tions were donein 1 % w/w Guar stock solution. For our enzymatic modifications of
Guar, a suitable protocol had to be developed. Preliminary modification experiments
in which the enzyme was used at low concentration (order: 1 U/g Guar) and without
terminating its activity, showed a phase separation after a few hours. Following the
visco-elastic moduli in time, a strong decrease was observed, leading to immeasur-
ably small signals after two hours. Visual inspection of the solution afterwards con-
firmed the phase separation. This phenomenon was not mentioned in another study??,

where similar degrees of modification (i.e. the fraction of side groups removed) had
been reached, but using higher galactosidase concentrations (order: 10 U/g Guar).
Assuming that a-D-galactosidase treated Guar chains are adequately characterized
by their degree of modification, this would suggest that the structure built up by the
modified Guar chainsis not an equilibrium structure. We think that the phase separa-
tion is the result of two interfering processes: the ongoing creation of (hydrophobic)
stickers on the chains, and the aggregation of the chains themselves via the forma-
tion of bonds. It is conceivable that distinguishable aggregates are formed in the
early stages of the modification, which subsequently consolidate via an increase in
the number of intra-aggregate bonds. Such a consolidation will only be favored by
the ongoing creation of stickers. Then if the number of inter-aggregate bonds is suf-
ficiently small, a phase separation will result. This consideration led us to adapt our
protocol. By choosing enzyme concentrations now of order 1¢ U/g Guar Gum and

killing the enzyme after a well-defined short reaction time, we aimed to complete
the molecular modification before any mesoscopic restructuring (i.e. aggregation)
could occur. To estimate the time needed for mesoscopic restructuring, we have used
our previous observation that the low frequency elastic modulus needs about 15 min-
utes to rebuild after being destroyed by shear*. In the final protocol, the degree of

modification was varied by changing the enzyme concentration, while keeping the
reaction time constant. The required amount of enzyme was added to 50 ml of the 1
% wi/w Guar Gum solution. The solution was mixed for 30 s by using a handblender
(Braun, MR 500 CA, 300 W). The thus obtained homogeneous solution was poured
in a pre-heated glass bottle at 310 K, and kept at this temperature under stirring for
15 minutes. Hereafter the modification was stopped instantly by putting the sample
in amicrowave oven [Sharp R222] at 240 W for 40 s. Subsequently the solution was
placed for 15 minutesin awaterbath at 365 K to ensure inactivation of all the enzyme.
Any boiling of the sample was avoided: preliminary experiments with Guar solutions
had shown that boiling could cause irreversible aggregation. In the end samples were
stored either at 277 K, or at 248 K, or placed directly in a rheometer, depending on
the type of experiment. The amount of Galactose liberated by the enzyme was deter-



92 THE RELAXATION MECHANISMS OF GUAR GUM SOLUTIONS

mined using a Lactose/D-Galactose test kit [Boehringer Mannheim]. This procedure
establishes the Gal actose concentration in asolution by reacting with the Galactose to
form NADH, which has a strong absorption peak at 240 nm. Absorption’s were gquan-
titatively measured in a [Shimadzu UV-2102] UV spectrophotometer and converted
to concentrations using the Lambert-Beer law.
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Figure5.1: Degree of modification as afunction of the enzyme loading.

To verify that only Mannose-Galactose bonds had been cleaved by the enzyme, and
no Mannose-Mannose bonds (as has been reported?), the intrinsic viscosity of a
strongly modified Guar Gum (50 % Galactose removal) was determined. The results
are shownin figure 5.2,
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Figure 5.2: Left: Change of the intrinsic viscosity (y-axis value) caused by the
modification. e, o: unmodified Guar, +: modified Guar. Right: Change of the linear
viscoelastic properties caused by the modification procedure: e,0: stock solution,
4.0: reference solution.

The intrinsic viscosity corresponds fairly well to that of the unmodified Guar. The
small decrease in [n] could be seen as a confirmation that the chains have become
dightly more compact due to intrachain bonding?®. Further on we checked the influ-
ence of the thermal and mechanical treatments of the procedure by taking a sample
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through the protocol as described above, but without adding enzyme. The moduli of
the thus obtained " reference solution” are compared with those of the original stock
solution in figure 5.2. Although a detectable offset between supposedly coinciding
moduli was found, the differences are till very small and the shapes of the relaxation
spectra are unchanged. In the following, all presented results will be compared to the
reference solution.

5.3.2 Rheological measurements

Linear visco-elastic moduli measurements between 102 and 20 Hz and as a func-

tion of the temperature were performed using a Bohlin VOR with a cone and plate
geometry (cone angle of 1 degree and 60 mm plate diameter). A Haake RS 150
with aplate- plate geometry (60 mm plate diameter) was used to measure the elastic-
ity of systems that had formed gels. Measurements were conducted at temperatures
between 274.5 K and 323 K. With the Bohlin, a correction was made for the temper-
ature dependence (-19 um/10 K) of the gap width between cone and plate. To avoid
effects of solvent evaporation, home made vapor locks, filled with paraffin oil, were
used for both rheometers. Solutions were inserted in the Bohlin by using a 10 ml

syringe. After insertion, the sample was presheared at 80 1/s for 1 minute to obtain a
homogeneously filled gap and to define the mechanical history of the sample. Then
the sample was alowed to relaxate for 30 minutes before the measurements were
started. Gels were cautiously placed upon the lower plate of the Haake RS150 ge-
ometry at atemperature of 278 K. The gap was then set to 2 mm with exponentially
decreasing speed. This was done to keep the gel structure intact. For the stronger
gels that showed syneresis, the expelled acetate buffer was collected and measured in
order to quantify the extent of syneresis. Before measurements were started, moduli

measurements were performed between 0.1 and 0.5 Paat 1 Hz in order to check the
limits of linearity. It turned out that all gels showed linear behaviour up to the highest
stress.

5.4 Resaults

54.1 Enzymatic M odifications

Unless stated otherwise, samples were stored at 277 K for one week to equilibrate
before the rheological behaviour was investigated. In figure 5.3 the storage moduli
as afunction of frequency are shown for the different degrees of modification (0, 30,
43, 49, 51 and 57 % of available Galactose sidegroups removed).

The measurement temperature for all these samples was set at 283 K in order to allow
comparison with earlier obtained results'. The results show clearly two regimes as a
function of the degree of madification.
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Figure 5.3: The storage moduli as a function of frequency for different degrees of
modification. e: 0, A: 30, l: 43, v: 49, +: 51 and ¢: 57 % removal of Galactose

Non-gelling systems

At modifications up to 50 % removal of the Galactose, only minor changes in the
linear rheological behaviour are observed. In the high frequency regime, the shapes
of the G'(w) and G"(w) curves remain unchanged. The mean relaxation time (defined
as the time corresponding to the frequency where G = G”) changes less than afactor
of two. Also the temperature dependence of this time does not change: Arrhenius
plots showed again a good linearity, with activation energies of 13 + 1 IgT (with T
= 283 K) for both modified and unmodified Guar gum solutions. These values differ
from earlier determined energiest of 10 kT, but we have checked that this can be
attributed to small differences in the preparation and measuring procedures. Further
on, the magnitude of the elastic modulus at high frequencies does not change at all.
Also in the low frequency regime the changes in G*(w) are modest, as is shown in
figure 5.4.

Gélling systems

Gel formation

When more than 50% of the available Galactose side-groups was removed, gel for-
mation occurred, as evidenced by the frequency independent moduli in figure 5.3. In
a side-experiment, an enzyme-treated Guar solution was introduced in the rheometer
directly after the modification, so that gel formation could be observed on-line. The
result is shown in figure 5.5.

It makes clear that the gel formation manifests itself by a gradual increase of the low
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frequency elagticity. Note that the elastic modulus at high frequencies is conserved
in this process. These observations corroborate our previous assumption that the low
frequency elasticity in unmodified Guar solutionsisrelated to strong (i.e. long living)
reversible bonds. Creating more and longer bare Mannose backbone parts leads to
an increased bonding and hence a higher elastic modulus. The finding that the relax-
ation processes associated with these bonds only play arole at the lowest frequencies
is new. It indicates that there is not a strong coupling between the relaxation mecha-
nisms at low and high frequencies.

Melting Behaviour

The gelled systems showed a distinct temperature dependence in their rheology. In
figure 5.6 the temperature dependence of the moduli at a frequency of 0.0316 Hz is
shown and in figure 5.7 the storage modulus as a function of the frequency is shown
for three different temperatures (that were increased with time).
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Figure 5.6: Temperature dependence of the moduli at a frequency of 0.0316 Hz.
(m,0)=G',G" of 51 % modified sample; (e,0)=G’,G" reproducibility check of this
sample

It can be seen from figure 5.6 that the gel startsto melt at 288 K (15°C) and becomes
fluidlike (i.e. G' = G") at 296 K. This behaviour turned out to be thermoreversible:
lowering temperature from 296 K to 278 K resulted after afew hoursin agel showing
the very same temperature dependent behaviour. The reproducibility of theinitia gel
formation was also investigated, by redoing the enzymatic modification with a dif-
ferent sample. The melting curve for this system is al'so presented in figure 5.6, and
shows that reproducibility is fairly good. Changing the degree of enzymatic modifi-
cation resulted only in dlight differences in the melting behaviour. For al gels, it was
observed that melting starts at 288 K.
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Figure 5.7: Storage modulus of the 51 % modified Guar sample, as a function of
the frequency at different temperatures. e= 283 K, B=295 K, v=305K.

Influence of Sorage Temperature

The dependence on the thermal history of the sample was investigated by changing
the storage temperature. Besides samplesthat were stored at 277 K for oneweek, also
a series was stored at 248 K for six days and subsequently placed at 277 K for one
day to alow thawing. The rheological behaviour of these freeze-thawed samples was
similar, in that atransition from aliquid to agel was observed above a certain degree
of modification. However, in a quantitative sense there was an important difference;
now the required degree of modification amounted approximately 40 % instead of 50
%. (see figure 5.8). This corresponds with results from McCleary et al 28 who also
found qualitatively that the storage temperature influences gel formation of modified
Guar gum solutions.
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Figure5.8: The storage moduli for different degrees of modification. Sample stor-
age temperature 248 K instead of 277K. e: O, A: 30, W: 43, v: 49, +: 51 and ¢: 57
% removal of Galactose
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This clear influence of freeze-thawing on the gelation behaviour illustrates that the
obtained mesoscopic structure (as reflected via the moduli curves) depends on the
aggregation kinetics. Apparently, during freeze-thawing different aggregation pro-
cesses are favored than during storage at 277 K. This will lead to correspondingly
different aggregate structures, that will presumably grow until they become kineti-
cally trapped in some state.

In al cases, the final state (i.e. after a week) of the gel was attained via a syneresis
process. Freeze-thawing also turned out to have an influence on the degree of synere-
sis. The comparison between freeze-thawed and non freeze-thawed gels is summa-
rized in table 5.1. The different concentrations after syneresis for samples with 51
% degree of modification, confirm the presence of non-equilibrium structures in the
gels.
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Table 5.1: Properties of modified 1 % (w/w) Guar Gum gels.

Modification degree (%) | Taorage (K) | Carter syneresis (% W/W) | Glier geresis (P)
51 277 1.0 52

57 277 16 450

43 248 1.2 23

49 248 13 80

51 248 14 350

57 248 15 400

5.4.2 Solvent Modification

To investigate what is the contribution to the rheological behaviour of interchain hy-
drogen bonding, we have solved the Guar Gum also in an 8M Urea solution and in
an agueous 0.1 M NaCO3 buffer with pH=10. Ureais well known as a depressant
of hydrogen bonds. This functionality is ascribed to the energetically more favorable
hydrogen bonding of water with Urea than with other compounds. In solutions of
Guar Gum, the addition of Urea should therefore produce a decreased chance of hy-
drogen bridging between Mannose backbone units*1>. To maximize its influence,

we added the Urea to a concentration of 8 moles per liter. The effect on the visco-
elastic properties at high frequencies is shown in figure 5.9.
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Figure 5.9: Influence of different sample modifications on the high frequency be-
haviour of Guar gum. G’ = open symbols, G” = filled symbols, A: reference solu-
tion, o: 43 % Galactose removal, ¢: 0.1 M Na,COs pH 10 solution, (J: 8 M Urea
solution.

A marked decrease in the magnitude of the high frequency elastic modulus should
occur if thermal break-up of Guar-Guar hydrogen bonds would be responsible for the
stress relaxations. In contrast, only a small frequency shift to the lower frequencies
(multiplication factor 0.6) was observed. This finding indicates that hydrogen bonds
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between polymers do not play arolein the high frequency regime. The small change
in characteristic relaxation frequency might be due to the increased solvent viscosity.
The effect of adding Urea on the visco-elastic behaviour at low frequencies was al-
ready shown in figure 5.4. The decrease of the elastic modulus in the low frequency
range is probably caused by the bare Mannose backbone units becoming less lyopho-
bic. In arecent paper®® it was mentioned that for protein-protein interactions, Urea
diminishes the hydrophobic effect by displacing water in the solvating shell. This
might also apply for Guar Gum. A second experiment was done to influence the hy-
drogen bonding affinity between the Guar chains. Here the acetate buffer at pH 4.7
was replaced by a 0.1 M NaCO3 solution, titrated with HCI to obtain a buffer with
pH 10. At this higher pH the number of hydrogen bonds should drop due to the de-
creased availability of hydrogen species. The effects on the high and low frequency
relaxation behaviour are demonstrated in figures 5.4 and 5.9, and are seen to be small
like in the case of Urea. The characteristic relaxation time at high frequencies is now
completely unaffected, in line with the unchanged solvent viscosity. This finding
again indicates that hydrogen bonding does not play arole in the stress relaxation at
high frequencies. We believe that more generally it can be said that these relaxations
are not related to physical interchain bonding. In a more general sense, replacing the
acetate buffer with Urea or NaoCO3 can be seen as experiments in which the solvent
quality is changed. Removing Galactose sidegroups from the Guar chains could be
regarded as an "inverse method” for changing the solvent quality: here the molecu-
lar properties of the polymer are changed, while the solvent remains essentially the
same (neglecting the influence of small amounts of inactivated enzyme and liberated
Galactose). Hence measurements on enzymatically modified Guars can be seen asa
third way to study the influence of solvent quality. In figures 5.4 and 5.9 the relax-
ation behaviour is shown for Guar with 43 % of its Galactose sidegroups removed.
Only a dlight shift towards higher frequencies is observed, while the magnitudes of
the moduli remain unchanged. We take this outcome as another confirmation that in-
terchain bonding does not play arole in the relaxation behaviour at high frequencies.

5.5 Discussion

5.5.1 Reaxation behaviour of native Guar

One of the main findings of this study is that new insight into the origins of stress
relaxation of Guar Gum solutions was obtained after measuring the influence of en-
zymatic and solvent modifications. Below we shall discuss what are the implications
of our experimental results for our understanding of the relaxation mechanisms at
low and high frequencies.

Fast relaxation mechanism



5.5 DISCUSSION 101

The insensitivity of the relaxation behaviour at high frequencies to the various mod-
ifications has made it clear that this behaviour is not related to the break-up of
weak physical bonds between polymer chains. As already argued in our previous
investigation’*, this leaves only one other conceivable origin for visco-elastic be-
haviour in this frequency range, that is, topologica constraints. Considering the
possible relaxation mechanisms associated with such constraints, classical reptation
by individual chainst! was already ruled out, in view of the magnitude of the storage
modulus and the scalings of several rheological quantitied. We therefore think that
more complex diffusion processes play arole, involving multi chain structures. One
finding which was previously taken as an indication that Guar-Guar hydrogen bridges
might play arole, was the excellent time-temperature superposition at high frequen-
cies using Arrhenius' law, from which an activation energy of 10 ksT (with T = 283
K) was found. Now the H-bonding hypothesis has been rejected, the question arises
what is the physical meaning of this apparent activation energy. We could imagine
that the diffusion time of large complex structures (and therefore the relaxation time)
would be inversely proportional to the viscosity of the solvent. Making an Arrhenius
plot of the viscosity of water between 283 and 333 K, we found a very good linear-
ity, and an apparent activation energy of 7 ksT. As an aternative approach, we have
also attempted ascaling of the frequency multiplication factors according to the WLF
equation. Also here an excellent fit was obtained. However, in contrast to the Arrhe-
nius scaling, the WLF scaling is based upon the concept of excluded volume. These
findings illustrate that analyzing the temperature dependence of the characteristic re-
laxation time is not always a suitable tool for assessing the role of wesak interchain
bonds in the relaxation behaviour.

Slow relaxation mechanism

It hasin this study been corroborated that the relaxation behaviour at low frequencies
originates from interchain bonds. Both the enzymatic and the solvent modification
experiments point in this direction. Improving the solvent quality causes a decrease
in the number and strength of hydrophobic bonds, which is at the macroscopic level
reflected in a lowering of the elastic modulus at low frequencies. In the enzymatic
maodifications, the number and strength of the bondsisincreased, resulting in astrong
increase of the elastic plateau beyond a certain M/G ratio. Whether the stress relax-
ation is also triggered by the break-up of the bonds is a question, which remains to
be addressed. In any case, the relaxation mechanism must involve timescales of 16 s
or longer. This can be seen from figure 5.10, where the limiting relaxation behaviour
(G [ 2and G" [ ) is not yet reached at the lowest frequency of 3 mHz.

Multi Chain Structures
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Figure 5.10: Onset of the slow relaxation spectrum for two different samples.
G"=open symbols, G'=filled symbols, B=1 % (w/w) Guar gum solution 910 kD,
4= 4% (w/w) Guar gum solution 270 kD.

Some statements about the structure of native Guar solutions can also be made, now
the relaxation mechanisms have been clarified to a certain extent. Interchain bonding
will inherently lead to multi chain structures. The presence of such structures was
already expected on rheologica grounds: an elastic modulus at low frequencies gen-
eraly involves large length scales. Since the Guar chains themselves are just linear
and not very large, the formation of (long living) multi chain structures is needed to
obtain these large length scales. Let us now consider the number of bonds per chain.
Obvioudly, this quantity will be related to the number of stickers (sites available for
bonding) per chain. Thisnumber can be estimated on molecular grounds. Since most
of the Galactose side groups in Guar are arranged in pairs and triplet$’, a free back-

bone part will on average consist of two Mannose units. Assuming that more than
five neighboring free Mannose units are needed to form a sticker, as was suggested
in literature?>1°, atypical chain of 10° Dalton will contain 375 free backbone parts,

but only afew ((O(1-10)) stickers. Still, thisis a high enough number to create multi
chain structures from the stickers.

Formation of the Structures. Kinetically driven or Thermodynamic Equilib-
rium?

The presence of large length scales in Guar Gum solutions raises the question, to
what extent kinetics and equilibrium thermodynamics play arole in the structure for-
mation. The answer is likely to depend on the considered length scale. Structures
that are not in thermodynamic equilibrium will most probably be found at the largest
lengthscales, and the stress relaxations associated with these structures at the lowest



5.5 DISCUSSION 103

frequencies of the measurements. Already in our previous study it was observed that
the storage modulus plateau at low frequencies showed a much weaker dependence
on the Guar concentration, than would be consistent with a thermodynamic equi-
librium. Remarkably enough, the dependence of the moduli curves on temperature
showed to be reversible. Together these findings point in the direction of alocalized
thermodynamic equilibrium. In this situation, bonds can break up and re-form in a
reversible manner, but with formation kinetics that depends on the local configuration
around the stickers. In figure 5.11 we illustrate how we imagine this dependence.

i

Figure5.11: Influence of thelocal configuration on the formation kinetics.

All break-up and bonding events are described with probabilities. The break-up
chance of a bond solely depends on temperature. The probability for bonding de-
pends not only on the temperature, but also on the local environment of the stickers.
This environment constrains each sticker to a certain volume (or domain), which
makes that bonding can only take place in volumes that are shared by two or more
stickers. Thetypical size of the domainsis supposed to be of the order of afew Kuhn
segments long. Yet it will be related to the structure at large (mesoscopic) length
scales, which is formed under kinetic influences in the beginning of the experiment.
When the temperature is changed this mesoscopic structure is supposed to remain
more or less intact, while locally the environment of the stickers will change. This
picture would explain the concentration- and temperature dependence of the low-
frequency elasticity (see below).

5.5.2 Tentative Model for Structure and Relaxationsin Native Guar So-
lutions.

In section 5.5.1, statements about the relaxation behaviour were made at an abstract
level. In our opinion, drawing more specific conclusions about the structure and
relaxations in Guar Gum solutions is not feasible on the basis of our experimental re-
sults. Yet to obtain afocus for further research, it is useful to consider which detailed
microscopic picture would be the most probable on the basis of our findings. This
will be discussed in the present subsection.
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Proposed Structure and Relaxations

We think that the presence of a few ()(1-10) interchain bonds per chain will lead
to avariety of structures, which can be classified asfollows:

e Linear structures involving one or afew bonded chains.

e Branched (treelike) structures involving severa chains.

e Large aggregated structures involving many chains.

These structures may occur both asfree units (figure 5.12 A-C), and as part of aspace
filling network (figure 5.12 D-F).

A e D
B E
C F

Figure 5.12: Impression of the different multichain structures that may occur in
Guar gum solutions. A=linear structure, B=branched structure, C=large aggregated
structure, D=free structure, E=structure connected at one point to a space filling
network, F=structure connected at more points to the network.

Above the critical overlap concentration (whereindividual chains start to hinder each
other), these structures will be intra- and intertwined via entanglements. The rhe-
ological behaviour will depend on the number density distribution of the different
structures. Structures that are physically connected via bonds at two or more points
to a space-filling network, will contribute to this network. For the relaxation of the
stress stored in the network, the break-up of bonds is needed. We assume that this
will involve along relaxation time. Structures that are free or only connected at one
point to a space filling network, can in principle release their stress via diffusion pro-
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cesses. The pertaining relaxation times can vary from short to long, depending on the
structure size and complexity. For complex structures like in figure 5.12-C, it is pos-
sible that they will break-up viathe bonds before the diffusion process is completed.
In that case the relaxation time is not determined by the diffusion time, but by the
bond break-up time. This leaves for the low frequency regime, two possible origins
for stress relaxation: 1. the break-up of bonds, and 2. the diffusion of large aggre-
gated structures. In our opinion the latter process will not likely play arole. If this
diffusion were to be the dominant relaxation mechanism, then the polydisperse size
distribution of the aggregates should have given rise to a very broad low-frequency
relaxation spectrum that would go over smoothly into the high-frequency spectrum.
In contrast, our observations show that the relaxations at high and low frequencies
are well separated in the frequency domain. Therefore, instead of large diffusing
structures we think of a space-filling network.

Proposed Kinetics of Structure Formation

The formation of the complex network structure will be kinetically driven. We imag-
inethat it isformed viaatwo-stage process. Right after the Guar Gum solutions have
been subjected to mechanical treatment, distinguishable entities ranging from free
chains to small aggregated structures will be present in the solution. A small fraction
of these structures will assemble into a space filling primary (or skeleton) network if
the number of potential bonds per chain issmall. Thiswill occur on arelatively short
timescale, since it involves a more or less free diffusion of small entities. Once the
primary network has been formed, the second stage sets in. Now the structures will
experience a hindrance in their diffusion, from their entanglements with others and
from the network. As a consequence further aggregation will only take place locally,
between structures that are confined to the same neighborhood. This limited aggre-
gation will lead to athin network in which structures of different size (from single to
multiple chains) are arrested, via connecting bonds and/or topological constraints.

Qualitative Predictions for the Linear Rheological Behaviour

Elastic modulus at high frequencies

In the proposed structure model (discussed above), the polymer solutions will be
homaogeneous down to the length scale of a few Kuhn segments. The elasticity as-
sociated with the diffusion relaxation of multi-chain structures will be determined
mainly by the entanglement concentration, provided that the typical distance between
two entanglements is small compared to the size of the diffusing structures. The en-
tanglement concentration is independent of molecular weight and temperature but
increases with polymer concentration. In our experiments the elastic modulus at
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high frequencies showed qualitatively the same dependencies.

Relaxation time at high frequencies

The diffusion of the multi-chain structures will bear a certain resemblance to arm
retraction (or starlike reptation) mechanisms. But it will be more complicated in our
case, since branched structures are now involved instead of just linear arms. More-
over there will be distributions for the sizes and shapes of the multi-chain structures.
In any case, the relaxation spectrum can be predicted to be very broad. Indeed this
was observed in our experiments. The temperature dependence of the characteristic
relaxation time can be fairly well described by assuming an inverse proportionality to
the solvent viscosity (asin the case of simple diffusion processes). In this approach,
thermally induced structural changes are neglected, which is a simplification even at
therelatively short length-scales probed at high frequencies. The dependencies of the
typical relaxation time on concentration and molecular weight cannot be predicted.
This is because the relaxation time is not only determined by the entanglement con-
centration, but also by the characteristics (size, shape, branching) of the multi chain
structures. These properties are influenced by the initial formation kinetics, which
depends on the concentration and molecular weight in an unknown way.

Elastic modulus at low frequencies

The magnitude of this modulus is determined by the number density of network
strands, i.e. polymer strands connected to the space-filling network via two points.
This number density is hard to predict, since especialy at the long length scales
probed by the low frequencies, the structure will be determined by kinetics rather
than by thermodynamic equilibrium. On changing the concentration or the molecu-
lar weight the kinetics may become different, which makesit rather difficult to predict
the influence of these experimental variables on the elastic modulus. We recall here
that the unusually weak concentration dependence of the low frequency elasticity in
our previous experiments® leads us to think of non-equilibrium structures. The tem-
perature dependence of the elastic modulus is less difficult to predict, since here it
is not required that the structure is determined by thermodynamic equilibrium. As-
suming that the thermally induced structural changes at mesoscopic length scales
are modest, we only need to consider localized equilibria (as discussed in section
5.5.1). Adopting the suggestion that the hydrophobicity of free Mannose backbone
parts increases with temperature?®?t, the number of stickers will also increase with
temperature, since also a fraction of the smaller free backbone parts (less than six
Mannose units) will start to act as stickers. Thus, a network hardening can occur
without the need for diffusion. The pertaining increase in elasticity corresponds well
to our observations.
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Relaxation time at low frequencies

This quantity was outside the range of our measurements. Some qualitative predic-
tions concerning the dependencies on experimental variables are possible. In athin
network, co-operative bonding effects will play a minor role and therefore the relax-
ation time will be determined by the break-up time of bonds directly. Obvioudly, a
relaxation time associated with such a highly local process will not depend on the
molecular weight or the concentration.

From the above discussion it becomes clear that qualitative predictions for the lin-
ear rheological behaviour as a function of experimental variables are possible in a
number of cases. Also, there are dependencies that cannot be predicted due to insuf-
ficient knowledge about the structures and kinetics. At least all qualitative statements
that can be made on the basis of our tentative picture, are consistent with our experi-
mental observations.

55.3 Redated Research on Structure and Relaxations

From small angle scattering (USALS and SANS) resultst® it was concluded that
the observed scattering behaviour of Guar Gum solutions was in accordance with
large fractal aggregates, with no strong positional correlations between the aggre-
gates. Some chains and aggregates were supposed to exist freely in solution, whereas
loosely connected aggregates were also presumed present. A few chains may also
belong to more aggregates. These findings are not in contradiction with the structure
model discussed in section 5.5.2. They could imply that the species of figure 5.12
C are dominantly present, and that the structure of these species is Fractal-like. Be-
sides the research on Galactomannans, another investigation is also worth mention-
ing: Vlassopoulos et al.*’~1° investigated the linear rheological behaviour of large
multiarm polymer stars (of up to 128 arms of 47 kD per arm) and they also found
a low frequency storage modulus plateau zone. They attributed this plateau to the
structural rearrangements of the stars within their liquidlike order. These rearrange-
ments can occur when the whole aggregate diffuses through the solution or when the
break-up of bonds causes a break-up of the aggregate. This indicates that multi chain
structures may contribute to alow frequency plateau.

5.5.4 Behaviour of Modified Guar Gels

Tentative mechanisms of gelation and melting

Gelation
For gel formation of modified Guar gum solutions many stickers per chain are needed.
Then diffusion over appreciable distances is no longer needed for bond formation,
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and many bonds per chain can be formed which will result in a strong network. Dur-
ing the gel formation the network will become more compact thereby causing the
observed syneresis.

Influence of freeze-thawing on gelation

In the range between 40 and 50 % Galactose removal, a gel is only formed after
the sample has been frozen. A possible explanation for the effect of a freeze-thaw
cycle may be related to the temperature dependence of the bonds. During the freez-
ing step, the temperature decreases, causing fewer and weaker stickers and therefore
fewer bonds in line with our tentative model of section 5.5.2. Therefore diffusion of
aggregates through the solution becomes easier and the mesoscopic structure evolves
more towards a thermodynamic equilibrium which means that the network becomes
more dense. Reaching a true equilibrium state would involve a phase separation, but
this process is hindered because of excluded volume. In the thawing step, the tem-
perature isincreased again and bonds will form again. From the more dense starting
state moreinterchain bonds are formed and this can cause the observed gel formation.

Melting behaviour

When the temperature is increased further, micro phase separation may occur: Then
even more stickers are placed on the chain causing extra bond formation. This will
cause local syneresis, and forces will start to act on the interchain bonds leading to
their breakup. The breakup of these bonds causes the observed decrease of the gel-
strength with increasing temperature (the melting behaviour).

Sharp sol-gel transition

One of the remaining questions, is why the transition from aliquid to a gel depends
so sharply on the degree of enzymatic modification. Such drastic changes might be
expected in polymer solutions when a thermodynamic phase transition is involved.
However, in the case of Guar, we should think of akinetically controlled structure.
Perhaps adrastic increase in the number of stickers above acertain modification level
could explain the sharp transition to a gel. To investigate this point, we performed
some simple simulations in which the number of stickers (defined by > 6 adjacent
bare Mannose units) is calculated as afunction of the degree of modification. Various
possible cases were considered: both the placement of Galactose sidegroups and the
action of the enzyme were taken to be either random or non-random. In all cases it
showed that although the number of stickers per chain increased more than linearly
with the degree of modification, a sharp transition was not found. Our explanation
for the sharp sol-gel transition is that at the onset of gelation, structural changes oc-
cur aso at the smallest length scales, causing an increased bonding probability per
sticker. Thus arecursive process could be triggered, resulting in a sharp transition to
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agd.

From the discussion above it shows that with the same concepts that were used to
model the linear visco-elasticity of Guar gum solutions (increase of hydrophobicity
with increasing temperature and kinetically determined mesoscopic structures) also
the behaviour of modified Guar gum gels can be rationalized.

Comparison with Locust bean gum gels

The fact that modified Guar gum solutions only form a gel after a freeze-thawing
cycle, in the range between 40 and 50 % Galactose removal, is comparable with the
behaviour of Locust Bean Gum which also forms gels after a freeze-thaw cycléS.

Compared to modified Guar Gum, Locust Bean Gum (with a M/G ratio of 3.9) lies
clearly beyond the M/G limit of 3.27 (50 % Galactose removal) where Guar Gum
forms agel without freeze-thawing cycle. Soin that sense, modified Guar Gum forms
agel more easily. This might be caused by the difference in molecular weight (Lo-
cust Bean Gum has a molecular weight of 370 kD, whereas modified Guar Gum still

has a molecular weight of about 730 kD). The lower molecular weight in the case of
Locust Bean Gum will lead to less bonds per chain which makes gel formation more
difficult. Another reason might be a possible difference in the fine structure of Guar
gum and Locust bean gum (the length distribution of adjacent bare backbone units).
This will aso influence the number of hydrophobic stickers per chain and therefore
the number of bonds per chain.

Besides this difference, also the temperature dependence of the elasticity of Locust
Bean Gum gels differs from that of modified Guar Gum gels: For Locust Bean Gum
it is reported® that formed gels start to melt above 317 K, whereas for modified Guar
Gum we have observed that the melting starts at 288 K. The melting itself might be
caused by local phase separation as explained above, but it is not a priori clear what
causes the difference in melting temperature. Again differences in the free backbone
length distribution as well as in molecular weight might play arole.

555 Recommendationsfor Further Research

From the results and the discussion it has become clear that although more light has
been shed on the relaxation mechanisms, the complete behaviour of Guar Gum in
solution is still not understood. In order to achieve this goal quantitative modeling of
the presented model concept is needed or more generally: microrheological models
are needed based on aggregated structures formed vialong living bonds and excluded
volume (entanglements). Rubinstein and Semenov?®° presented in 1998 amodel in
which the rheological behaviour of aggregates (kinetically formed viabonds) is pre-
dicted, but there excluded volume was not taken into account for simplicity reasons.
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However they mentioned that in future work, the effect of excluded volume would
be accounted. Besides theoretical modeling also experimentally obtained additional
structure information is needed. By an investigation of the molecular fine structure
of modified Guar Gum?’2%2> as a function of the degree of modification, the relation
between the number of stickers per chain and the obtained gel may become more
clear. It could also provide information about the dependence of the bond forma-
tion kinetics on the mesoscopic structure. More indirect structure information can be
obtained via the relaxation time of the slow relaxation process. If this time is con-
centration and molecular weight independent it indicates that the relaxation process
is the break-up of individual bonds asis predicted by our presented model concept.
With the used equipment it was not possible to determine the relaxation time of the
slow relaxation spectrum, but the results show (figure 5.10) that this spectrum lies
till in afrequency regime that is accessible to other rheometers. Therefore by using
for example a very sensitive creep rheometer it should be possible to measure this
spectrum.

5.6 Conclusions

From the in this chapter presented results the following can be concluded for the lin-
ear rheology of Guar gum, and enzymatic modifications thereof:

1. Bonds cause the rheological behaviour at low frequencies. These bonds are likely
to have a hydrophobic origin since the gelstrength increases with an increasing M/G
ratio.

2. Weak physical bonds do not cause the rheological behaviour at high frequencies.
Instead, the independence of this behaviour on the solvent quality indicates that dif-
fusion processes, which are not exactly known, cause it.

3. The history dependence of the samples that show gel formation provesthat at |east
for these sampl es the thermodynamic equilibrium is not reached.

4. Combining the various observations, atentative picture for the structure and relax-
ations could be constructed. This picture is complex but internally consistent. So far
no quantitative model is able to predict the observed rheological behaviour.

5. Via enzymatic modifications it is possible to induce gel formation. The formed
gels show amelting trajectory which starts at 288 K.

From these results, it follows that future models should focus on frozen structures
that have not reached thermodynamic equilibrium yet. Further on a study on the
molecular fine structure of modified Guar gum may provide information that explains
the sharp gel transition as afunction of the degree of modification. Moreinformation
about the mesoscopic structure should also be obtained. Investigation of the slow
relaxation process may provide this.
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Summary

An ingredient which is often used as a thickener in food and cosmetic products is
Guar gum. Guar gum is a polymer that consist of a Mannose backbone partially
covered with Galactose side groups. Adding only a small amount of Guar gum in
water causes adrastic increase in the solution viscosity. In industry this effect is used
to improve the product properties. This is mostly done viaatrial and error process,
since the relation between macroscopic and microscopic properties is not yet under-
stood. By understanding this, further improvement of products like ice-creams, salad
dressings and dairy products becomes possible. In this thesis work is presented that
was done in order to understand the relation between macroscopic rheological and
microscopic molecular quantities of Guar gum solutions.

Therefore, the rheological behaviour of Guar gum was investigated intensively as
afunction of several variables. The results of this investigation were compared with
different microrheological models. From this comparison, it followed that no quan-
titative falsifiable model predicts the observed rheological behaviour. Besides these
models, certain not elaborated concepts might predict this behaviour. Especially the
field of models based on entanglements and physical bonds is still open. Previous
work showed that both, entanglements and physical bonds might play arole in the
rheology of Guar gum solutions. Therefore in this study a model has been developed
in which the polymer system is described as a network of spring segments connected
via sticky points (as in the Lodge model). An important extension (with respect to
previous models) was that chain connectivity is taken into account. All segments
that are located in between connected stickers are supposed to carry stress due to the
presence of entanglements. The attachment and detachment of stickers is described
with kinetic equations in which activation energies play a role. Simultaneous tran-
sitions involving groups of stickers are allowed. Model predictions showed a strong
dependence on the number of segments per chain and broad relaxation spectra.

Changing the model assumption that chain segments carry stress if they are located
between two physical bonds, to the assumption that chain segments carry only stress
if they are located between two physical bonds and never have lost their stressin the
past |led to different model predictions. The difference of these two assumptions can
be understood by thinking of a G(t) experiment. If astep strain is performed, the ac-
tive segments (segments that are located directly or via other segments between two
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physical bonds) start to carry stress. Due to the breakup of bonds, these segments
will become inactive and therefore they will loose their stress. Due to the forming
of bonds, some inactive segments will also become active. In the first of the two as-
sumptions, these segments will not only become active, but they will aso carry new
stress. In the second assumption, they only become active and remain free of stress.
Besides this difference in assumptions, also the model was extended so that different
types of physical bonds (strong and weak) can be taken into account. This model
predicts broad smooth relaxation spectrain the case of chains with many stickers of
one type. In case different stickers are assumed, more plateau regions in the dynamic
moduli may appear.

In order to short out the importance of different relaxation mechanisms like Rouse
like diffusion, diffusion hindered by topological constraints or the breakup of bonds,
the linear viscoelastic behaviour of Guar gum solutions was investigated as a func-
tion of frequency, temperature, polymer concentration and molecular weight. In the
kiloHertz regime, Rouse behaviour was observed. At lower frequencies, two storage
modulus plateau zones were found, indicating two additional types of relaxation pro-
cesses (dow and fast). Oneisoperative between 1 and 100 Hz, and givesriseto avery
broad relaxation spectrum, even for monodisperse Guar. Describing the dependen-
cies of the relaxation time and low-shear viscosity on concentration and molecular
weight with power laws resulted in unusually high coefficients. The second type of
relaxation process becomes manifest below 0.01 Hertz and was not reported before.
Here the temperature dependence is very strong whereas all other dependencies are
weak. Analyzing the experiments with existing models revealed that at best a partial
description of the experimental dependencies can be obtained. It was concluded that
at least two different types of relaxation mechanisms must play arole, classical rep-
tation not being one of these. Best overall predictions were obtained with the former
mentioned model assuming two types of bonds (strong and weak one’s).

In order to check the important assumptions of that model (two types of physica
bonds and having thermodynamic equilibrium), the effects of enzymatic modifica-
tions (using a-D-Galactosidase) and solvent modifications (using an 8M Urea and a
0.1 M NaxCO3 pH 10 solvent) on the linear viscoelastic properties of Guar gum so-
lutions were investigated. Via enzymatic modifications, Galactose sidegroups were
removed in different fractions f of the available amount, up to f = 0.57. Storage and
L oss moduli were measured as a function of both frequency (0.003-10 Hz) and tem-
perature (283-353 K). On increasing f, a sharp transition in the rheology was found
above acritical fraction f;. Its magnitude turned out to depend on whether the mod-
ified Guar solution had been stored above or below its freezing point. This indicates
that at least not always thermodynamic equilibrium is reached. Below £ the changes
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in the relaxation behavior were very modest. In the Hertz range, the characteristic re-
laxation time and strength, and the Time Temperature Superposition remained much
aike that of unmodified Guar. Changing the solvent quality neither had significant
effect. Therefore interchain bonding could be ruled out as the origin for the high
frequency relaxation behavior. Instead, it was proposed that the belonging relaxation
process isthe diffusion process of multi chain structures. Above . gels were formed,

i.e. the storage moduli became and much higher than the loss moduli, and almost fre-
guency independent. The low frequency storage moduli strongly increased whereas
the high frequency moduli remained essentially unchanged. This corroborated that
interchain bonds are directly or indirectly the physical origin of the stress relaxation
in the mHz range.

Finally, this led to the following microscopic picture: Chains form afew bonds with
each other. Because of these bonds, aggregated structures are formed. A part of these
structures will subsequently assemble into a primary (or skeleton) space filling net-
work. With the formation of the network, the mesoscopic structure is frozen because
diffusion through the solution becomes impossible. Therefore the hardening of the
network will occur on ainfinite timescale. Here the slow relaxation process is the
breakup of the network, whereas the fast relaxation process is the diffusion of the
formed aggregated structures.
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Samenvatting

Een ingredint wat vaak gebruikt wordt als verdikkingsmiddel in voedingsmiddelen
en cosmetische producten is Guar gum. Guar gum is een polymeer dat bestaat uit
een Mannose hoofdketen welke gedeeltelijk bezet is met Galactose zijgroepen. To-
evoegen van een kleine hoeveelheid Guar gum aan water veroorzaakt een drastische
viscositeitstoename van de oplossing. In de industrie wordt dit effect gebruikt om
producteigenschappen te verbeteren. Dit gebeurt meestal via de 'trial’ en 'error’
methode, omdat de relatie tussen macroscopische en microscopische eigenschappen
nog onbegrepen is. Verdere optimalisatie van producten zoals ijs, dressings en zuiv-
elproducten is mogelijk door het verkrijgen van inzicht in deze relatie. In dit proef-
schrift zijn de resultaten gepresenteerd van onderzoek dat erop gericht was om het
verband te begrijpen tussen macroscopische reologische en microscopische molecu-
laire eigenschappen van Guar gum oplossingen.

Teneinde dit dodl te bereiken is Guar gum uitvoerig onderzocht a's functie van ver-
schillende variabelen. De resultaten van dit onderzoek zijn vervolgens vergeleken
met verschillende microreol ogische modellen. Daaruit bleek dat geen bestaand kwan-
titatief model in staat is het geobserveerde gedrag te voorspellen. Naast deze mod-
ellen bestaan er ook onuitgewerkte model concepten die dit gedrag wel zouden kun-
nen voorspellen. Met name op het gebied van modellen die gebaseerd zijn op "en-
tanglements (verstrengelingen van polymeren) en fysische bindingen zijn er nog
veel onuitgewerkte model concepten. Omdat reeds bekende resultaten lieten zien dat
zowel "entanglements’ als ook fysische bindingen aanleiding zouden kunnen geven
tot het reologische gedrag van Guar gum oplossingen, is een van de concepten uit
dit gebied uitgewerkt tot een model. Dit is gedaan om de mogelijkheden te onder-
zoeken om met een dergelijk model wel het geobserveerde gedrag te voorspellen. In
dit model is het polymeersysteem beschreven als een netwerk van veer segmenten die
via stickerpunten met elkaar verbonden zijn, hetgeen vergelijkbaar is met het Lodge
model. Een belangrijke uitbreiding aangaande het Lodge model is dat hier rekening
gehouden wordt met ketenconnectiviteit: alle segmenten die zich bevinden tussen
twee punten die verbonden zijn met het netwerk worden verondersteld spanning te
dragen door de aanwezigheid van ’entanglements’ . Het vasthechten en loslaten van
stickers is beschreven met kinetische vergelijkingen die gebaseerd zijn op activer-
ingsenergie afhankelijkheden. Simultane overgangen waarbij meerdere stickers be-
trokken zijn, zijn toegestaan. De modelvoorspellingen laten een breed rel axatiespec-



120 SAMENVATTING

trum en een sterke afhankelijkheid zien van het aantal segmenten per polymeerketen.

Het beperken van de aanname dat ketensegmenten spanning dragen als ze zich tussen
twee punten bevinden die verbonden zijn met het netwerk, met de toevoeging dat
deze segmenten nooit spanningsloos hebben mogen zijn in het verleden, leidde tot
nieuwe model voorspellingen. De invloed van deze beperking kan worden begrepen
viade verwachting van een G(t) relaxatie-experiment. Het opleggen van een stapver-
vorming heeft tot gevolg dat de actieve segmenten (segmenten die zich tussen twee
netwerkpunten bevinden) spanning gaan dragen. Ten gevolge van het opbreken van
bindingen zullen segmenten inactief worden en daardoor hun spanning verliezen.
Echter; ten gevolge van de vorming van nieuwe bindingen tussen stikkers zullen in-
actieve segmenten ook actief worden. In de oorspronkelijke aanname zullen deze
segmenten ook spanning gaan dragen, zonder dat er een extra vervorming opgelegd
is. Door de opgelegde beperking zullen deze nieuw gevormde actieve segmenten
spanningsloos blijven. Naast deze verfijning, is het model ook uitgebreid zodat er
rekening gehouden kan worden met verschillende typen fysische bindingen (sterk
en zwak). Dit verfijnde model voorspelt een breed glad relaxatie spectrum mits de
ketens vedl stickers van een type bevatten. In het geval van verschillende stikkers
worden er meerdere plateaus verwacht in de dynamische moduli.

Teneinde deinvloed van de verschillende rel axatie mechani smen (zoal s Rouse achtige
diffusie, diffusie gehinderd door topol ogische beperkingen of het opbreken van bindin-
gen) op het lineair visco-€elastische gedrag van Guar gum oplossingen te bepalen, is
het reologische gedrag van Guar gum oplossingen onderzocht as functie van fre-
guentie, temperatuur, polymeer concentratie en polymeer molgewicht. In het kilo-
Hertz regime is Rouse gedrag waargenomen. Bij lagere frequenties zijn twee opslag-
modulus plateau zones gevonden wat wijst op twee relaxatieprocessen (langzaam en
snel). Een proces werkt tussen 1 en 100 Hz en veroorzaakt een zeer breed relaxatie
spectrum, zelfs voor monodispers Guar. Het beschrijven van de afhankelijkheden
van de polymeer concentratie en het polymeer molgewicht op de gemiddelde re-
laxatietijd en de nulviscositeit met behulp van machtswetten leverde ongebruikelijk
hoge machtswetcofficinten op. Het tweede proces manifesteert zich onder 0.01 Hz
en is nog hiet eerder gerapporteerd. In dit regime is de temperatuursafhankelijkheid
hoog, terwijl alle andere afhankelijkheden zeer zwak zijn. Een vergelijking van de
experimentele resultaten met voorspellingen van verschillende bestaande microre-
ologische modellen toonde aan dat hoogstens een gedeeltelijke beschrijving van de
experimenteel gevonden afhankelijkheden kan worden verkregen. Naar aanleiding
van deze vergelijking is er geconcludeerd dat er minimaal twee verschillende relax-
atiemechanismen (naast Rouse relaxatie) een rol moeten spelen en geen van beide
mechanismen klassieke reptatie is. De beste modelvoorspellingen werden verkregen
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met een model wat gebaseerd was op twee verschillende fysische bindingen (sterke
en zwakke).

Teneinde de belangrijkste aannames van dat model (twee typen fysische bindingen
en thermodynamisch evenwicht) te testen, zijn de effecten van enzymatische modifi-
caties (via het gebruik van alpha-D-Galactosidase) en van oplosmiddel modificaties
(via het gebruik van een 8 M ureum oplossing en een 0.1 M Na2CO3 pH 10 oploss-
ing) op de lineaire visco-€elastische eigenschappen van Guar gum oplossingen onder-
zocht. Met behulp van enzymatische modificaties zijn verschillende fracties f (tot
aan f=0.57) Galactose zijgroepen verwijderd. De dynamische moduli zijn gemeten
als functie van frequentie (0.003-10 Hz) en temperatuur (283-353 K). Het verhogen
van f leverde een scherpe overgang in het reologische gedrag op boven de kritische
fractie fc. Deze kritische fractie bleek af te hangen van het al dan niet invriezen en
ontdooien van de gemodificeerde Guar oplossing. Dit duidt erop dat er inieder geval
niet atijd sprake is van thermodynamisch evenwicht. Bij het afsplitsen van fracties
kleiner dan fc bleken de veranderingen in het reologisch gedrag zeer gering te zijn.
In het Hertz gebied bleken de gemiddelde relaxatie tijd en sterkte en de temperatuur
afhankelijkheid nagenoeg gelijk te zijn aan de waarden voor ongemodificeerde Guar
oplossingen. Ook veranderingen van de oplosmiddelkwaliteit hadden geen signifi-
cante effecten tot gevolg. Daardoor konden interketen-bindingen uitgesloten worden
as oorsprong voor het relaxatiegedrag bij hoge frequenties. In plaats daarvan lijkt
het relaxatie proces een diffusie proces van multi-keten structuren te zijn. Boven fc
werden gelen gevormd, hetgeen wil zeggen dat de opslagmodulus veel hoger werd
dan de verliesmodulus en bovendien nagenoeg frequentie onafhankelijk. Het opslag-
modulusplateau bij lage frequenties nam toe, terwijl de moduli bij hoge frequenties
nagenoeg niet veranderden. Dit bevestigde het idee dat interketen bindingen a dan
niet direct de fysieke oorzaak zijn van spanningsrelaxatie in het miliHertz gebied.

Uiteindelijk leidde dit tot het volgende microscopische beeld: Ketens vormen enkele
sterke bindingen met elkaar. Door deze bindingen worden geaggregeerde structuren
gevormd. Een deel van deze structuren associeert tot een primair ruimte vullend
netwerk. Met de vorming van dit netwerk wordt de mesoscopische structuur in-
gevroren, omdat diffusie door de oplossing onmogelijk wordt. Daardoor vindt de
verharding van het netwerk plaats op een oneindig lange tijdsschaal. Het langzame
relaxatieproces isin dit beeld het opbreken van het netwerk, terwijl het snelle relax-
atieproces de diffusie van de ingesloten geaggregeerde structuren is.
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