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Abstract

Low methoxyl pectin (LMP ) is a biopolymer widely used in the food

and pharmaceutical industries for its gelling properties mediated via

divalent ions. Gel formation of LMP strongly depends on both the

chemical characteristics of the polymer and the environmental condi-

tions of gel preparation. Unlike high methoxyl pectin, LMP does not

require co-solutes to induce gelation, i.e., sugars, allowing the possibil-

ity of reducing the calorie content of foods requiring a gel texture. In

addition, there is increased interest in LMP as fat substitute in con-

fectionery products. Although some work has been done on highly

fractionated LMP with Ca2+, virtually no detailed work seems to

have been reported on commercial LMP + Ca2+ + high sugar con-

centrations, despite the fact that work on fractionated LMP suggests

that the presence of sucrose, for example, can have a significant ef-

fect on LMP gelation. This thesis couples rheology and dynamic

light scattering (DLS) to investigate the process of gelation of LMP

samples in presence of a range of different sugars (at 60 wt. % ) in-

cluding fructose, D-psicose, sorbitol and invert sugar (1:1 M fructose

and glucose). In addition, to compare with the results of previous

studies [1] [2], LMP gelation in the presence of 40 wt. % sorbitol

was also investigated. Selected systems were also studied via com-

plementary static scattering techniques including a novel rheospeckle

set-up that allows simultaneous rheology and DLS analysis. Rheolog-

ical characterization of both the sol and gel states of LMP prepared

in water (i.e., without added sugars) show agreement with studies

performed in the past. However, small angle light scattering revealed

the presence of abnormally large structures (compared to conventional

pectin molecule dimensions) that may coexist with smaller ones de-

tected via static light scattering. These large pectin molecular struc-

tures may explain some unexpected results obtained for LMP gels

prepared in high concentrations of sugars. Thus, although some sug-

ars tend to speed up gelation, at certain calcium concentrations the

mixture of larger and smaller structures appears to get trapped in a

non-equilibrium gel state, that can only be resolved be re-heating (gel

melting) and re-cooling. In other words, the normal thermoreversibil-

ity of LMP gels is disrupted. After the thermal cycling such gels



increase in strength. However, other sugars seem to disrupt gelation

completely so that this effect is not seen. The effects of the different

sugars are probably related to different specific sugar-sugar interac-

tions that depend on their exact stereochemistry.
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LMP Low methoxyl pectin
[Ca2+] Calcium concentration
SHMP Sodium hexametaphosphate
T Temperature
t time
τ̄ Shear stress
γ̇ Shear rate
η Viscosity
C∗ Overlap concentration
Mw Molecular weight
G Shear modulus
G′ Storage modulus
G′′ Loss modulus
γ Strain rate
LV E Linear viscoelastic range
ω Angular frequency
λ Wavelength
q Scattering vector
I(q) Scattered intensity
n Refractive index
<ex Excess Rayleigh ratio
Rg Radius of gyration
g2−1 Time intensity autocorrelation function
g1

2 σ-renormalized time intensity autocorrelation function
t̃ Lag-time
MSD Mean square displacement
KWW Kohlrausch-Williams-Watts function
< τ > Averaged time scale of relaxation
Γ Decay rate
β Stretch exponent in Kohlrausch-Williams-Watts function
D Diffusion coefficient
Λ q-dependent power-law exponent
Rh Hydrodynamic radius
Y Scattered intensity ratio
df Fractal dimension
OZ Ornstein-Zernike function
ξ Correlation length
Ξ Static correlation length
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Chapter 1

Introduction to Pectins and

Techniques Used

1.1 Pectin - an overview

1.1.1 Chemical Properties

Pectins are a heterogeneous mixture of structural polysaccharides, located in the

primary cell walls of the middle lamella of most land plants [1] [2].Pectins are

usually extracted from fruits by acid treatment (e.g. hydrochloric acid, nitric)

at high temperatures. Parameters for this initial process can be tuned to avoid

degradation reactions that could damage the final product. Once filtered, pectin

is collected via alcohol precipitation (e.g. isopropanol or ethanol). The precipitate

is then washed with alcohol, dried and milled to obtain a pectin powder [2]. The

washing process with alcohol is a key factor to obtain two well-defined classes

of pectins, called high-methoxyl (HMP) and low-methoxyl (LMP) pectins . In

order to properly define these two classes, it is necessary to identify their chemical

features first.

Despite their heterogeneity, the main constituent of pectins (i.e., ≈ 60% of

the pectin by weight) is D-galacturonic acid (GalA), linked together via glycosidic

bonds to form a polymer. The chemical structure of pectin is shown in Fig.1.1

and it can be divided into three blocks. The first one, homogalacturonan (HG),
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1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

is a linear and stiff polymer of ≈ 100 GalA, connected via by α-(1,4) glycosidic

linkages. At this level, some of the C-6 carboxyl groups can be methyl-esterified.

O-­acetyl  
esters

Methyl  esters

(1,4)-­linked-­α-­D-­
galactosyluronic
acid  
residues

Figure 1.1: Chemical structure of pectin, adapted from [3]

The second block is called rhamnogalacturonan I (RG I ), a branched het-

eropolymer that contains a backbone of repeating [→4)-α-D-galactosyluronic

acid-(1→2)-α-L-rhamnogalacturonan acid-(1→]. This polysaccharide shows an

O-acetylation at C-2 and/or C-3 on the GalA residues and a substitution at C-4 of

the RG I residues with neutral and acidic oligosaccharides side chains. The exact

nature of the side chains depends on the type of plant and its environmental condi-

tions but are mainly linear and branched residues of α-L-arabinofuranosyl and/or

β-D-galactopyranosyl. Moreover, other components such as glycosyl residues, fer-

ulic and coumaric acids may be present [3].

Finally, the third block is called rhamnogalacturonan II (RG II ). Here, the

backbone is the homogalacturonan (≈ nine GalA residues) which may be methyl-

esterified at C-6. On the backbone, four hetero-oligomeric substitutions are

present. Thanks to their side chains, they can carry sugar residues such as apiose,

fucose, aceric acid, xylose [4][5].
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1.1 Pectin - an overview

Even if both intra- and inter-molecular interactions and positions of these

regions are still under scientific debate, pectin structure is often described as

having two different regions: (i) smooth – rich in HG and (ii) hairy – rich in RG II

and I [6]. The structural complexity of pectin is mainly due to the hairy regions,

which may influence characteristics, such as molecular weight, aggregation in

solution. Normally, the extraction process also affects this part of the molecule,

e.g. via chemical and/or enzymatic modification [7] [4] [2].

As mentioned above, theHG chains are partially esterified with methyl groups.

The degree of esterification (DE ), defined as the molar ratio of methyl-esterified

GalA to the total GalA present in pectin, determines two classes of pectins known

as high methoxyl pectin (HMP) and low methoxyl pectin (LMP). In particular,

DE for HMP is ≥ 50%, whereas LMP has a DE < 50%. Recalling the extraction

process, the product obtained after washing with alcohol is HMP. Prolonged al-

cohol washes allow a de-esterification process to obtain LMP. Alternatively, LMP

can be produced by controlled acid or alkali de-esterification. The process can be

finely-tuned to alter either the overall DM and/or the distibution of free carboxyl

groups on the HG chain. Lastly, pectin de-esterification reactions via ammonia,

give amidated carboxylic groups. These intrinsic characteristics will be recalled

later on, since they are important regarding LMP gelation [2].

The gel formation for these two classes of pectins is completely different. HMP

gels spontaneously form on cooling down hot mixtures of HMP in the presence

of high concentration of low molecular co-solutes (e.g., sucrose) at low pH (< 3).

Hydrogen bonding and hydrophobic interactions are the main driving forces for

gel formation. HMP gelation has been extensively studied elsewhere (e.g., see

[1][8][9]) but will not discussed in detail in this work. On the other hand, LMP

requires the presence of divalent ions, such as Ca2+ to form a gel.

3
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1.1.2 Low methoxyl pectin: sol and gel characterization

In this section, key aspects of LMP are discussed. General definitions of a gel

and, more specifically, gel formation of LMP is followed by a description of key

variables that influence the phenomena. Extensive reviews of the topic can be

found in references Taylor et al. [1], Da Silva et al. [2] and Fraeye et al. [10].

Definition of a gel state

A gel is a network of material at relatively low weight fraction within a high

weight fraction of solvent (liquid) that exhibits mechanical properties of a solid

material, i.e., a material that does not flow. Both components, together with

the dispersing medium, extend to fill the whole system [11] [12]. In a polymer

context, gels can be divided into two classes, depending on the nature of the

cross-links (i.e., links between polymer chains): chemical and physical gels [13].

Chemical gels are characterized by strong chemical bonds between the network

elements, which are not reversible. The formation of these materials are due to

chemical processes such as condensation, vulcanization, and polymerization [13].

These aspects will not be discussed further in this work, since the research is

concerned with physical gels.

Physical gels can be classified as: (i) strong – permanent bonds at set ex-

perimental conditions, such as glassy and/or microcrystalline nodes; (ii) weak –

temporary association between polymer chains, e.g., hydrogen bonding, electro-

static interactions [13]. The solid-like behaviour is dependent on the observational

time scale.

The time scale of observation during the measurements of the gel proper-

ties depends on the analytical technique used to characterize them. Analytical

techniques to characterize gels are discussed later in this work.

Furthermore, the gel formation is not an instantaneous process and it is time-

dependent, i.e., gel curing (or ageing), occurs. Considering a number of polymer

molecules dispersed in an aqueous medium, the addition of a cross-linking agent

generates several events that are interconnected. A generalized cartoon of gelation

is shown in Fig.1.2.
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1.1 Pectin - an overview

The first stage of gelation is shown in Fig. 1.2(a). (i) Here, polymer molecules

(green lines) dispersed in an aqueous media, i.e., the sol state, have a conforma-

tion and organization that depends on a number of characteristics, such their

intrinsic chemical characteristics (linear or branched structures), the concentra-

tion, entanglements, solvent conditions (repulsion or attraction between chains).

Gel  Formation

a b c

Figure 1.2: Illustration of the gelation. (a) Polymer chains (green lines) dispersed
in an aqueous medium; yellow dots represent the cross-linker agents. (b) Pro-
gressive cross-linking between polymer chains and formation of a pre-gel state.
(c) Formation of a macroscopic network (gel).

In Fig.1.2(b), the cross-linker agent (yellow dots) stabilizes chain-chain junc-

tions (red symbols in the figure). As the gelation process continues, the number

of the junctions increases. During this event, the material passes from a sol to a

gel state, i.e., self-supporting structure. There are many theories behind gelation

including the percolation theory [13].

(ii) In the gel state (Fig.1.2(c)), the material continues to age (gel-curing).

In this situation, the the cross-linking agent diffuses through the mesh of the

gel, which is mostly occupied by water, to form additional cross-links. The gel,

even if the polymer chains have a largely disordered structure and a high volume

fraction of liquid solvent, behaves like a solid in terms of its mechanical properties

[13][14]. These changes are usually determined via rheological characterization.

Gel formation in low-methoxyl pectins

As mentioned earlier, LMP leads to gel structures on adding divalent ions, such as

calcium (Ca2+), zinc (Zn2+), iron (Fe2+) [15] [16]. The divalent ions act as a cross-
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linking agent between dissociated carboxyl groups of the LMP chain (Fig.1.3(a)).

The so-called junction zones occur when at least 6-14 consecutive dissociated car-

boxyl groups between different LMP chains are linked via such ions (Fig.1.3(a))

[17] [18].

The model associated with this type of junction zone is the so-called egg-box

model, originally developed for alginate gels [19]. Similarly to alginates, two-fold

symmetrical antiparallel galacturonans helices are packed with Ca2+ ions between

them [1] [10] [18]. Subtle differences in pectins, including Ca2+ coordination in-

duced by oxygen atoms, stereospecificity and related molecular Ca2+-pectin chain

association, have been extensively studied [1][18][20] [21] in the past. Widely

accepted at the present time, Braccini and Pérez [18] propose an adapted the

egg-box model for pectins. Besides electrostatic interactions, egg-boxes are also

stabilized by van der Waals and hydrogen bonds [18]. The life-time of the junc-

tion zone also depends on the strength of the electrostatic interactions [1], which

in turn depends on the presence of other screening ions in the system.

Pectin  chain

egg-­box

Junction  
zone

Ca2+

Dissociated  carboxyl  groups

NH2

Pectin  
chain

Pectin  
chain

NH2

NH2

Pectin  
chain

Pectin  
chain

NH2

Amide  groups

Hydrogen  bond

Figure 1.3: (a) Upper figure shows the interaction between Ca2+ and dissociated
carboxyl groups of two different LMP chains. Bottom figure shows the egg-box
model proposed by [18]. (b) Hydrogen bonding between amide groups of two
different LMP chains.

As reported by different authors [22] [23] [24] [25], Ca2+ ions may also interact

with single dissociated carboxyl groups, forming mono-complexes that are not

formally participating in the junction zone stabilization. In this condition, the

excess +1 charge promotes the reduction of the electrostatic repulsion between
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LMP chains, enhancing their close proximity and, promoting cross-link formation

with neighbouring chains.

Due to the acid nature of the carboxyl groups, the Ca2+ ion affinity varies

with pH due to the varying charge on the pectin molecule. The optimal affinity

condition usually occurs in pH ranges between 5 and 7.5. By decreasing the pH,

the charge on LMP decreases, the ionic strength increases and the LMP -cation

affinity decreases [2]. However, this effect may be compensated by the presence

of amide groups. Here, hydrogen bonds between amide groups (non-charged) of

different polymer chains, contribute to the gel structure (Fig.1.3(b)).

Several studies performed in amidated LMP highlighted the synergy between

the two types of interactions, that lead to relatively strong gels, compared to the

junction zones based solely on just on type of cross-linking mechanism. [17] [26]

[27]. Moreover, amidated LMP gels show more thermal reversibility and appear

more optically-transparent [2].

Additional interactions during gel formation in LMP are (i) H- bonds be-

tween undissociated carboxyl groups and (ii) hydrophobic interactions between

methoxylated regions [17] (in fact, these two mechanisms are the main interac-

tions responsible for HMP gel formation).

Even though LMP gelation is mainly induced by divalent cation interactions

and H- bonding between amide groups (when present), a number of other different

factors also affect the final gel state, both intrinsic and extrinsic, discussed in the

following section.

Intrinsic factors

Intrinsic factors are related to chemical and spatial configuration characteristics

of the biopolymer. Firstly, the chemical process used for the modification of DM

decrease in pectins to obtain LMP is rather invasive, causing partial depolymeri-

sation of the pectin. The level of depolymerisation affects the pectin chain length

and the molecular weight (Mw), giving both wanted and unwanted characteris-

tics during LMP gel formation. Broadly speaking, there are three situations: (i)

lower Mw might increase the pectin gel strength; (ii) gel strength of LMP with

a limited depolymerisation can be compensated by adding an excess of divalent
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ions; (iii) accentuated depolymerisation makes gel formation not possible. There-

fore, DM reduction for LMP production represents a crucial factor determining

the properties of the final product.

To control the depolymerisation, recent studies on enzymatic demethylation

highlighted the possibility of a better control of this procedure [7] [10]. The

advantage of the enzymatic process increases on the selectivity of demethylation,

controlling the overall distribution of non-methoxylated GalA along the chain

[28] [29]. As reported in literature, a blockwise distribution of non-methoxylated

GalA enhances the calcium binding during gel formation, compared to pectins

with a random distribution of carboxyl groups.

As reported in section 1.1, LMP also carries side chains (RG I and II regions)

that carry neutral sugars. The number and density of the side chains have both

advantages and disadvantages in terms of gelation. A limited density may induce

syneresis (i.e., solvent separation from the gel structure). On the other hand,

an excessive number of side chains may cause steric hindrance that disrupt the

LMP -ion interactions and junction zone stabilization [10] [2].

Amidated carboxylic groups (≈ 15-18%) added during pectin de-esterification

via ammonia, enhance the gel formation of LMP for the reasons explained above.

In this situation, the amount of divalent ions to form a gel can be lowered.

Lastly, the presence of acetyl groups in some pectins may interfere with the

LMP -ion interactions and frustrate gelation. However, a high degree of acetyla-

tion is known only in certain pectin sources, e.g. sugar-beet [10] [2].

Extrinsic factors

The amount of divalent ions used to stabilize LMP junction zones is usually

described with a stoichiometric ratio R = 2[Ca2+]/[COO−], which relates the

divalent ion concentration to the concentration of non-methoxylated GalA of

LMP. Fig.1.4 shows a three-domain phase diagram, i.e., R vs. LMP concentration

([LMP ]), often used to describe this phenomena. The first curve, called the

gelation threshold, divides the plane in two parts: (i) sol state below the gelation

threshold and (ii) gel state above the gelation threshold.
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0 5 10
0

0.5

1

sol
gel

Separation  /  de-­mixing  

Gelation  threshold  

Figure 1.4: R vs. [LMP ] phase diagram to identify gel formation and separation.

Assuming R values between 0 and 1 and [LMP ] between 0 and 10 g L−1, cross-

link stabilization is achieved by keeping R constant and increasing the pectin

concentration or vice versa. It is assumed that up to R = 0.5, all the calcium

ions are used to stabilize the junction zones. Above this value, calcium ions can

contribute to the stiffness of the gel due to non-specific electrostatic screening

[10][1].

The third domain, observed in the upper part of the plane, denotes the

limit where phase separation/syneresis may occur. High values of R (≈1) at

low [LMP ], may result in LMP precipitation effects. On the other hand, high

[LMP ] leads to syneresis [10], i.e., phase separation. In the presence of amide

groups in LMP , the third domain is shifted towards higher R values, for the

reasons described earlier.

Repulsion between pectin chains may be controlled by the presence of addi-

tional ions. As reported in literature [2] [30] [31], LMP in [NaCl] = 0.1 M at

neutral pH, where the carboxyl groups are fully charged, behaves rheologically

as a random coil polymer. Thus, 0.1 M NaCl is considered as a good solvent for

pectins. In poorer solvents (lower salt concentrations), LMP aggregation may

occur.

Reduced repulsion induced by the solvent conditions enhances the flexibility

of the LMP chains and allows easier coordination of the Ca2+ in the junction
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zones. Thus, LMP in good solvents require less Ca2+ to form gels [32] [33].

On the other hand, in poorer solvent conditions, LMP may give more rapid

sol to gel transitions, but with lower overall gel strength, compared to samples

in presence of NaCl [2]. As noted earlier, however, this may be compensated

by mono-complexes between single Ca2+ ions and LMP chains [25] (see section

1.1.2).

Depending on [LMP ] and [Ca2+], gel formation kinetics may proceed rapidly,

increasing the probability of heterogeneous gelation throughout the sample. To

avoid these effects, phosphates (e.g. sodium hexametaphosphate SHMP ) are

usually included in LMP solutions for their tendency to chelate calcium ions and

therefore slow down the junction zone formation. [34][35][36].

Conventionally, LMP is dispersed in aqueous media at relatively high temper-

atures (T >70◦C), to give a homogeneous solution. Once the cross-linking agent

is added, the solution is cooled down. The T decrease lowers the thermal energy

of molecules, enabling the junction zone stabilization [2]. Being a physical gel,

subsequently temperature increasing normally allows reversal of the gel state into

the sol state, i.e., disassembling of junction zones . In principal, this procedure

can be repeated, within T ranges that do not cause excessive depolymerization

of the pectin. The last extrinsic variable to consider is the presence of co-solutes.

This in fact is the main aim of this thesis, discussed in detail in the following

section.

1.1.3 Presence of co-solutes as an extrinsic factor

As previously discussed, LMP does not require co-solutes to induce gelation.

Commonly, most of the commercialized LMP -based products are prepared in

the presence of a variety of ingredients, such as sugars, proteins, other polysac-

charides. Being a complex system, both the dynamics of gel formation and the

final properties of the gel are affected by interactions with these other components

[2].

Gel formation of LMP in the presence of sugars is related to two main factors.

(a). The first one refers to the sugar’s ability to bind water in the system. The

effect promotes a reduction of the free water in the system, in turn reducing hy-

10



1.1 Pectin - an overview

dration of the pectin chains and so facilitating junction zone formation mediated

by the divalent ions. As reported in the literature, the ability of a sugar to bind

water depends of the number of hydroxyl groups (-OH) and its stereochemistry.

A classic example is the comparison between D-glucose and D-fructose. These

sugars have identical number of carbons, oxygens and hydrogens (i.e., C6H12O6)

but they behave differently in aqueous solution. The reason is the position of the

-OH groups, as axial or equatorial (Fig.1.5). In solution, glucose can form two

conformations, known as α-D-glucopyranose (≈ 36%) and β-D-glucopyranose (≈
64%) (Fig.1.5(a)). On the other hand, fructose in solution assumes three con-

formations: β-D-fructopyranose (≈ 67%), β-D-fructofuranose (≈ 27%), and α-

D-fructofuranose (≈ 6%) [37]. Fig.1.5(b) shows the most predominant form of

fructose in solution, i.e., β-D-fructopyranose

O
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Figure 1.5: (a) Glucose structures in aqueous solution: α-D-glucopyranose (≈
36%) and β-D-glucopyranose (≈ 64%). (b) Major form of fructose in solution:
β-D-fructopyranose.

According to [38], the distance between the equatorial hydroxyl group (-eOH)

and the carbon in the sugar ring is ≈ 4.86 Å. This distance matches the space

between molecules in a water lattice, i.e., 4.9 Å. Hence, it is assumed that sugars

with a high number of -eOH fit well into the water structure, partially explaining

their very high solubility in water.
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1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

As shown in Fig.1.5, β-D-fructopyranose has fewer -eOH, reducing its abil-

ity to bind water. The sugar-water structure effect vanishes when linear chain

carbohydrates are used, e.g., sorbitol, glycerol.

These considerations are valid up to ≈ 35-40 wt. % of sugar in solution [39].

Above these concentrations, sugar-sugar and water-water interactions may domi-

nate, commonly called clustering effects [40] [41] [42] [43] [44]. In these conditions,

the sugar solutions changes their physicochemical characteristics. This aspect is

still under debate and still being actively investigated by many researchers.

LMP gel development and curing in presence of sugars, such as glucose,

fructose, sucrose (up to ≈ 40 wt. %) has been investigated by some authors

via rheological experiments [17][45][46][47]. Generally, both formation kinetics

and final strength of the gels follow the order: sucrose (strongest) > glucose >

fructose > plain (no sugars added). This effect is consistent with the fact in the

reduction of free water in the system. On the other hand, nobody appears to

have investigated the interactions between LMP and sugars. Such work requires

more sophisticated techniques, combined with molecular simulations.

At high concentrations of sugars, the clustering effects may change the be-

haviour of the pectin molecules. In a clustered environment, it is unclear where

pectin sits; one can suppose additional clusters, occupied by the pectin. Due to

the pectin hydration characteristics, i.e. 0.25-0.35 g H2O for each 1 g of pectin

[48], the polymer is expected to be surrounded by a layer of water.

For the high concentration of sugars in solution, ≥ 60 wt. % , these materials

are considered as a good glass-formers. A glass is in an amorphous solid-like

material, whose molecules show very long time scales of relaxation, > 100 s.

These materials are widely studied via broadband dielectric spectroscopy (BDS)

[49]. In the last decade, BDS was used to understand the dynamics of hydration

of proteins dispersed in high concentrations of co-solutes. As reported by several

authors[41][49] [50][51] distinct relaxation time-scales between sugar and protein,

suggests distinct hydration effects, confirming, somehow, a net separation of the

components. This technique may help the understanding of both sugar and LMP

hydration.

Another technique used to study water-sugar interactions is 1H NMR, via

diffusivity and relaxometry tests. 1NMR has been extensively used to understand

12



1.2 Rheology

concentrated sugar systems [52] [43] [39], but LMP is not directly detectable at

the concentration normally used for gelation. The high Mw of LMP makes its

signal poorly distinguished of the noise-baseline. On the other hand, relaxometry

experiments, in particular spin-spin (T2) relaxations, can be used to probe the

water mobility in such complex systems. Knowing the T2 of bulk water (2 s

at 25◦C), the relaxation time decrease is believed to be due to water binding.

However, T2 is highly dependent on proton exchange dynamics [53].

(b). The second effect is related to the ability of certain sugars to form

complexes with divalent ions, making them less available for junction zone stabi-

lization. According to references [46][47][26], rheological characterization of LMP

gels showed decreased mechanical strength, with slower dynamics of formation.

This behaviour was attributed to the sugar-ion complex formation.

The mechanism of complex formation between divalent ions and sugars has

also been investigated via NMR [54] [55] and chromatography techniques [56]. In

particular, it has been found that ring-sugars with the particular conformation

axial-equatorial-axial are more likely to form complexes with di- and trivalent

ions [54]. On the contrary, with open-chain sugars (e.g., sorbitol, xylitol), the ion

complexation occurs cis-cis-triol configuration [57].

The effect of the polysaccharide-ion complex formation is reduced when ami-

dated LMP is used. In this case, lowering the pH of the solution promotes gel

formation via H-bonding between amide groups. Thus gel formation is relatively

unaffected by the type of sugar.

Background on experimental techniques

1.2 Rheology

Rheology is the science of deformation and flow. The word itself derives from the

Greek words ”-rhèō” and ”-logia”, i.e. study of flow.The study of flow extends

to deformation due to the ability of soft-solid materials to flow when exposed to

stress.

Characterization of rheological properties are provided by a variety of tech-

niques and one of the common ones is the rheometer. Initially, the measurement

13



1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

system is assumed to be a double parallel plate where the upper one is connected

to the driving system and the bottom one is stationary.

1.2.1 Viscous systems

Fluids are divided into two defined classes: (a) Newtonian, e.g. solutions of small

molecules, such as sugars, and low concentrations of polymers; (b) non-Newtonian

e.g. more concentrated solutions of high Mw polymers or suspended solids. In

this section both behaviours are explained. Rotation velocity from the motor and

characteristics of the measuring system (i.e. size, area of plates, cones) allow the

extrapolation of rheological parameters.

Fig.1.6(a) shows the easiest set-up, a parallel-plate geometry (explained later).

As sketched in the figure, the tested sample resides between two plates with area

A, with spacing h and perfect assumed adhesion between the sample and the

plate. Typically, one of the plates (bottom) is stationary and the upper moves

tangentially at velocity v on application force F to create shear and flow.

h

v

V=0

A v

F
v

V=0

A v

F

h

a b

Figure 1.6: (a) Parallel-plate configuration with a tangential movement of the
upper plate; (b) sheared fluid represented as a sliding of n-stacked layers.

Before moving to the definition of rheological parameters, it is important

to understand what happens to a fluid when a shear is applied. Formally, the

application of stress determines the liquid elements flow over or past each other

[58] creating a friction that depends on the fluid characteristics. A sheared fluid

can be imagined as a number of sliding stacked layers where, the velocity of a

single layer increases linearly with respect to the previous one (Fig.1.6(b)). The

velocity gradient in the direction of the flow is called shear rate γ̇ and the force
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1.2 Rheology

per unit area is the shear stress τ̄ (or σ) [58]. Therefore:

τ̄ =
F

A
[Pa] (1.1)

γ̇ =
v

h
[s−1] (1.2)

Additionally, one has to define an intrinsic parameter describing the fluid

characteristics, called viscosity (η). The viscosity derives from the aforementioned

friction between fluid elements that occurs during shearing, i.e. the resistance of

the fluid that opposes the shear applied. Viscosity is defined as:

η =
τ̄

γ̇
[Pa · s] (1.3)

In Newtonian fluids, viscosity is independent on both degree and time of shear

applied (Fig.1.7(a)), i.e., direct proportionality between γ̇ and τ̄ by starting from

the origin (Eq.1.4) [45]. η is the proportionality constant and it is independent

of γ̇.

τ̄ = η · γ̇ [Pa] (1.4)

a b

Figure 1.7: (a) Viscosity and flow response vs. shear rate for a Newtonian fluid
and for a (b) non-Newtonian fluid (in this case, shear-thinning behaviour).

Deviations from ideal Newtonian behaviour occur when the fluid increases

in complexity; as mentioned earlier, this is the case of non-Newtonian fluids.
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1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

Here, γ̇ and τ̄ are not linearly dependent and the plot does not start from the

origin. This is a result of structural changes of the fluid. Mainly, there are

two situations: shear thinning (pseudo-plastic) and shear thickening. In shear

thinning behaviour, τ̄ vs. γ̇ plot starts from the origin and gradually increases at

higher γ̇ (Fig.1.7(b)). Contrarily, viscosity shows a gradual decay as a function

of γ̇ .

Shear thinning behaviour is typical of complex fluids such as polymer solu-

tions, glues, shampoos. In the context of polymers, shear thinning behaviour

provides useful information on the conformation of the chains, aggregation, over-

lapping. A typical η vs. γ̇ plot for a polymer is sketched in Fig.1.8(a). As shown,

viscosity assumes three regimes: (i) at low γ̇, η shows a plateau, indicating the

rest condition where polymer chains adopt their equilibrium three dimensional

conformation (Fig.1.8(b)). In this situation, η is termed the zero-shear viscosity

η0. (ii) At intermediate γ̇, the shear rate causes the re-orientation of the chains

and their partial aligment (Fig.1.8(c)); as a consequence of this, η decreases as a

function of the γ̇. (iii) In the final region, the very high γ̇ cause a strong aligment

of the polymer chains and interactions between them disappear (Fig.1.8(d)) and

the viscosity becomes constant (η∞) arising solely due to the friction of aligned

chains gliding off each other [58].

Shear thinning behaviour in these solutions depends on polymer concentration

[C ]. Generally, low concentrations (dilute regime) show Newtonian behaviour due

to lack of short range interactions between chains, i.e. η ∝ [C ]. As [C ] increases,

η0 (defined as η0 = limγ̇→0 η(γ̇)) increases and the shear thinning behaviour starts

to be observed. The double logarithm plot η0 vs. [C ] shown Fig.1.9 identifies

the chain-chain interactions behaviour as a function of their concentration. The

critical polymer concentration C∗ denotes the border between the dilute and semi-

dilute regime, i.e., where short range interactions between polymer chains occur.

At intermediate [C], the chain-chain interactions become stronger up to the crit-

ical overlap concentration (C∗∗). Here, the steeper change in η0, corresponds to

chain entanglements.

Staudinger in the 1920s, formalized the procedure to determine the intrinsic

viscosity [η] and Mw via viscosity measurements of dilute polymer solutions (di-
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a

b c d

Figure 1.8: (a) Double-logarithm plot of viscosity η vs. shear rate γ̇, divided in
three regimes. (b), (c) and (d) show typical polymer behaviours at correspondent
shear-regimes.
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Figure 1.9: Double-logarithm of η0 vs. polymer concentration [C] and relative
polymer coils conformation, at C Q C∗
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luted regime). The original procedure established [η] from (i) inherent viscosity

ηinh and (ii) reduced viscosity ηred in the limit of C = 0.

ηinh = ln

(
η0

ηs
· 1

C

)
(1.5)

where the η0 refers to the polymer solution and ηs is the viscosity of the

solvent. The ratio in the first term of the equation is known as relative viscosity.

ηred =

(
(η0 − ηs)

ηs
· 1

C

)
(1.6)

The first term of Eq.1.6 represents the specific viscosity ηsp, a parameter

widely used in polymer rheology. Here, the plot of both ηinh and ηred vs. polymer

concentration allow the extrapolations of [η] as:

[η] = lim
c→0

ηred [cm3g−1] (1.7)

Graphically, [η] represents the intercept of the linear fit of the above vs. C.

The molecular weight determination from the intrinsic viscosity corresponds to a

relation commonly known as Mark-Houwink:

[η] = K ·Mw
a (1.8)

where the prefactor K and the exponent a depend on the polymer-solvent

interactions and their values for numerous systems are tabulated in literature.

However, variability of parameters such as chemical structure, molar mass distri-

bution, solvent conditions, strength of various physical-chemical interactions may

compromise the final Mw result. The calculation of the parameters K and a can

be obtained via supplementary techniques [59].

Another behaviour that occurs in non-Newtonian fluids is shear thickening.

For these materials η increases as function of γ̇, i.e. the shear stress induces a

structuring process. This is typical of fluids such as ceramic suspensions, starch

dispersions, natural rubber. The effect is due to rearrangements of fluid compo-

nents to form a more complex structure.

As discussed above, η values in non-Newtonian fluids are γ̇-dependent. The η

notation in these case takes the name of apparent viscosity ηapp. Certain materials
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1.2 Rheology

do not exhibit flow at low γ̇, they need to reach a certain shear stress to flow.

This critical shear stress, called the yield point, representing the border between

no-flow and flow occurs when the external forces overcome internal structure

forces, such as intermolecular forces, physical-chemical bonds, hydrogen bonds.

Below the yield point the material behaves as a solid elastic material and external

stresses are immediately recovered when the shear stress is removed (explained in

following section, i.e. elastic materials). This characteristic is present in products

such as toothpastes, gels, emulsion paints.

Another example of a non-Newtonian fluid is one that shows time-dependent

flow behaviour. One can track temporal ηapp by presetting constant γ̇ intervals.

This allows the identification of structural changes over time such as hardening or

softening. A basic scenario for ηapp vs. time at constant γ̇ is shown in Fig.1.9: (b)

ηapp decrease (e.g. paints, ketchup); (c) ηapp decrease (e.g. gels). For comparative

reasons, Newtonian fluid is included as well ((a) curve).

a

b

c

Figure 1.10: (a) no shear stress/viscosity change over time; (b) decreasing of
shear stress/viscosity over time; (c) increasing of shear stress/viscosity over time.

1.2.2 Elastic systems

As described previously, one can model samples as residing between two plates

(Fig.1.11) (surface area A) separated by a distance h where one of them is sta-

tionary. When a shear force F is applied, the sample undergoes homogeneous
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h

s=0

A v

F

s

φ

Figure 1.11: Two plate system used to describe a deformation for an elastic
material.

deformation and the resultant deflection s gives the deflection angle ϕ. Shear

deformation (or strain) is defined as:

γ =
s

h
= tanϕ [1] (1.9)

Although strain is dimensionless, it is a common rule to express it as a per-

centage, e.g. γ= 0.1 or 10% means that in a 1 mm gap (h), the sample deflects by

0.1 mm (s). In a perfectly elastic material, shear stress/deformation is a material

constant when the test is performed in the reversible-elastic, i.e. non-destructive

range. This ratio is defined as the shear modulus (G) and is a measure of the

rigidity of the tested material [59].

G =
τ̄

γ
[Pa] (1.10)

where τ̄ is the shear stress applied. Ideal elastic behaviour can be compared

to a spring and its elongation when a force is applied. The spring elongates (de-

flects) with a length proportional to the load applied. Once the force is removed,

the spring returns to the initial state (zero deflection). This behaviour is directly

comparable to elastic solids described by Hooke′s law, where τ̄ is directly pro-

portional to γ with a constant of proportionality G. An ideal elastic solid (or

Hookean solid) shows independence on shear load and time during deformation

[59].

1.2.3 Viscoelastic systems

Viscoelastic systems represent the third class of materials, where their intrinsic

characteristics lie somewhere between that of viscous and elastic systems. De-
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pending on whether the viscous or elastic component is dominant, one finds either

viscoelastic liquids or solids.

Maxwell formalized empirically the viscoelastic liquid (V EL) behaviour (Maxwell

model) with the aid of a dashpot (viscous component) and a spring (elastic com-

ponent) linked in series. When a force is applied to one of the extremities of the

system two events occur: (i) the spring elongates immediately up to a constant

deflection value, which is proportional to the force applied; (ii) when the spring

is entirely elongated, the dashpot starts to move. The movement (distance of

the piston) of the dashpot depends on both force and application time. Force

removal results in an immediate spring recovery, but, on the other hand, the

dashpot remains stationary. Therefore, this irreversible deformation depends on

force and time applied.

As well as V EL, viscoelastic solids (V ES) can be formalized with the dashpot

and spring. The model was developed by Meyers, Kelvin and Voigt and it is

generally called the Kelvin/Voigt model. For V ES, the two components are

firmly linked in parallel. When a force is applied to the system, the spring does not

elongate immediately and is slowed down by the dashpot, hence, the two elements

move together. The total system elongation depends on both force and time of

stretching. Once the force is removed, the spring aims to recoil immediately

but, again, it is slowed down by the dashpot. In recovery conditions, the spring

represents the driving force of the dashpot to return to its initial position.

For viscoelastic materials, there are a variety of tests to assess their me-

chanical properties. In the simplest case, the aforementioned load and recovery

time/behaviour of both V EL and V ES can be assessed with stress relaxation

tests.

In this case, a certain step strain is applied to the material and kept constant

during the experiment. After the application of the the step strain, the defor-

mation of the material tends to returns to its stress-free state due to internal

relaxations that compensate the internal stresses [59]. This process delay is a

characteristic relaxation time, which is the key factor of the experiment. Fig.1.12

shows γ vs. t representation of ideally elastic/viscous and V ES/V EL. Conven-

tionally, results are plotted as a double-logarithm of shear modulus G vs. time
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(t). This facilitates the mathematical description of the curve as an exponen-

tial function τ̄(t) = γ0 · G · exp(−t/λ̇), where λ̇ = η/G is the relaxation time

in seconds. G and η represent the spiral spring (elastic) and the dashpot in the

Maxwell model (viscous), respectively. Complex systems may be described as

multiple exponential decays which, in turn, can be represented with the general-

ized Maxwell model, i.e. a number of serial spring-dashpot systems connected in

parallel, indicating a number of relaxation processes within a material.

!" !# !$
% = 0

%#

VES

VEL

elastic

viscous

Figure 1.12: Stress relaxation test, γ vs. t. Red trace represents a viscous fluid;
green-trace is characteristic of elastic materials; V ES and V EL traces represent
the response of viscoelastic solid and fluid, respectively.
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Nowadays, the rheology of viscoelastic materials are most frequently rheolog-

ically characterized with oscillatory tests. Once again, the sample sits between

two plates with defined gaps, area (Fig.1.13). Instead of unidirectional shear,

the upper plate moves back and forth due to an applied shear force ±F . The

oscillation causes a characteristic deflection path ±s with a deflection angle ±ϕ.

φ φh

s s

+  F-­ F

Figure 1.13: Two plates system used to describe behaviour for viscoelastic mate-
rial oscillatory test.

Oscillatory movement is represented as sinusoidal wave with a characteristic

frequency and an amplitude. Assuming the parallel-plate configuration (Fig.1.13)

where the upper plate is connected to a driving wheel through a cardan joint,

the rotation of the wheel causes the characteristic back and forth movement of

the upper plate, applying an oscillatory stress to the material. The force F is

measured at the bottom plate. Due to the time-dependency, the notation of

rheological parameters changes to τ(t), γ(t), γ̇(t).

As shown in Fig.1.14(a), the position of the wheel at either 0◦ and 180◦ cor-

responds to the stationary position of the plate, whereas the position at 90◦ and

270◦ to the maximal shift on the right and left, respectively. The imposition of

γ(t) and/or γ̇(t) occurs at the upper (preset) plate and measurement of τ(t) at

the bottom one (response).

Oscillation curves in Fig.1.14, show the sinusoidal response in terms of τ(t) of

both γ(t) and γ̇(t) for an ideally elastic (b) and viscous material (c). As shown

in Fig.1.14(b), τ(t) and γ(t) are in phase with a characteristic shift angle δ =

0◦. However, δ = 90◦ for γ̇(t), i.e. when γ(t) is at 0◦ or 180◦, γ̇(t) = maximum,

and vice-versa. This explains Hooke’s law, for ideal elastic behaviour. For ideally

23
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viscous behaviour (Fig.1.14(c)), the same concept applies. In this case, τ(t) and

γ̇(t) are in phase and γ(t) has a δ = 90◦.

0 90° 180° 270° 360°

0°

270°

180°

90°

0 90° 180° 270° 360°

0 90° 180° 270° 360°

a

b

c

Figure 1.14: (a) Sine wave for oscillatory tests and position of the plate. Si-
nusoidal responses of τ(t), γ(t) and γ̇(t) for ideally (b) elastic and (c) viscous
material.

In a viscoelastic material, the phase shift δ shown in Fig.1.15 is between 0◦

and 90◦, (i.e., in between the ideal Hookean solid and ideal Newtonian fluid) and

gives an estimation of the viscous versus elastic contributions.
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0 90° 180° 270° 360°

Figure 1.15: Phase shift between shear stress and shear strain that is occurring
in viscoelastic materials.

In mathematical notation, when the shear stress is the pre-set:

τ(t) = τA · sin(ωt+ ϕ) (1.11)

where τA is the amplitude of the wave, ω is the frequency and t is the time.

As noted previously, the phase shift (or loss angle) is crucial to understand which

behaviour is dominant. The parameters can also be expressed as complex num-

bers:

τ ∗ = τ(0) · ei(ωt+ϕ) (1.12)

γ∗ = γ(0) · eiωt (1.13)

Thus, the complex modulus G∗ can be defined as:

G∗ =
τ ∗

γ∗
=
τ(0)

γ(0)

· eiϕ = G′ + iG′′ (1.14)

According to Euler′s formula, eiϕ = cos(ϕ) + isin(ϕ) therefore G′ and G′′ can

be defined as:

G′ =
τ(0) · cos(ϕ)

γ0

(1.15)
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G′′ =
τ(0) · sin(ϕ)

γ0

(1.16)

The complex modulus G∗ describes the viscoelastic properties of a material,

with both elastic and viscous contributions. G′ is the elastic modulus associated

with deformation energy stored by the sample during shear. Once removed, all

the stored energy is used to recover (partially or entirely) the initial structure.

In other words, G′ gives information on the elastic behaviour of the tested mate-

rial. G′′, the so called loss modulus, measures the deformation energy dissipated

during shear due to friction forces and dissipated as heat. When the shear stress

is removed, the structure of the material appears irreversibly changed – the loss

modulus represents the viscous component of the tested material.

The parameters, i.e. G
′
,G
′′
,η∗ are usually extrapolated from different types of

oscillatory tests, set by the measuring system, the rheometer. These oscillatory

tests include strain, frequency, time and temperature dependence.

Amplitude Sweep

In this measurement, a known amplitude sinusoidal wave (stress or strain) is

applied, whilst the frequency is kept constant. An amplitude sweep tests the

linear viscoelastic range LV E, i.e. range where reversible changes occur. Fig.1.16

shows a typical response of a gel-like sample in G
′

and G
′′

notation. As shown,

in the low strain regime, G
′
> G

′′
, indicates a dominant elastic contribution,

rather a viscous one. LV E identifies the regions where the linear-elastic and

linear-viscous behaviour, i.e., Hooke’s and Newton’s laws, respectively, are valid.

The linearity persists up to a maximum strain γL. The intrinsic characteristics of

the material may show some peculiarities in terms of moduli and LV E response,

due to: (i) non-homogeneous structures of the material, i.e. creep or flow-like

response at low γ; (ii) frequency dependence, e.g.,a pre-set of high frequencies

may lead to a higher G
′

response due to internal rigidity of internal structures in

fast motion; (iii) in the high γ regime, G
′′

may increase before decaying, forming

a peak.
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LVE
G’

G’’

𝛾"

Figure 1.16: Response of G
′

and G
′′

versus stress (strain) during an amplitude
sweep test.

Frequency Sweep

This measurement assesses the frequency response of a material at constant γ.

Since frequency f is measured in Hz = s−1 (ω = rad s−1), its value probes the

time-dependence of the deformation of the tested material. A self-explanatory

example is provided by the frequency dependence of a silicone polymer poly-

dimethylsiloxane PDMS. If dropped on a hard surface, PDMS bounces as a rub-

ber ball, whereas at rest conditions it starts to flow. In terms of moduli and

frequency, the bouncing process occurs in very short time-scales, corresponding

to high frequencies, with G
′
> G

′′
. The opposite behaviour occurs at rest, with

G
′′
> G

′
at long time-scales and low frequencies. Therefore, the observation

time of the experiments is important. Fig.1.17 shows a generalized G
′
/G

′′
vs.

frequency plot.

Moduli/frequency responses depend on the sample components. For example,

in terms of polymers, the response may differ depending on the presence or ab-

sence of cross-linking (chemical) and the molar mass distribution. The literature

provides a large variety of these examples and modelling methods to character-

ize the polymer [11][59]. Due to their cross-links (junction zones), the moduli

response for gels is similar to cross-linked polymers. However, this similarity

has to be taken with caution due to the nature of the cross-links. The three-
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G’

G’’

Figure 1.17: G
′

and G
′′

signals versus frequency during a frequency sweep test.

dimensional structure of many gels is built up from numerous relatively weak

physical cross-links (hydrogen bonding, electrostatic interactions). This gives ex-

perimental issues such as very low magnitude moduli, at rest and time-evolution

due to breakage-reformation of cross-links. However, the frequency dependency

of G
′
/G

′′
vs. for gels can be sub-categorized, into weak (frequency dependent) or

strong (frequency independent) [45].

Time Sweep

Time dependent oscillatory analysis with both γ and frequency constant under

isothermal conditions may be useful to characterize strengthening or softening of

a material. For example, tracking of gel-curing, i.e., an increase in strength due

to cross-link development and/or tracking gel-point (where G
′

becomes higher

than G
′′

). Another example, similar to the one explained above, is the study of

thixotropic materials, i.e., where contiguous γ and f steps are used to track loss

and recovery of the structure [45][59].
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1.2.4 Measurement devices

Rheometer

Commonly, rheometers can be divided into two categories: (i) controlled shear

rate where the operator pre-sets velocity v and shear rate γ̇ and tracks torque M

(M = N ·m) hence shear stress τ ; (ii) controlled shear stress where M and τ are

pre-set and resulting v and γ̇ are measured. Controlled shear stress rheometers

are nowadays widely used and an important feature of any rheometer is the

bearing that carries the surfaces that apply a stress (or strain) to the system.

Compensation must be made for internal friction and internal effects that effect

the apparent torque of the sample. Modern rheometers are equipped with Peltier

elements which ensure high cooling/heating rates.

The elements carrying the surfaces in direct contact with the sample are the

’geometries’. The choice of a suitable geometry depends on the sample and its

viscosity. Within the variety of geometries available, Fig.1.18 shows the most

common ones.

(a) Concentric cylinders are ideal for low viscosity fluids, where the sample re-

sides between the bob and the cup, in a double-gap set-up. Generally, a narrower

gap ensures η measurements are achievable at high γ̇.

(b) Cone-plate. This is ideal for viscous solutions but it has some limitations.

Two factors characterize this geometry: the radius (or diameter) and the cone

angle. In terms of size, the diameter ranges from few mm up to decades of mm.

The cone angle varies between 1 and 4◦. Due to the its cone shape, the strain

across the gap is constant. However, for viscous materials with big particulates,

this geometry is not suitable. On the other hand less sample is required and air

bubbles can be squeezed out during setting the gap.

(c) Parallel-plate. Here two plates with the same radius but variable gap

are used. This geometry is particularly useful for oscillatory measurements of

soft-solid materials. If used in rotational mode, common side effects may occur,

especially due to the gap h pre-set, e.g. turbulent flow, shear inhomogeneities.

In all the cases, the gap should be appropriate to the tested material and it can

be set automatically via normal force control, i.e., a controlled force is imposed

by the upper plate during the experiment, ensuring contact between the sample

29



1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

and both plates. The advantages of this set-up are the possibility to test samples

with larger particles; the gap can be set to reduce stresses on the sample and

therefore, the time to reach an equilibrium condition can be short. In addition

there is the possibility to use the automatic normal force adjustment to set the

gap, particularly useful in situations of high shear rates or temperature changes

(thermal expansion or contraction). Regarding disadvantages, the shear is non

constant across the gap, i.e. minimum γ̇ values at the centre and maximum γ̇

at the edge. This effect is translated into edge failures, flow inhomogeneities; in

temperature-dependence tests, larger gaps may also lead to temperature gradients

[59].

Cone%plate Parallel%plate

cb

Concentric.
cylinders

a

Figure 1.18: Rheometer geometries: (a) concentric cylinders; (b) cone-plate; (c)
parallel-plate.

Capillary viscometry

In the absence of a suitable geometry for low viscosity measurements, i.e. large

diameter cone-plates, concentric cylinders alternative methods may be used. Cap-

illary viscometers are widely used due to their simple experimental set-up and

fast result outputs via simple calculations. Generally, three types of capillary

viscometers are used: Ostwald, Ubbelohde and Cannon-Fenske. By way of exam-

ple, Ubbelohde is sketched in Fig.1.19. Measurements are performed as follows:

the device sits in the vertical position in a thermostated environment,e.g. water

bath; fluid sample is poured in (C) and sucked via a vacuum up to position (D),

whilst the venting tube (B) is closed; when the fluid fills the space D and the
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temperature is equilibrated, (A) and (B) are opened. At this point, the fluid

starts to flow due to gravity with a pressure equal to the hydrostatic pressure

which, in turn, is proportional to the shear rate and shear stress [59]. The flow

time between point M1 and M2 depends on the viscosity of the fluid and the

characteristics of the capillary (bold lines in figure), i.e. length L and diameter

d. Dynamic (or shear) viscosity η is calculated as:

η = kρ (1.17)

where k is a constant provided from the manufacturer, expressed in mm2 s−1;

ρ is the density of the fluid (mg mm−3) and t is the measured time in seconds

between the point M1 and M2.

Recalling what has been explained in section 1.2.1 on polymer Mw determina-

tion, the η value obtained with capillary viscometers corresponds to the zero-shear

viscosity η0. Hence, the calculation formalism on [η] and Mw determination is

the same.

M1

M2

hm
L

d

A B C

Figure 1.19: Ubbelohde capillary viscometer.
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1.3 Scattering Techniques

Scattering techniques such as X-ray, light and neutron scattering, are key tech-

niques to study structural and dynamical properties of different materials, e.g.,

colloids, polymers, etc. To introduce scattering with a basic example, one can

imagine a sample composed of solid particles dispersed in aqueous solution. When

the sample is irradiated, a radiation-matter (sample) interaction generates scat-

tering, caused by refractive index variations due to the scattering material (par-

ticles) in the medium (water). In static scattering (SLS ): angular dependence

of scattered intensity gives information on structure in terms of shape and inter-

action of objects in diluted and concentrated systems, respectively. In dynamic

scattering (DLS ) the time-dependence of fluctuations in the scattered radiation

yields information on the dynamics of the probed matter, e.g., Brownian motion

of the scatterers. The choice of scattering mode and radiation wavelength, allows

investigation at different length scales. Scattering theory is rather complex and

this section provides a simplified summary. A full description of the theory and

mathematical notation is provided by Berne and Pecora [60]. This section thus

aims to provide the background for the static and dynamic light scattering mea-

surements used. Finally, a few remarks on special aspects of X-ray scattering will

be made.

1.3.1 Static Light Scattering

Fig.1.20 shows a sketch of a classic light scattering (LS) set-up. A light source

(e.g. laser) with wavelength λ interacts with the electronic cloud of a number of

particles N (for simplicity, scattered objects will be called particles), suspended

in a volume Vs of a solution with refractive index n. This light-matter interaction

creates an oscillation of the electric field (dipole moment α) , that causes an

emission of light. At this point, the light emitted either passes through the sample

or is scattered. The latter is collected in a detector, positioned at a distanceR

from the sample and angle θ from the incident direction.

As mentioned in the introduction, the angular dependence of a SLS experi-

ments allows the identification of structure/interactions of the probed material.
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Figure 1.20: Static light scattering experiment. Schematic diagram of spatial
disposition of components and factors that are involved during the analysis

To understand this aspect, a brief theoretical explanation of radiation-matter-

position relationship is provided. Considering a incident radiation source as an

electromagnetic plane wave:

E1(r, t) ≡ E0 · exp[i(ki · r− ωt] (1.18)

Where E0 is the amplitude of the wave, [i(ki · r − ωt] represent the phase

φ (number of oscillations) that varies with time ωt (where ω is the frequency

measured in rad s−1). More specifically, the phase includes the terms ki and r,

which are known as propagation vector and position, respectively. A complete

oscillation of the wave corresponds to a phase change of 2π, with a separation

between the phases equal to a wavelength λ. Therefore:

|ki| = k =
2π

λ
(1.19)

In SLS, the evaluation of the electric field after a scattering event is based

on a number of assumptions such as: (i) most photons pass through the sam-

ple and few of them are scattered, with negligible multiple scattering, i.e. weak

scattering; (ii) scattering particles are smaller than the wavelength and therefore

reflections/attenuations of the light can be neglected, i.e. Rayleigh-Gans-Debye

(RGD) approximation; (iii) elastic scattering, i.e., the aforementioned frequency
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ω after scattering does not change, therefore the magnitude of scattered wave-

vector is equal to the incident one, i.e. ki = ks; (iv) the electromagnetic wave

passing through a medium can be described in terms of the local dielectric con-

stant, i.e. Maxwell equation [61]. These assumptions, together with the scat-

tering volume V and the distance between the particle and detector R give the

fundamental physical description of light scattering. Moreover, mathematical ma-

nipulation of the latter, allow the identification of the dipole moment, the event

that generates emission of light (scattering) [60]. Often, for simplicity, most of

the variables discussed above are enclosed as a single amplitude term, which here

is called b.

In terms of propagated and scattered vector, the scattering centres in a

medium are represented as follow Fig.1.21:

ki

ks
θ

x

rm

r

𝜙" 𝜙#

Figure 1.21: Incident and scattered wave-vector of two scattering centres with
relative phase change.

The waves scattered by the centres (red dots in the figure) have different

phases φ. The phase of the incident wave at position rm equals to φ1 = ki · rm. A

phase change from scattering centre to detector at a position x is φ2 = ks·(x−rm).

The total phase change from source to detector corresponds to total phase change

φt:

φt = φ1 + φ2 = ki · rm + ks · (x− rm) = ks · x + (ki − ks) · rm
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where the term ks ·x = constant because it derives from the detector position;

the difference (ki − ks) is denoted as scattering wave vector q. Graphically:

θ
q

ki

ks

Figure 1.22: Graphical representation of the scattering vector q.

Since ki = ks = k = 2π
λ

:

q =
4π

λ
sin

θ

2
(1.20)

The scattering vector q, is the experimental quantity that probes interference

effects at different length scales, with the reciprocal of q given a rough approx-

imation of length scale. The scattering vector, multiplied by Planck’s constant

and divided by 2π gives the momentum transferred to the system by the photons

[62][63].

Therefore, the total scattered wave amplitude, containing each wave amplitude

from each scattering centre can be written as:

ψ =
N∑
i=1

bi · exp[iq · ri] (1.21)

Where bi is the amplitude of the i -th center and the exponential factor is

the phase factor. In practice, detectors in a LS set-up measure intensity I(q), a

quantity proportional to the square of the scattered amplitude. The measured

I(q) is averaged over the acquisition period t. The brackets 〈...〉 represent this

averaging. For ergodic materials, the time average equals the ensemble average.

Hence, I(q) becomes:

I(q) =

〈
N∑
i=1

N∑
j=1

bibj · exp[iq · ri − rj]

〉
(1.22)
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Experimentally, the scattered intensity carries contributions from the inves-

tigated object, solvent and machine set-up. The absolute scattered intensity,

i.e. scattering from the particle (scattered object) is determined with the excess

Rayleigh ratio <ex(q)

<ex(q) =
I(q)− Is(q)
Iref (q)

·
(
n

ns

)2

· <ref (1.23)

Where I(q) is the scattering intensity of the sample (at given q), Is(q) is the

contribution of the solvent, Iref (q) is the intensity of the reference sample. Most

commonly, the reference sample is toluene, since its Rayleigh ratio <ref is well

documented in the literature and takes into account the experimental set-up. ns

and nref are the refractive index of solvent and toluene, respectively.

For quantitative SLS analysis and non-spherical particles of finite size, <ex(q)
can be written as:

<ex(q) = K · C ·Mw · P (q) · S(q) (1.24)

Where:

K = 4π4n2

(
dn
dc

)2

NAλ4
(1.25)

and C is the particle concentration, Mw is the molecular weight and dn/dc

is refractive index increment. The other two terms are called the form factor

P (q) and structure factor S(q). The former accounts for the internal particle

interference (size and shape of a particle) while the second accounts for inter-

particle interference [62]. Experimentally, the quantification of these two param-

eters requires distinct experiments and it is strongly dependent on the sample

concentration.

For sufficiently dilute systems, particles are spatially separated and therefore,

uncorrelated, i.e. the average of I(q) depends on the summation of the scattering

from single particles. In this situation, therefore, one can get information on the

shape/dimension of a particle. For small q and isotropic particles, the form factor
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given by the Guinier expression is :

P (q) = 1−
R2
gq

2

3
+ ... (1.26)

where Rg is the mean-square radius of gyration. The Guinier expression

derives from the mathematical expansion of either P (q) for a sphere and/or a

random-coil polymer molecule [61]. The above expression allows the calculation

of Rg for any scattered object and holds for qRg < 1. Often, Eq.1.26 is generally

found as the Guinier approximation P(q) = exp(−q
2·Rg2

3
), which allows easier ex-

trapolation of experimental data to obtain Rg

In the condition where qRg << 1, the structure factor S is related to the osmotic

compressibility of the fluid [62]. In this condition, S is directly related to the

second virial coefficient A2. Therefore, A2 and Eq.1.26 can simplify Eq.1.24 to:

Kc

<ex(q)
=

1

Mw

(
1 +

q2R2
g

3

)
+ 2A2C (1.27)

In these limits, Eq.1.27 allows the determination of Mw, Rg and A2, via a

graphical method called Zimm plot [62].

For qRg > 1, the form factor must be calculated using the full formula for

P(q), which depends on the basis of the shape of the scattered object. Form factor

models for a wide variety of shapes can be found in the literature [61] [63].

Beyond the RGD regime (i.e. qRg >> 1), none of these approximations

are valid and Lorenz-Mie theory should be used. A good descripiton for data

modelling is provided by Otto Glatter, chapter 8 of reference [61].

As briefly explained earlier in the text, the structure factor S(q) accounts for

inter-particle interactions, i.e. attraction or repulsion, something that is likely to

occur when the sample concentration is increased [62]. Considering:

<θ = KCMwSQ →
Kc

<ex(q)θ
=

1

MwS(q)
(1.28)

For small and monodisperse particles, at sufficiently low q, <ex(q) relates to

the osmotic compressibility through the following expression:

KC

<ex(q)θ
=

1

RT

(
∂Π

∂C

)
T,P

(1.29)
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Where R is the universal gas constant, T is the absolute temperature and Π

is the osmotic pressure. Expanded as a function of concentration, Π:

Π

RT
=

1

Mw

c+ 2A2C
2 + ... (1.30)

Combining Eq.1.28 and Eq.1.30, one can obtain the structure factor SQ:

S(q) =
1

1 + 2A2MwC + ...
(1.31)

1.3.2 Dynamic Light Scattering

Dynamic light scattering (DLS ) takes account of temporal fluctuations in the

intensity of scattered radiation due to the motion of scattered entities. Appro-

priate data analysis yields important characteristics of the tested material, such

as relaxation times, diffusion, size. Temporal fluctuations of the scattered light

are collected (at the detector) as a speckle pattern, as shown Fig.1.23. The

grain-like white spots represent the scattered intensities collected and, temporal

fluctuations of these are caused by the movement of the particles. For example,

for small particles that undergo to Brownian motion, the speckles will fluctuate

quickly and the grains will be in different positions. On the other hand, arrested

fluctuations of the speckle pattern are typical of jammed materials.

Figure 1.23: Typical speckle pattern.

As part of the LS set-up, an autocorrelator compares the integrated intensities

and compares them at a t and time t+ t̃. This temporal space is formally called

38



1.3 Scattering Techniques

lag time t̃. The final output of the intensities at different t̃ (at specific q) is given

as a time-intensity auto-correlation function g2:

g2(q, t̃) =

〈
I(q, 0)I(q, t̃)

〉
〈I(q)〉2

(1.32)

Where the brackets denote the average of the ensemble fluctuations. Fig.1.24

sketches g2 vs. t̃ plots that identify the nature of the scatterers. (i) Red line shows

a steep-like decay from 1 to 0 at low t̃. In this situation, small and monodisperse

particles fluctuate fast through the media as a random walk (Brownian motion);

in terms of g2, there is no correlation between the intensities at time t and t + t̃.

(ii) Larger diameter particles lead to g2 decay at longer t̃ (blue line). However,

this situation may also occur for small particles dispersed in a higher viscosity

medium. (iii) Lastly, for dynamically arrested materials, such as gels or glasses,

g2 does not decay to g2 =0, leading a plateau at higher lag times (purple line in

the figure).

0

Figure 1.24: DLS results at fixed q for: (i) red trace: small particles, (ii) blue
trace: large particles; (iii) purple trace: dynamically arrested materials.

Mathematical conversions are usually needed to obtain the diffusivity and
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therefore, hydrodynamic radius, e.g., via the Stokes-Einstein relation. The field

auto-correlation function g1 (q, t̃) is obtained from g2 (q, t̃) via the Siegert relation:

g2(q, t̃) = 1 + σ
[
g1(q, t̃)

]2
(1.33)

where σ is the spatial coherence factor, a parameter related to the number of

speckles detected at the surface area of the detector. As mentioned, g1 correlates

the electric field at different times and relative lag times. The electric field of an

ensemble of particles N corresponds to:

E(q, t̃) =
N∑
j=1

aj(q, t̃)e
−iqRj(t̃) (1.34)

Where a is the amplitude of the scattered field and Rj is the position of the

particle j.

For a Gaussian distribution of particle displacements ∆R(t̃) given by:

g1(q, t̃) = e−
q2

6 〈∆R2(t̃)〉 (1.35)

Where
〈
∆R2(t̃)

〉
is the time dependent mean square displacement (MSD).

For monodisperse particles that undergo to Brownian motion,
〈
∆R2(t̃)

〉
= 6Dτ

where D is the translational diffusion coefficient. The g1(q, t̃) vs. t̃ plots can

be described with (i) cumulant analysis (not discussed here) or (ii) exponential

function g1(q, t̃) = e−Γτ where, Γ = 1/τ = D · q2 and τ is the characteristic time

of decay. Knowledge of D allows the estimation of hydrodynamic radius Rh via

the Stokes-Einstein:

Rh =
kBT

6πηD
(1.36)

Where kB is the Boltzmann constant, T is the absolute temperature and η is

the viscosity of the medium.

τ is termed the relaxation time. In practice, g1(q, t̃) broadens before decaying

to 0, due to polydispersibility in the size and nature of the scattering particles.

This gives a distribution of relaxation times and can be described by the stretched
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exponential function of Kohlrausch-Williams-Watts (KWW ) type:

g1(q, t̃) = e−(Γt̃)
β

(1.37)

where β (0 < β ≤ 1) is the stretching parameter and is a measure of the width

of the τ distribution [64]. Due to the influence of β on the overall relaxation time,

the averaged relaxation time < τ > is [65]:

< τ >=
τ

β
Γ̃(β−1) (1.38)

where Γ̃ is the Euler gamma function.

As previously mentioned, in ergodic media (i.e., small scattering objects dis-

persed in Newtonian fluids), particles freely diffuse through the sample volume

and, over time, all possible spatial configurations are sampled. Therefore, time

and ensemble averages are equivalent. In the case of materials with arrested dy-

namics, scatterers are localized around averaged positions (sub-regions) and their

Brownian motion is limited; in other words, time and ensemble average are differ-

ent. Therefore, g2(q, t̃) needs to be tracked at different sample positions, e.g., by

rotating the scattering volume and so, an ensemble average can be constructed

using Eq.1.32 [66]. Pusey and van Megen (1989) [67] developed a model for non-

ergodic media that allows a correct data acquisition for samples with arrested

dynamics. The final output of the model is:

g1(q) =
Y − 1

Y
+

1

Y
(g2(q, t̃)− σ2)

2
(1.39)

where:

Y =
〈I(q)〉E
〈I(q)〉T

(1.40)

and (i) 〈I(q)〉E is the scattered intensity of the ensemble average, i.e. ro-

tation of the sample; (ii) 〈I(q)〉T is the scattered intensity of the time average,

i.e. sample at fixed position. Usually, in non-ergodic media 〈I(q)〉T > 〈I(q)〉E.

After its introduction, the model was (i) tested and used to extrapolate diffusion

coefficient values for tracer particles trapped in gels and (ii) compared to other

models [66] [68] [69]. [70].
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Typically, g2(q, t̃) for non-ergodic systems (Fig.1.24) appears firstly as a smooth

decay at low t̃ due to the thermal diffusion of scatterers [71], followed by a plateau

whose height depends on the degree of dynamical arrest. As mentioned in SLS,

L ≈ q−1 represents the length scale L at which interference effects being ob-

served. For non-ergodic media, dynamics at different L may appear different.

For example, probing dynamics at low q (and high L) may show high plateaus,

corresponding a high degree of dynamical arrest. Vice-versa for dynamics at high

q and small L. These intrinsic features allow the determination of an elastic

modulus, which links DLS with rheological studies [72]. In conclusion, for DLS

experiments on non-ergodic material, the q-dependence becomes crucial.

Recent DLS studies on polymeric gels show an ultra-slow decay of g2(q, t̃) that

occurs at t̃ >> 100s, i.e., beyond the time-scale of the occurrence of the plateau

discussed above [71]. However, due to set-up configurations, most modern LS

instruments are equipped with photon-detectors and correlators where t̃Max ≈
100s, which makes the secondary decay non-detectable. In terms of LS set-ups,

such secondary decay detection can be achieved with CCD camera detectors.

This is explained in more detail in the following section.

LS set-up II: Small Angle Light Scattering

In this section, a brief overview of small angle light scattering (SALS ) is provided.

Following Ferri (1997) [73] and Cipelletti and Weitz (1999) [74], the SALS set-

up shown in Fig.1.25(a) works as follows: radiation from a laser passes through

a beam splitter and is conveyed to the scattering cell (sample). Between the

two, part of the radiation is collected in a photodiode (PDii) that quantifies

the incident radiation. Scattered and transmitted radiation are collimated via

lens (L) where: (i) transmitted radiation hits a beam stopper and, through a

mirror configuration, the radiation is measured by a photodiode (PDt); (ii) the

CCD camera objective lens magnifies and captures the focal plane and this allows

the picture acquisition. In this configuration, scattering with same q magnitude

is mapped to pixels lying on a ring centered with respect to the optical axis

Fig.1.25(b) [74]. The characteristic radius of the ring, together with the distances

of both lens and beam stop, allow the extrapolation of q. Full details on both q

42



1.3 Scattering Techniques

and intensity I calculations are provided in [73].

The power of SALS derives from its ability to probe much larger length scales,

typically q between 200 cm−1 and 14000 cm−1 that, in turn, corresponds to 0.06

< θ < 5◦.

Laser&

BSt

CCD

PDtPDia.

b.

BSp

L

Sample

Focal&
plane

Objective&
lens

Figure 1.25: (a) Small angle light scattering set-up; (b) circle-mapping pixels in
speckle pattern of a SALS experiment.

An example of I(q) vs. q for a polymer solution is sketched in Fig.1.26. As

shown, at high q, the solid line shows a power-law regime, which indicates a

fractal morphology where, the exponent indicates the fractal dimension df (i.e.

self-similar structures across different length scales). Specifically, variations of

the intermediate scattering function df describe: (i) df = 2 Gaussian confor-

mation in θ solvent; (ii) df ≤ 2 extended chain in good solvent; (iii) df > 2

semi-collapsed chain in poor solvent conditions; (iv) df > 2 has been previously

ascribed branched polymers [75].

At intermediate q, I(q) starts to bend down, leading to a plateau at low q.

In this situation, the roll-off point corresponds to ξ = 1/q, i.e., a characteristic

length-scale. A different scenario shown in the figure is represented by the dashed

line: this extends the power-law behaviour at low q, indicating the existence

of structures bigger than the size of the scattering object and/or aggregation

effects. In other words, the plateau formation indicates the crossover between the
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organization of the gel structure to the internal re-arrangements of the polymer

chains [75][76].

-­df

𝜉 =	
  
1
𝑞

Figure 1.26: Sketch of the intensity I(q) vs. q plot typical of a polymer solution.

LS set-ups III: rheo-speckle

The rheo-speckle is a custom-built up instrument that couples rheology and a LS

to perform simultaneous analysis. Generally speaking, a CCD-based LS set-up

(explained section 1.2.1) is placed underneath a rheometer. Compared to the

SALS system, the laser and detector are not in the same focal plane and the

radiation pattern (incident and scattered) is guided through a specific mirror

configuration. In the rheometer, the parallel plate geometry consists of a quartz-

made bottom plate and a coated upper plate, to avoid multiple scattering issues.

This set-up collects scattered radiation at fixed scattering vector q ≈ 33 µm−1, i.e.

θ ≈ 170◦. The data acquisition principle is a modified version of the multispeckle

autocorrelation theory [74], where g2 is obtained as a result of the average of

both time and thousands of speckles [77]. This modification, called time-resolved

correlation (TRC ) consists of a speckle comparison between multiple images taken

at different times t̃ with respect to the one at ti = 0, 1, 2, ..., n. The output, called

cI , corresponds to Eq.1.41 and graphically appears as Fig.1.27.

Ci(ti, t̃) =

〈
Ip(ti)Ip(ti + t̃)

〉
〈Ip(ti)〉

〈
Ip(ti + t̃)

〉 − 1 (1.41)
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1.3 Scattering Techniques

Where Ip is the intensity of the i -pixel and the brackets indicate the average

of the pixels.

As shown in Fig.1.27, each trace corresponds to the cI taken at a certain lag

time. In other words, at t̃ = 10s, Ip derives from the comparison of speckles at

time ti = 0, 1, 2, ..., n and ti + 10, e.g. if ti = 5s, the corresponding image is

at 15s. The ”extremes” in t̃, i.e. t̃ = 1s and t̃ = 10000s, show a cI saturation

and uncorrelated intensities, respectively. With this in mind, cI values averaged

over the full range of t̃ at fixed analysis time, gives the autocorrelation function

g2. With the ability to access long lag times (t̃ > 10000s), one can probe ultra-

slow dynamics, characteristic of jammed and soft-solid materials, plus perform

rheological measurements simultaneously.

2 4 6
104
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Figure 1.27: Ci plot of a physical gel. Different colors represent Ci signals at
different t̃.

A typical rheo-speckle experiment on a soft-solid material consists of two steps

of analysis. The first one, termed spontaneous dynamics, tracks the dynamics of

the sample with no stress applied. This allows the determination of the dynamical

arrest at the probed length scale. At this point, one can perform the simultaneous

rheology DLS experiment, typically creep or step strain relaxation.
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1. INTRODUCTION TO PECTINS AND TECHNIQUES USED

1.3.3 Static scattering: other radiation sources

As stated earlier, the q range depends on the scattering angle θ and wavelength

λ source. Hence, the alternative use of X-ray and neutron radiation with λ ≈
0.05− 1 nm, allow the investigation of materials at even higher q and so, smaller

L, than visible light. A summary of wavelengths, length scales and techniques is

provided in Fig.1.28.

Generally speaking, at small angles, the scattering formalism is similar for light,

X-rays and neutrons but the scattered intensity derives from different radiation-

medium interactions [63]. Scattered X-rays come from electrons of a sample,

where the scattered intensity is proportional to the number of electrons.

Scattered neutrons arise from atomic nuclei and the scattering varies non-

systematically with the atomic number [61]. Moreover, different isotopes of the

same atom may scatter in a different ways, due to their different scattering length

densities. In this perspective, the common issue in neutron scattering is the

negative scattering length density given by hydrogen’s nucleus (-3.74·10−15 m).

This can be easily bypassed however, by using deuterium (6.67·10−15 m). The

substitution allows contrast enhancement and highlighting structural information

at very short length scales[61].

For non-interacting particles and in the limit of low q, the data interpretation

can be applied to SAXS and SANS experiments as well. Thus, the Guinier for-

malism permits the determination of the global structure of the scattered object.

Again, this rule applies for qRg < 1. Generally, in the limit of qRg >> 1, the scat-

tering corresponds to an asymptotic power-law regime I(q) ∝ q−p that describes

the organization of the structure. Generally: (i) p = 4 describes sharp interfaces,

called the Porod regime; 3 ≤ p < 4, surface fractal; p < 3, mass fractal; p ≈ 2,

Gaussian polymer chain [63].
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Figure 1.28: Schematic representation of probed length scales via different scat-
tering techniques at their operational wavelength.
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Chapter 2

Materials and Methods

2.1 Materials

Amidated low methoxyl pectin LMP GRINSTED R© Pectin LA 210 from DANISCO-

DuPont (Wilmington, Delaware, USA) was kindly donated by Mondelēz Inter-

national. Specifications: (i) galacturonic acid content ≈ 91%, (ii) esterification

degree ≈ 34%, (iii) amidation degree ≈ 17%, (iv) pH (1% solution) ≈ 4.0− 4.8.

Sodium hexametaphosphate Na6P6O18 (SHMP ) 2 mM (Fisher Scientific, UK);

Calcium chloride dehydrate CaCl2 (VWR Chemicals, UK); D-(-)-fructose C6H12O6

(Sigma Aldrich, UK); sorbitol syrup, solids ≈ 72% (Keylink, UK); D-sorbitol

> 98% (Sigma Aldrich, UK); invert sugar, i.e. 1 M : 1 M mixture of D-(-)-

fructose and D-(+)-glucose monohydrate C6H12O6; D-psicose syrup, solids ≈ 95%

(Tate & Lyle, USA).

2.2 Methods

2.2.1 Sample preparation

Hydrogels (W samples): LMP was dissolved in MilliQ water at temperature

T ≈ 85 − 90◦C using a hot plate stirrer (AREX, Velp Scientifica Srl, IT) and a

high velocity mixer (≈ 8000 rpm) (T25 Ultra-Turrax, IKA-Werke GmbH & Co.,

Germany). Also, 2 mM of (SHMP ) was added to the solution to (i) sequester

any contaminant divalent ion that may form junction zones, (ii) slow down the gel
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2. MATERIALS AND METHODS

formation when the cross-linking agent is added, i.e. ensure the uniformity of gel

formation through the entire sample., (iii) suppress LMP pectin aggregation via

electrostatic screening. CaCl2 was added as cross-linking agent at concentrations

between 0 and 9 mM. The final concentration of LMP was fixed at 0.5 wt. %.

Sugar-gels: the procedure was identical to the W samples method apart from

the solvent composition. In this case, the sugar was dissolved in MilliQ water to

give 59.7 wt. % of: (i) fructose (WF samples); (ii) sorbitol syrup (WS40 samples);

(iii) D-sorbitol (WS60 samples); (iv) invert sugar, i.e. a 1:1 molar mixture of

fructose and glucose (WIS samples); (v) psicose syrup (WPSI samples).

Once prepared, hot solutions were transferred to suitable analysis cells, de-

pending on the technique used. Otherwise stated, samples were stored at room

temperature ≈ 20 ◦C.

Sample storage/analysis cells

Rheology. In order to minimize gel damage during its transfer to the rheometer,

it was decided to make a disk-like gel sample with a diameter of ≈ 50 mm and

height < 1.5 mm. For this purpose, a glass Petri dish with a diameter slightly

higher than 50 mm was implemented as follows. At its base, a layer of ”non-

stick” foil was placed and blocked with a rubber O-ring (height = 1.2 mm) whose

diameter perfectly adhered to the Petri dish walls. The space, once filled with the

sample, was covered with another non-stick foil layer. A bottle cap was then used

as a lid, together with a PARAFILM R© wrap at the edges, to prevent evaporation.

This also enabled transport of samples to Montpellier (see later). In case of fluid

solutions, samples were stored in sealed cylinder tubes.

Static and dynamic light scattering. Hot solutions were transferred to

hermetically sealed glass testing tubes, diameter = 5 mm and height = 50 mm.

SALS. Quartz glass cells with optical length of 10 mm (402-OG, Hellma, DE)

were filled with pectin solutions and analysed.

X-ray scattering. Quartz capillary tubes, diameter = 1.5 mm (QGCT 1.5,

CTS Capillary Tube Supplies Ltd, UK) were used for these analysis. To prevent

evaporation liquid spillage due experimental conditions, tubes were sealed with

wax.
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2.2.2 Analysis

Rheology

Tests were performed with a controlled shear stress rheometer (MCR 302, Anton

Paar GmbH, DE) equipped with a Peltier temperature controller. Fluid samples

such as polymeric solutions and/or sugar solutions were analysed with shear-rate

dependent tests. For these measurements, a 50 mm cone-plate geometry (cone

angle = 2◦) was used, with a fixed gap of 0.328 mm. The γ̇ range, where not

specified, was between 10−2 and 103 s−1. At low γ̇ values, viscosity η values were

considered only when the minimum torque value of the machine was reached ,

i.e., 0.01 µ Nm. In shear tests, time-dependent η was performed at constant γ̇

at 0.1 and 10 s−1. Unless stated otherwise, measurements were performed at

T = 25 ◦C. To prevent evaporation, a custom-made solvent trap allowed the

homogeneous distribution of a low viscosity (0.35 Pa s) silicone oil (47 V 350

Rhodorsil Oil, Bluestar Silicones, N) at the edge of the geometry.

Viscoelastic materials (gels) were analysed via oscillatory tests in a parallel plate

geometry, diameter 50 mm. After sample loading, the gap between the plates

was set by keeping track of the normal force NF , i.e. force derived from the

compression imposed by the upper plate. For all experiments, NF did not exceed

≈ 1 N and, most of the tests were carried out with a plate gap = 1 mm. Pre-NF

fluctuations were tracked for ≈ 5 min before starting the analysis. For strain

sweep tests, the evaluation of the linear viscoelastic regime LV E was performed

in a γ range from 0.1 and 100 %. Detailed experiments were carried out at γ =

10−2 and 103 %, angular frequency ω = 1 rad s−1 T = 25◦C, unless otherwise

stated.

Frequency sweep tests were carried out at constant γ = 1 and ω = 10−1 - 102

rad s−1, T = 25◦C, unless stated. In temperature dependence frequency sweeps,

the ω was reduced to 10−1 − 101 rad s−1 (to make the experiment less time con-

suming) and the temperature was varied from T = 25 to 75◦C. Time-dependent

oscillatory test were carried out at γ = 1 % and F = 100 rad s−1, for a time

t = 60 min, T = 25◦C. For rotational tests, (i) data were considered when the

minimum torque was reached, (ii) solvent trap was used.
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Capillary viscometry

An Ubbelohde glass capillary viscometer (1625/02, PSL-Rheotek, UK) was used

for low-viscosity measurements. The capillary was suspended in the vertical po-

sition inside a thermally controlled water bath at T = 25 ± 1◦C using laboratory

clamps. After sample loading, the fluid level was adjusted to the required posi-

tion (see section: 1.4.2 Capillary viscometer) and left at rest for ≈ 15 min. The

sample temperature was tracked via a thermocouple. To track the fluid flow time,

a simple chronometer was used.

Static and Dynamic light scattering

SLS and DLS measurements were performed using a 3D LS spectrometer (LS

Instruments, Switzerland) equipped with a He-Ne laser (λ = 660.0 nm, power:

21 mW), an automated laser attenuator and two avalanche photodiode (APD)

detectors. All measurements were performed with vertically polarized incident

and detected light in pseudo-cross correlation mode, which removes after-pulsing

effects and allows the investigation of lag times t̃ as low as 25 ns. All samples

were transparent and we confirmed that multiple scattering did not have to be

taken into account, i.e., data comparison between 2D and 3D mode. Thus, all

measurements were performed using the 2D mode, corresponding to the standard

set-up of LS measurements. For DLS tests, the scattering angle θ was either kept

fixed at 90◦ or varied from 30 to 130◦, in steps of 10◦. For ergodic (liquid-like)

samples, data was collected over a period of ≈ 900 s. For gelled samples (non-

ergodic regime), time and ensemble averages were collected separately. In the

former, the experiment time was typically ≈ 3600 s, whereas ensemble averages

were collected over ≈ 300 s by rotation of the sample. Additional DLS exper-

iments were performed when varying the temperature from 25 to 65◦C but the

same the experiment/data-collection times above were followed.

For SLS samples, θ was from 15 to 140◦, in steps of 0.5◦. Ergodic media were

scanned for a time of ≈ 20-30 s, repeated 3 times. In the case on non-ergodic

media, the same test conditions were applied with the additional rotation of the

sample.
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Small angle light scattering

SALS experiments were performed on a custom-built set-up at University of

Montpellier, France (details in section: 2.2.1 Advanced LS set-ups I: Small Angle

Light Scattering). Laser wavelength λ= 532 nm, 48 probed pixel rings (≈ 2·106

total pixels processed), corresponding to q vector range from ≈ 10−2 to 7·10−1

µm−1. Experimental parameters were as follows: (i) number of acquisitions per

run 35, (ii) time maximum per runs ≈ 492 ms, (iii) delay time between run 5

s. The intensity distribution collected at the CCD was corrected for the optical

background (solvent) and azimuthally averaged to obtain I(q). The temperature

was maintained at 23 ± 2◦C.

Rheo-optics

Rheo-optics experiments were carried out with a controlled shear stress rheome-

ter (MCR 302, Anton Paar GmbH, DE) with a light scattering set-up placed

underneath, equipped with a green light laser λ = 534 nm. The custom-built

apparatus is located at University of Montpellier, France. Gelled samples were

loaded onto the bottom plate and the gap was set by checking the NF and the

image of the sample collected by the camera to check the gap was homogeneously

filled. Two distinct rheology and LS experiments were performed simultaneously

at 25◦C. The first one, referred to as ”spontaneous dynamics” was performed with

no imposition of stress by the rheometer; at the same time, LS set-up recorded

1000 images per run, with a exposure time of 800 ms and a lag time between

runs of 1000 s The number of runs was decided on the basis of the sample and

following data analysis. Upon completion, the sample was not removed from the

set-up and a step-strain relaxation test (rheology) was applied, i.e. strain of γ̇ =

1% was applied. The resulting stress relaxation was monitored for 105 s. DLS

was performed at the same time.

Recorded images were then analysed with a supplementary custom-written

software. With this software and the experimental imaging recording parameters,

pixel intensities between the images at assigned lag times t̃ were compared for

each time-dataset. The final output was the so called Ci function.
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X-ray scattering

X-ray scattering was performed with the synchrotron SAXS set-up at Diamond

Light Source (beamline I22, Didcot, UK); λ = 1.4 Å (energy E ≈ 8.9 keV ), dis-

tance sample-detector 5 m allowing small scattering vector detection, acquisition

time 10 s and T = 25◦C, q range ≈ 2.3·10−4 – 3.8·10−1 Å. Both sample and

solvent were scanned under the same conditions and data beam-corrections were

carried out by operators at the beamline. Then, background subtractions was

performed according to [78], following the steps: (i) all recorded X-ray pattern

were corrected for the background scattering of the empty capillary rack, (ii) all

recorded X-ray pattern were normalized by their measured transmission, (iii) the

normalized capillary scattering was subtracted from both, the normalized sam-

ple plus capillary and solution plus capillary scattering, and finally (iv) the pure

and normalized solution scattering was subtracted from the pure and normalized

sample scattering, hereby taking into account the volume fraction of the solution

in the sample.

Transmission Electron Microscopy (SEM)

Transmission electron microscopy (SEM) images were taken in both the School

of Chemistry and Chemical Engineering at the University of Leeds (UK).

For SEM images performed in the School of Chemistry, small aliquots of

samples were frozen in liquid nitrogen and freeze dried for 24 hours at a pressure

of 0.05 mbar, temperature in collector -50◦C (FreeZone 1, LABCONCO, USA).

After freeze drying, the samples were coated with a 3 nm thick layer of Pd/Pt

through a sputter coating. The image acquisition was performed with a FEI

Nova 450 FEG-SEM (USA) instrument, operating at 3 kV. Sample preparation

was performed by Dr. A. Kulak.

The images taken at in the School Chemical Engineering were performed with

a cryo-SEM device. The sample was placed on a cryo shuttle using 2 freezing

rivets and plunged into slushed nitrogen previously prepared (i.e., liquid nitrogen

under vacuum conditions). Once the sample equilibrated its temperature, it was

transferred to the preparation chamber (FEI Helios G4 CX DualBeam, USA).
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The latter, kept at both controlled pressure (10−7 mbar) and temperature (-

145◦C). The sample was fractured using a cooled knife, then sublimed by raising

the temperature to -90◦C for 3 min and then coated in Pt. Finally, the sample

was transferred into the SEM system (PP3010 cryo-FIB/SEM, USA) and imaged

using 1.5 kV accelerating voltage and 0.1 nA beam current. Sample preparation

and test was performed by Mr. Stuart Micklethwaite.

Data processing

All data were processed and plotted with MatLab (The MathWorks, Inc., UK).

All the fitting procedures were performed with both linear and non-linear least

squares analysis.
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Chapter 3

Polymer Characterization

This chapter aims to characterize the polymer in solution (i.e., in absence of gela-

tion) via different techniques, such as rheology, dynamic light scattering (DLS)

and static light scattering (SLS and SALS). Experiments were mainly per-

formed in water however, some tests were performed in the presence of fructose

as a co-solutes.

3.1 Rheological characterization

The LMP characterization was performed as described in section 1.2.1. Vis-

cosities of solutions of different pectin concentrations ([LMP ]) in water were

investigated using an Ubbelohde glass viscometer. The flow time (t[LMP ]) was

used to calculate the specific (ηsp) and reduced viscosity (ηred) as follows:

ηsp =
t[LMP ] − t0

t0
(3.1)

ηred =
ηsp

[LMP ]
(3.2)

where t0 is the flow time at [LMP ] = 0 wt. % , i.e., water. Results are shown

in Fig.3.1(a). In the low [LMP ] range between 0.1 - 0.5 g dL−1, ηred is constant

and does not vary with the polymer concentration. The intrinsic viscosity ([η]),

as the η contribution of a single polymer chain, was extrapolated using Huggin’s
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relation [13]:

ηred = [η] + k1[η]2[LMP ]. (3.3)

Here, k1 is a characteristic constant of the polymer-solvent system. In the ηred

vs. [LMP ]-independent range, [η] = 4.3 ± 0.4. This value is in agreement with

data obtained in similar studies on low methoxyl pectins [2][32][79]. Knowing [η]

allows estimation of the weight averaged molecular weight (Mw), via the Mark-

Houwink-Sakurada (MHS) relation. Typical values for the exponent a and pre-

factor K for citrus LMP [79] [80] were used to provide an estimate for Mw,

η = 9.55 · 10−2 ·Mw
0.72 (3.4)

yielding a value of 91 kDa, which is similar to typical Mw values obtained for

citrus LMP in the literature [2][79], i.e., < 100 kDa. The relationship C∗ = [η]−1

[13] allowed the estimation of the [LMP ] where short range interactions between

polymer chains start to occur, i.e., ≈ 0.23 g dL−1, indicated with the arrow in

the ηsp vs. [LMP ] plot in Fig.3.1(b).
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Figure 3.1: LMP dissolved in water and analysed via capillary viscometer. (a)
ηred vs. [LMP ] for the determination of [η] via Huggin’s relation. (b) double-
logarithm plots of ηsp vs. [LMP ] for the individuation of the overlap concentra-
tion.

Due to the increased η of LMP solutions dispersed in 60 wt. % of fructose,
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3.1 Rheological characterization

the analysis could not be performed via capillary viscometry. Hence, a shear-

controlled rheometer was used for this purpose. Results are shown in Fig.3.2. As

shown in the figure, [LMP ] between 0 and 0.25 wt. %, η shows no γ̇ dependence,

indicating Newtonian behaviour. For this reason, the zero shear viscosity (η0),

i.e., η at γ̇ =0, was taken as the intercept of the linear fit of the η vs. γ̇ data.

For [LMP ] ≥ 0.5 wt. %, the flow curves show shear thinning behaviour. In this

situation, the η vs. γ̇ curves were fitted with a generalized Carreau model [59],

as:

η(γ̇)

η0

=
1

(1 + (c1 · γ̇)2)
p (3.5)

where η0 is the zero shear viscosity; c1 and p are the Carreau constant and

exponent respectively. Fit parameters and errors are reported in the table next

to Fig.3.2. ηred vs. [LMP ] plots for these data yielded a value of [η] ≈ 4, similar

to that obtained for the LMP -water system.

10-1 100 101 102 103
10-2

10-1

100

101

Concentration*% !" #$ %

0.5 0.128*±0.001 0.007*±0.002 0.062*±0.011

1 0.358*±0.002 0.011*±0.001 0.120*±0.006

1.5 0.820±0.005 0.017*±0.001 0.151*±0.007

2 1.879*±0.033 0.063*±0.012 0.149*±0.012

3 5.957*±0.121 0.155±0.029 0.170*±0.013

!" 8 Zero*shear*viscosity*
#$ 8 Carreau constant
% 8 Carreau exponent

Figure 3.2: Different [LMP ] dissolved in 60 wt. % fructose. (a) η vs. γ̇ results
obtained via rotational rheology analysis. Fit lines corresponding to interpolation
via the Carreau equation are shown as well. (b) Carreau fit parameters and errors
for [LMP ] ≥ 0.5 g dL−1.

The [LMP ] suggested by Mondelēz International for the gel production, i.e.,

0.5 wt. % , is therefore around the C∗, before addition of Ca2+. All subsequent
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gelation experiments were carried out at this [LMP ].

3.2 Dynamic light scattering characterization

Dynamic light scattering (DLS) experiments allow for the characterisation of a

number of physical properties, such as hydrodynamic length scales and relaxation

modes. The data obtained and the analysis performed are initially shown for

[LMP ] = 0.5 wt. % dispersed in water.

Fig.3.3(a) shows the intensity-intensity autocorrelation function g2−1(q, t̃) ver-

sus lag time t̃ for a pectin solution at [Ca2+] = 0 mM, collected at a fixed angle (θ

= 90◦) and therefore a fixed scattering vector, q (≈ 18 µm−1). As shown, g2−1(q, t̃)

in the probed t̃ range decays exponentially from 1 to 0. Firstly, the data were

converted to the electric field autocorrelation function g1(q, t̃) (Fig.3.3(b)), via

the Siegert relation g2(q, t̃) = 1 + σ
[
g1(q, t̃)

]2
, where σ is the spatial coherence

factor. In practical terms, σ corresponds to the intercept of g1(q, t̃) at zero lag

time.

g1(q, t̃) vs. t̃ data were described with a stretched exponential function, known

as the Kohlrausch-Williams-Watts (KWW ) function, widely used for polymers

and pre-gelled system [81].

g1(q, t̃) = A · exp(−Γt̃)
β

(3.6)

where (i) A is the amplitude of the g1(q, t̃) function; (ii) Γ is the decay rate

and corresponds to Γ = τ−1, i.e., inverse of the relaxation time τ ; (iii) β is the

stretching exponent, a measure of the breadth of the underlying distribution of

relaxation times [82] [83] [84]. Fig.3.3(b) shows the g1(q, t̃) vs. t̃ data fitted with

the above mentioned KWW function.

As shown in Fig.3.3(b), the g1(q, t̃) data at high t̃ has relatively high levels of

noise, related to the long data collection time required to achieve better statistics,

especially for these disordered systems. For this reason, the KWW fit function

was applied in a g1(q, t̃) range between 1 and and 0.1.

The transformation to g1(q, t̃) involves the square root of g2−1(q, t̃), a proce-

dure that highlights the noise level of the data. Hence, it was decided to use
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Figure 3.3: (a) Intensity-intensity autocorrelation function (g2−1) vs. lag time (t̃)
for W sample and [Ca2+] = 0 mM. (b) Conversion to electric field autocorrelation
function (g1) vs. t̃ via Siegert relation of data displayed in (a); the plot show the
KWW fit and relative fit parameters. (c) σ-renormalized time-intensity autocor-
relation function g2−1/σ = g1

2 vs. t̃ and relative KWW fit line and parameters.
(d) g1

2 vs. t̃ at different angles and relative KWW fits.

g2−1(q, t̃) renormalized by σ as g2−1

σ
= g1

2, as shown in Fig.3.3(c). For the g12

function, the KWW model becomes g12 = A · e(−2Γt̃)β. Fitted KWW results

showed τg1 = 9.9 ·10−3 s and τg1
2 = 9.2 ·10−3 s. The stretched exponential

parameter β was 0.91 and 0.94 for g1 and g1
2, respectively.

Fig.3.3(d) shows the angular dependence of the measurement and relative

KWW fit lines, from 30 to 130◦, corresponding to q values between 6 and 24

µm−1. As discussed in section 1.3.1, q is a parameter that characterizes the

length scale at which interference effects are probed where L ≈ q−1.

Fig.3.4(a) shows the q dependent values for β. The fit parameter decreases
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from 1 to ≈ 0.9, indicating greater heterogeneity levels at smaller length scale

(large q). Hence, due to the β contribution, the averaged relaxation time relation

was used, i.e., < τ >= (τ/β)Γ̃(β−1), where Γ̃ is the Euler gamma function

[32][65][85]. Results for both τ and < τ > as a function of q are shown in

Fig.3.4(b). The double logarithm plot of Γ vs. q obtained from both τ and

< τ > is shown in 3.4(c). The Γ vs. q data show a power law behaviour, with

an exponent Λ = 2.1 ± 0.03. For ideal diffusive behaviour, Γ = D · q2 (D =

diffusion coefficient), i.e., Λ = 2. Since the Λ value obtained from these data

was close to this value, the relaxation is therefore assumed to be largely due

to diffusive behaviour. To estimate the diffusion coefficient D, Γ vs. q2 plots

where utilised (Fig.3.4(d)). The linear dependence of Γ vs. q2 was fitted with

a straight line angular coefficient equal to D. Therefore, from τ and < τ >,

Dτ = 3.4 · 10−7 ± 8.7 · 10−9 m2 s−1. As indicated in the plot, the slight difference

between τ and < τ > is due to the relatively small heterogeneity (i.e., β ≈ 1),

though the difference is larger at higher q (lower L). However, the difference is

still small and further relaxation times will be given as < τ >.

Fig.3.4(e) shows g1
2 (measured at different q) versus t̃ · q2. In the case of

diffusive behaviour, the q-dependent g1
2 should collapse onto a master curve [81].

This confirms the diffusive character for [LMP ] = 0.5 wt. % dispersed in water.

Knowledge of the diffusion coefficient allows the corresponding hydrodynamic

radius (or length scale) to be calculated via the Stokes-Einstein relation. Here,

the viscosity η of water at 25◦C = 0.894 · 10−3 Pa s−1. For this sample, Rh =

0.72± 0.02 µm.

Hence, it is likely that the observed relaxation process derives from an en-

semble of chains and/or interactions rather than individual molecules, given the

proximity to C∗. More information can be determined using the quantity qRh.

When qRh < 1, one can obtain information regarding the global dynamics and

individual translational diffusion coefficients for each individual molecule [86].

On the other hand, at qRh > 1 the dynamical behaviour is a combination of

translational diffusion and internal relaxation modes of the material.

The Γ vs. q dependence of the relaxation modes may indicate: (i) diffu-

sive character Λ =2; (ii) hydrodynamic interactions (Zimm mode), Λ =3; (iii)

screened hydrodynamic interactions (Rouse mode), Λ =4 [81][86]. However, the
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Figure 3.4: (a) β parameter from KWW fitting function for g1
2 vs. t̃ collected

at different q. (b) τ values from KWW fit function and < τ > from (τ/β)Γ̃(β−1)
vs. q. (c) Double-logarithm plot of Γ from τ and < τ > vs. q and linear fit; the
angular coefficient Λ (power law in linear plot) of the fit is shown as well. (d)
Linear plot of Γ from τ and < τ > vs. q2, with corresponding D values given. e.
g1

2 vs. t̃ · q2 at collected at different q.
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g1
2 versus t̃ data do not show a clear indication of secondary < τ > components.

Nevertheless, for this sample, qRh > 1 and thus it was decided to try to describe

the g1
2 traces with a double exponential function, but very similar < τ > values

yielded a Λ exponent (via Γ vs. q plots) value ≈ 2. Hence, the net separation

of translational diffusion from internal relaxation was not possible. Thus, since

both < τ >F and < τ >S showed similar values, a dominance of diffusive-like

behaviour was assumed.

With the aim of decoupling global dynamics from the individual translational

diffusion coefficients of the polymer molecules, i.e., qRh < 1, it was decided to

dilute samples to several lower concentrations, i.e., 0.1, 0.08, 0.05 and 0.02 wt.

%. Results are shown in Fig.3.5 as Γ vs. q2. The straight line fits highlight the

linearity between Γ and q2 for the [LMP ] = 0.02 wt. %. This is confirmed by the

inset of the plot, where the double logarithm Γ vs. q plot shows Λ ≈ 2. For this

[LMP ], the Rh was calculated to be 0.55 ± 0.08 µm, in the qRh >1 limit. By

increasing the [LMP ] to = 0.1 wt. % , Γ vs. q2 deviates from linearity, indicating

non-diffusive behaviour. Again, this is confirmed by Λ = 2.6 for 0.1 wt. % [LMP ].

The gradual increase towards q3 behaviour may indicate possible hydrodynamic

interactions. Once again, g1
2 versus t̃ data did not have clear indications of more

than one relaxation processes.

A common procedure used to characterize LMP via light scattering is to filter

the samples, thus removing impurities and/or undissolved material [79][80][85][87].

However, this should be undertaken with caution, since it is also possible to lose

part of the sample: knowledge of the length scales in the sample a priori and

the selection of the correct filters pore-size according to these length scales is

crucial. According to the literature [87], LMP solutions are frequently filtered

through systems with a 0.2 µm cut-off before light scattering analysis. This was

performed for [LMP ] ≤ 0.5 wt. % , and the overall scattered intensity decreased

but the signal became more susceptible to dust, i.e., contamination. For filtered

[LMP ]= 0.08 wt. % , Γ vs. q2 plot gives Λ ≈ 2, and Rh = 0.44 ± 0.05 µm. This

value is of the same order of magnitude as that determined for the non-filtered

[LMP ] = 0.02 wt. % , for which Rh = 0.55 ± 0.08 µm. Finally, for filtered

[LMP ] = 0.1 wt. %, Λ > 2, indicating a contribution from internal relaxations.

Thus, according to these results, filtration of the sample affects the dynamical
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Figure 3.5: Main Figure: Γ vs. q2 data for samples with different [LMP ]. The
red fit line indicates the linearity for [LMP ] = 0.02 % wt.. Inset: Γ vs. q for the
same [LMP ]; fit lines and relative Λ values are displayed as well.
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3. POLYMER CHARACTERIZATION

properties of the pectin solution. Therefore this was not considered a helpful or

reliable procedure for future work, since the effects will obviously be highly de-

pendent on [LMP ] and the filter pore-size. Furthermore, this would have meant

that pectin solutions differ from commercial LMP that are normally used in real

products.

As previously seen in Figs.3.4(c) and (d), unfiltered [LMP ] = 0.5 wt. %,

yielded a Λ ≈ 2, i.e., diffusive behaviour. This aspect may be contradictory

to the above results on filtered pectin, as one expects a Λ > 2. On the other

hand, this aspect is consistent with 0.5 wt. % being close to C∗ determined via

viscometry earlier. Chain overlapping may create an ensemble of chains that

diffuse as a single object. In fact, this explains why Rh is larger than the one

calculated for [LMP ] = 0.02 wt. %.

Fig.3.6(a) shows g1
2 vs. t̃ data for [LMP ] = 0.5% wt. dissolved in 60% wt.

fructose solution. As shown, g1
2 decays at larger t̃ than for water solutions due

to the η contribution of the medium. Additionally, the g1
2 function shows a fast

relaxation mode at t̃ ≈ 10−5 s, as shown in the inset of 3.6(a). Even though this

makes a new contribution to the overall decay, the small time scale contribution

does not affect the overall < τ > of the sample. However, it was decided to

investigate its origin. Due to the small amplitude of this fast relaxation mode

(< τ >F ), a double KWW fit was not easily achievable. Hence, the g1
2 vs. t̃

data were divided into two sections: (a) from 10−8 to 10−4 s and (ii) from 10−4 to

102 s and each were fit using a single KWW function. Fig.3.6(b) shows a plot of

g1
2 versus t̃ data collected at different θ for the sample under investigation. For

clarity, the fit lines describing the fast mode have been omitted.

In Fig.3.6(c), < τ > fit parameters are represented as Γ vs. q. Both fast and

slow mode show a diffusive-like character, with Λ ≈ 2. For the slow mode, a Rh

value (an indication of a length scale) was calculated using the Stokes-Einstein

relation, yielding a value of 1.03 ± 0.04 µm (for 60 wt. % fructose at 25◦C, η =

0.034 Pa s). On the other hand, the Rh value calculated for the fast mode yielded

Rh = 41 ± 0.9 Å (see next section). As reported in literature this relaxation is

usually attributed to the solvent relaxation, whenever the solvent molecules are

big enough [88] . The effect has been seen in HMP solutions in presence of high

concentrations of sucrose [85]. This aspect will be discussed later (3.2.1 section).
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Figure 3.6: [LMP ] = 0.5 % wt. dissolved in fructose solution. (a) Main. g1
2 vs.

t̃ at θ = 90◦ and relative KWW fit line for the slow mode. Inset. Same sample
and fit for the fast mode. (b) q dependence of g1

2 vs. t̃ and fit lines for the slow
mode. (c) Γ vs. q for the both fast and slow modes, with relative Λ values.
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3. POLYMER CHARACTERIZATION

TheDLS results suggest relatively large hydrodynamic length scales for [LMP ]=

0.5% wt., i.e., 0.72 µm in water and 1.03 µm in fructose solutions. Moreover,

the [LMP ] in the vicinity of C∗, increases the possibility of chain-chain interac-

tions, suggesting the formation of an entangled molecules that diffuse through

the medium.

3.2.1 Solvent relaxation

At high concentrations, sugar solutions (e.g., glucose, fructose, maltose, etc.)

form a continuous hydrogen-bonded carbohydrate network [44] [89] [90].

As stated in the previous section, a low-amplitude fast relaxation mode at t̃ ≈
10−5 s for the WF sample at [LMP ] = 0.5 wt. % showed a Γ∝ q2 dependence, i.e.,

diffusive character. This fast mode is related to the so-called ’solvent relaxation’

[85]. With this in mind, one can ask the question: what is the behaviour of

relaxation modes of the pure solvent at higher lag times? To attempt to answer

this question,a q-dependent DLS analysis of the 60 wt. % fructose solution was

performed. g1
2 vs. t̃ data acquired from this analysis are shown in Fig.3.7.
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Figure 3.7: g1
2 vs. t̃ for 60 wt. % fructose, collected at different θ.

At higher q values, the fast relaxation mode has a larger amplitude and so a

clear double-relaxation process is clearer over the entire g1
2 dataset. These results
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3.2 Dynamic light scattering characterization

are in accordance with DLS studies performed by Sidebottom et. al. [89] [44],

in which the relaxation modes of sugar solutions (i.e., glucose, maltose, sucrose)

were investigated at different concentrations and temperatures. Although these

relaxation modes show universality in the studied sugar solutions, there have been

no comparable investigations concerning fructose solutions specifically.

In this section, the data obtained to try to explain the complex relaxation

mechanisms involved in fructose solutions at different concentrations and tem-

peratures will be presented, with specific focus on the behaviour of the solvent

relaxation in samples with and without the addition of LMP .

Recalling Fig.3.6(b), for [LMP ] = 0.5 wt. % dispersed in fructose solutions,

the < τ >F values obtained corresponded to relatively small amplitudes (i.e., ≈
0.06), indicating suppression of the fast mode when the polymer is added to the

solution. Similarly, < τ >S values obtained in the presence of LMP show different

behaviour than those obtained from analysis of the the pure solvent using DLS.

Figs.3.8 show combined Γ vs. q data for both fast and slow relaxation modes, in

the presence and absence of LMP .
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Figure 3.8: Γ vs. q plots for 60 wt. % fructose solutions and WF samples. (a)
and (b) show fast and slow relaxation modes, respectively.

Fig.3.8(a) shows Γ versus q data for the fast mode observed in samples with

and without the addition of LMP . Within the error, both sets of data show q2

dependence (moreover, Γ has similar values, indicating similar relaxation time-

scales Γ =< τ >−1). In panel (b) of Fig.3.8, Γ versus q data obtained for the
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3. POLYMER CHARACTERIZATION

observed slow mode in both systems are shown and display a q2 dependence. As

shown, the presence of LMP decreases the decay rate Γ by approximately one

decade, indicating slower relaxation decay rates.

The q2 dependence for both Γ obtained from < τ >F and < τ >S allowed

the determination of D, via Γ vs. q2 plots. For the fast mode, D = 5.5·10−11

± 3.8·10−12 m2 s−1 and for the slow mode D = 5.4·10−14 ± 4.9·10−15 m2 s−1.

The D coefficient obtained from the < τ >F is similar to values for D coefficients

obtained at similar fructose concentrations via NMR studies [43]. From Stokes-

Einstein relation, Rh was calculated as 45 ± 1.7 Å, much larger than an individual

fructose or water molecule. This value also shows agreement with the size ranges

obtained from DLS studies of glucose at similar concentrations [89], and provides

additional evidences for clusters of sugar molecules, hold together presumably by

hydrogen bonds [91].

On the other hand, the D coefficient corresponding to the slow mode was

not physically attributed to any particular species: Rh = 5.4 ± 2 µm. This size

is much larger than the Rh value obtained for the LMP in fructose solutions.

Referring to Sidebottom et al. , the typically observed hydrodynamic length

scale of the slow mode is around ≈ 100 nm. Such length scales were attributed to

hydrodynamic interactions between sugar clusters that diffuse through the media

(i.e., water).

To conclude, it has been observed that: (i) the fast mode may indicate the

presence of fructose clusters, whether LMP is absent or present; (ii) The slow

mode observed in samples containing LMP is mostly driven the presence of the

polymer. In this case, a decoupling between both the fructose and LMP relax-

ation contributions was not possible. It would be interesting to perform compli-

mentary experiments by adopting (i) a different sample preparation procedure,

i.e., filtering different fructose solutions at different concentrations in order to ob-

tain clear data for < τ >S; (ii) adding various [LMP ] to the fructose solution to

observe how the relaxation changes. The cluster-cluster interactions in fructose

solutions may vary when the polymer is added to the solution.
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3.3 Static light scattering characterization of LMP solutions

3.3 Static light scattering characterization of LMP

solutions

Static light scattering was used to investigate the static properties of the polymer,

such as the static length scale (for simplicity called radius of gyration Rg) and

correlation lengths (ξ), as the measure of the average distance between different

scattered objects [92]. All the scattered intensities obtained were renormalized for

background solvent and the experimental setup and are presented as the excess

Rayleigh ratio (<ex) (as explained in section 1.3.1).

Fig.3.9(a) shows the <ex vs. q data obtained for LMP solutions dissolved

in water and [LMP ] = 0.5, 0.1, 0.08, 0.05 and 0.02 wt. %. As shown, for all

the [LMP ], <ex exhibits q dependence, indicating the presence of a structure.

Generally, the plot can be split in two parts: (i) at low q, <ex levels off as a

plateau, indicating the overall length scale of the scattered object; (ii) at large

q, <ex assumes an approximate power law behaviour which can be parametrised

as <ex = q−df where df is the power law exponent. This parameter is related to

polymer solvation and conformational state, as discussed in section 1.2.1. Finally,

increased [LMP ] corresponds to an increase in the overall magnitude of <ex, as

typical for polymer solutions [93].

For [LMP ]= 0.02 wt. %, the <ex data at large q (i.e., between q ≈ 10 and

25 µm−1 ) shows df ≈ 2.6, suggesting the presence of branched regions (typical

in LMP ) and/or aggregation. At smaller q, the <ex data levels off, yielding a

plateau-like shape. The Guinier approximation (see section 1.3.1) was tested in

this region of data to determine Rg but the results yielded not certain values due

to the limit qRq > 1. However, the shape of the <ex data at low q suggests that a

Guinier regime at q values lower than the range of the light scattering set-up may

be present. Hence, one expects bigger length scales which cannot be detected

with this instrument.

[LMP ] = 0.05 wt. % resembles the previous sample (0.02 wt. % ). In this

case, df = 2.5. At higher [LMP ], i.e., 0.08 and 0.1 wt. %, the magnitude

of <ex increases and the q dependence is persistent across the probed q range.

The extended df over the probed q range indicates the presence of a continuous

structure, justified by the concentration close to C∗ (the extended fit lines in
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Figure 3.9: (a) <ex vs. q for different [LMP ] dissolved in water. Fit lines for df
determination are shown as well. (b) <ex · qdf vs. q plots for the ξ parameter
extrapolation. Dashed lines as a guide for the plateaus at large q.

Fig.3.9(a), used for the determination of df , aid one to follow this trend). Finally

at [LMP ] = 0.5 wt. % , at large q, df = 2.60. However, at small q, <ex levels

off as a plateau, similar to [LMP ]= 0.02 wt. %. These aspects reflect the DLS

studies presented in section 3.2 in fact, [LMP ] from 0.02 to 0.1 wt. %, Λ increases

from ≈ 2 to 2.6, i.e., from global molecular dynamics to enhanced hydrodynamic

interactions (Fig.3.3). However, at [LMP ]= 0.5 wt. % , the sample showed

diffusive behaviour. Therefore, both SLS and DLS results suggest formation of

an ensemble of chains, with a characteristic length scale, that diffuses through

the medium.

The point where the intensity diverges from plateau to power law regime, is

referred to the correlation length (ξ). To facilitate the reading of ξ, <ex · qdf vs. q

plots were utilised. The plot, is shown in Fig.3.9(b). From large to small q, I(q)

assumes a q dependence, where the diverging point corresponds approximately

to ξ−1. Hence, for (i) [LMP ] = 0.02 and 0.05 wt. %, ξ ≈0.1 µm; (ii) [LMP ] =

0.08 and 0.1 wt. % , no divergence was observed, i.e., <ex · qdf ≈ 2 and 3 a.u.,

respectively; (iii) [LMP ] = 0.5 wt. % ξ ≈ 0.08 µm.

To conclude, the main differences for these samples are in the shape of <ex
at low q. df appears constant for all the tested [LMP ] and ξ shows very similar

values for [LMP ] = 0.02 and 0.5 % wt.

72



3.3 Static light scattering characterization of LMP solutions

101

10-3

10-4

50 100 150 200 250
-7.6

-7.4

-7.2

-7

-6.8

Figure 3.10: Main. <ex vs. q plots for 0.2 µm filtered [LMP ] = 0.08 and 0.1 %
wt. samples. Inset. Guinier plots and fit lines for the determination of Rg for the
same samples.
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Filtered [LMP ] solutions were also investigated. Once again, [LMP ]≤ 0.05

% wt. samples were weakly scattered giving noisy data, that was not analysed

further. Main figure Fig.3.10 shows <ex vs. q data obtained for [LMP ] = 0.08

and 0.1 wt. % The overall scattered intensity appears lower than that obtained

for unfiltered samples (Fig.3.9(a)), even though the q dependence of the data

indicates structural behaviour of LMP in solution. In the larger q range, a df ≈
1.2, suggesting less aggregated structures. In this case, at low q, <ex levels off.

The inset of Fig.3.10 shows Guinier plots for these two [LMP ] and relative fit

lines. Here, Rg = 0.07 ± 0.01 µm and 0.11 ± 0.03 µm for [LMP ] = 0.08 and 0.1

wt. % , respectively. In both cases, qRg < 1. For these types of systems, further

investigations may be performed via size exclusion chromatography coupled with

multi angle light scattering devices. These devices are able to separate different

species in the sample and analyse them separately with the LS device.

Fig.3.11 shows LMP dispersed in fructose solutions, [LMP ] = 0.5 wt. %,

tested and compared with the same [LMP ] dispersed in water. In the presence

of fructose, the overall < is shifted towards higher q values due to refractive

index of the solvent. At larger q, df = 2.3, whereas at lower q, < shows a

minimal curvature suggesting, again, flattening at smaller q. Inset of Fig.3.11

shows <ex · qdf vs. q plot for both LMP samples dispersed in fructose and water.

For fructose LMP solutions, ξ ≈ 0.06 µm. The slightly smaller ξ value may be

attributed to the presence of fructose, which reduces the free water in the system,

”dehydrating” the pectin and promoting closer association of the LMP chains.

The SLS results suggest the presence of structures with large length scales,

which cannot be probed properly with q range employed. For this reason SALS

was employed to investigate selected systems further.

3.4 Small angle light scattering (SALS) charac-

terization of LMP solutions

Small angle light scattering (SALS) was used to investigate [LMP ] = 0.5 wt.

% in water and fructose solution. The I(q) vs. q data obtained from these
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Figure 3.11: Main. <ex vs. q plots for [LMP ] = 0.5 wt. % dissolved in water (red
squares) and fructose solution (green triangles). Fit lines for df determination
are displayed as well. Elongation of the fit line as a eye guide for the <ex bend
at low q. Inset. Same samples plotted as <ex · qdf vs. q for ξ determination.
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experiments are shown in Fig.3.12. I(q) shows typical behaviour where (i) at low

q the I(q) plateaus and (ii) I(q) at large q decays as a power-law. As discussed in

the SLS section, the presence of the levelling towards low q values represents the

crossover between the distinct scattered object and the internal structure [75].

Due to the q limit of the plateau, this effect may refer to the presence of large

aggregates/polymers length scales at the supramolecular level that coexist with

smaller ones [75].
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Figure 3.12: Main plot. I(q) vs. q for [LMP ] = 0.5 wt. % dissolved in water (red
squares) and fructose solution (blue triangles). Fit line in the sample dissolved
in water refers to the Ornstein-Zernicke model. Inset. Zimm plots as I(q)−1 vs.
q2 for the same samples.

In the probed q range, length scales were estimated via the Guinier plots and

yielded values of (i) 12 ± 0.07 µm for LMP in water and (ii) 27 ± 0.01 µm for

LMP in 60 wt. % fructose. In both cases, qRg < 1. The larger Rg value obtained

for the fructose solution and the dramatic increase of Iq→0 suggests aggregation
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effects at the supramolecular level, due to the reduced free water of samples of

[LMP ] dispersed in fructose solution. As previously discussed in section 3.3, the

asymptotic region assumes a power law behaviour with exponent df related to

polymer solvation and conformational state [13] [75]. For the samples tested in

this work (Fig. 3.12), this regime is rather short and so, it is difficult to attribute

the df value to a fractal regime.

However, assuming the validity of the df value obtained from the fit of the

data, one can use this parameter to estimate the compactness of the domains

affected by the presence and concentration of Ca2+, i.e., a steeper power law

corresponds to more compact domains [76]. Fig.3.13 show a hypothetical fit used

for the determination of the power law fit. In other words, the fit started from

the last point of I(q) and continues until the I(q) deviates from the linearity (red

arrow in Fig.3.13). The point of deviation is taken as when the data (within the

error) lies off the straight line.
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Figure 3.13: I(q) vs. q for W samples with [Ca2+] = 0 mM. The power law fit
for df determination extends up to the I(q) deviation from linearity, as indicated
by the arrow.

Hence, df ≈ 1.4 and ≈ 4.3 for [LMP ] in water and fructose solutions were

obtained, respectively. The smaller df value for LMP in water, accompanied

by the broader change of I(q), suggests a broad distribution of structures, that

coexist with smaller ones [75]. Vice-versa for LMP dispersed in fructose.
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The inset of Fig.3.12 shows the Zimm plots, i.e., I(q)−1 vs. q2, also suggesting

aggregation effects for LMP in fructose solutions. Even though the I(q)−1 data

for LMP in water has a relatively narrow range, it appears as a straight line. In

this condition, the correlation length was estimated with the Ornstein-Zernicke

(OZ) relation,

I(q) =
I(0)

(1 + q2ξ2)
(3.7)

where I(0) is the I(q) at q = 0. For the polymer solution in water, ξ = 8.4

± 0.1 µm (fit lines in main and inset of the figure). In contrast, the LMP in

fructose solution shows non-linear dependence, suggesting aggregate formation.

In this case, ξ was estimated via the I(q) · qdf versus q plot, yielding a value of

≈ 3.5 µm. It should be noted that the same method of determination of ξ for

LMP in water yielded a value of ξ ≈ 7.2 µm, similar to the one obtained via the

OZ relation.

Cryo-SEM imaging

To verify the Rg values obtained in SALS, i.e., the presence of such larger struc-

tures compared to the conventionally accepted dimensions of LMP molecules (≈
160-180 nm) [85], cryo-SEM imaging was performed on the sample. Fig.3.14(a)

apparently shows a linear LMP chain and relative short side chains (branched

regions). According to the scale, the chain depicted is ≈ 4 µm long. However,

as indicated by the arrows, the chain length seems to elongate underneath the

ice mass. In Fig.3.14(b) one can apparently see branched regions of LMP that

extend over larger scales (red arrows highlight the chains). It should be noted

that the apparent thickness of the main chain, indicated by the yellow arrow,

results from an artefact of the freezing and/or fracture of the sample during its

preparation.

The cryo-SEM micrographs thus seem to provide additional evidence for the

presence of at least some structures with the length scales suggested in the SALS

experiments. For this reason, cryo-TEM was also attempted in order to obtain

higher resolution images of the samples. Unfortunately, for unknown reasons, the

experiment was unsuccessful, i.e., thick layers of ice prevented image acquisition.
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Figure 3.14: Cryo-SEM micrographs for [LMP ] = 0.5 wt. % dissolved in water.
1 and 5 µm scales are showed in (a) and (b), respectively. Red arrows indicate
the polymer chains and yellow arrow indicates possible artefacts during sample’s
fracturing.

According to the I(q) data at large q obtained in SALS experiments and the

<ex data at lower q obtained in SLS experiments, the total intensity does not

appear to scale linearly. This aspect will be explained in detail in Chapter 3. At

present, one can confirm the presence of two large length scales (aggregates or

polymer chains) coexisting with smaller ones. This fact complicates the LMP

characterization and the interpretation of the behaviour of LMP in solution. Un-

doubtedly, this characteristic may also effect LMP gel formation in the presence

of Ca2+ ions.

3.5 Conclusions

In this Chapter, detailed LMP characterization in both water and fructose solu-

tion was performed via a variety of techniques. Rheological characterization and

Mw values seem to agree with typical values obtained for citrus LMP , i.e., <

100 kDa. Both DLS and SLS data in the q range between ≈ 5 to 25 µm−1 did

not show distinct sizes for either Rh and Rg. The q dependence for both DLS

and SLS indicates a clear structure of the systems in absence of cross-linking

agents. This structure-like may be related to a variety of factors such as the:

(i) proximity to C∗, (ii) absence of screening agents (e.g., Na+) and therefore
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poor solvent conditions and (iii) absence of ultra-fine processing of LMP (e.g.,

removal of side chains, impurities). At ultra-low q (SALS), the intensity data

clearly indicate the presence of large structures and/or aggregates that are more

pronounced when LMP is dissolved in the fructose solution. The length scales

for LMP dissolved in water in the ultra-low q range seem to agree to those de-

termined from cryo-SEM micrographs. At large q, probed in SAXS analysis,

reliable data were not able to be measured. The various aspects covered in this

chapter will be further explored in chapter 3, where a full static study for both

sol and gel material will be presented.
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Chapter 4

Rheological and DLS

characterization of gels with and

without fructose

In this chapter gels prepared in water (W ) and water+fructose (WF ), with differ-

ent concentrations of Ca2+, will be compared. Particular emphasis will be placed

on rheological and dynamic properties obtained via DLS. The first part starts

with a brief rheological overview of LMP gels prepared in water (W samples),

in terms of structure development i.e., ageing as a function of [Ca2+].

4.1 Cross-link development as a dynamic event

As reported in the Chapter 1, stabilization of junction zones and consequent

gel formation of LMP in water is often determined by the stoichiometric ratio

between the number of Ca2+ and the number of non-methoxylated GalA residues

(R = 2[Ca2+]/[COO−]) [10][1]. This however, does not take into account many

of LMP chemical characteristics, such as, amidation, distribution of pectin’s side

chains. In addition, complex environmental conditions e.g., the presence of ion-

chelators, co-solutes, etc. may significantly effect the R value, resulting in higher

values (i.e. more calcium required). In fact, for [Ca2+] of 6 and 8 mM, the

corresponding values of R, calculated from the estimated Mw ≈ 91 kDa, are 1.0

and 1.3, respectively. These values are slightly higher than the values obtained,
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R ≈ 0.5, assuming that all the Ca2+ are used to stabilize most of the junction

zones. Rather than rely on the stoichiometric ratio, it was decided to track a

range of [Ca2+] from 0 to 9 mM, to identify the critical concentration at which

the sol/gel transition occurs. Moreover, this range of [Ca2+] was suggested by

the industrial supervisor.

Fig.4.1(a) shows shear viscosity η results for γ̇ = 10 s−1 vs. [Ca2+]. The

values at relatively high γ̇ were selected due to the experimental limits of the

rheometer at low shear rates i.e., this is an unsuitable geometry for such very low

viscosity fluids. The panel (a) clearly shows a plateau in η for [Ca2+] between

0 and 4 mM, indicating that the solution behaves as a Newtonian fluid because

there are insufficient Ca2+ to cross-link pectin molecules.

At [Ca2+] = 5 and 6 mM, η increases in magnitude. The increase in viscosity

is a consequence of junction zone stabilization mediated by Ca2+ addition. The

inset of Fig.4.1(a) shows η vs. γ̇ results for [Ca2+] = 6 mM. The observed shear

thinning corresponds to the breaking of the junction zones, initiating flow followed

by a progressive breaking of local junction zones as γ̇ increases.

Fig.4.1(b) shows τ̄ vs. γ̇ plots for [Ca2+] = 5 and 6 mM samples. As shown

in the main plot, the shear stress data increase linearly with γ̇ for both samples,

suggesting Newtonian behaviour. The inset of panel (b) shows the same data but

in a γ̇ range between 0 and 0.3 s−1. Here, for [Ca2+] = 6 mM, a steep increase

in slope in the range γ̇ ≈ 0.02 - 0.1 s−1, flattening off at γ̇ is observed. The

inflection point indicates where the corresponding shear stresses overcome the

internal forces of the material and cause it to flow [59]. Thus, the W sample at

[Ca2+] = 6 mM was just about stabilized by a sufficient number of cross-links so

that structure development was observed after 1 hour.

Thus, the [Ca2+] necessary to stabilize a reasonable density of junction zones,

is believed to occur in [Ca2+] between 5 and 6 mM. However, time-dependent

η measurements at relatively high γ̇ (10 s−1), displayed the effect of low [Ca2+]

added to LMP (tests performed immediately after sample preparation). Fig.4.1(c)

shows the ηγ̇=10s−1 vs. time (t) (0 to 60 min) for [Ca2+] between 0 and 6 mM.

The black dashed line shows the constant η (≈ 3·10−3 Pa s ) observed for [Ca2+]

between 0 and 3 mM. In this plot: (i) increasing the [Ca2+] results in a step-like
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Figure 4.1: (a) η at 10 γ̇ s−1 from shear tests of LMP in water and [Ca2+] from
0 to 6 mM. The inset shows the η vs. γ̇ for W sample at [Ca2+] = 6 mM. (b) τ̄
vs. γ̇ for [Ca2+] = 5 and 6 mM; the inset highlights the γ̇ range between 0 and
0.3 s−1. (c) η values at γ̇ = 10 s−1 vs. time for samples with [Ca2+] from 4 and
6 mM; dashed line denotes the averaged ηγ̇=10s−1 values in a 0 ≤[Ca2+] ≤ 3 mM.
(d) Frequency sweep tests, G

′
and G

′′
vs. ω for [Ca2+] from 6 to 9 mM, taken

6 days after preparation. (e) G
′

and G
′′

vs. ω for W sample at [Ca2+] = 7 mM
taken at 1 hour and 6, 12, 18 and 24 days.
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η increase occurs at lower time; (ii) the increase in η at both t = 0 and 55 min,

rises dramatically as a function of the calcium concentration.

It is important to clarify that the ageing studies here were carried out at

relatively high γ̇ and not under quiescent conditions. Moreover, the shear applied

may facilitate Ca2+ diffusion throughout the sample and so, stabilize small/minor

junction zones, yielding the η increase.

1 hour after preparation, higher concentrations of [Ca2+], i.e. 6, 7, 8 and 9

mM visually gave self-supporting structures. These were analysed via oscillatory

rheology. Fig.4.1(d) shows the storage (G
′
) and loss (G

′′
) moduli measured by

frequency sweep tests, with the angular frequency (ω) ranging between 0.1 to 10

rad s−1, at a constant strain γ = 1% (previously determined via strain sweep

tests, data not shown). For all four [Ca2+]: (i) G
′
> G

′′
over the tested ω range;

(ii) the overall magnitude of G
′

increases systematically with [Ca2+]; (iii) moduli

were of low magnitude and showed frequency dependence, which is characteristic

of weak gels [45] ; (iv) the terminal relaxation ω shifts towards lower values on

increasing the [Ca2+], i.e., the hypothetical G
′

and G
′′

crossing-over point at low

frequencies.

LMP gel formation is a time-dependent event and its rheological characteri-

zation has been studied [2] [17][46] in the past. In this study, however, the focus

was on the impact of the initial stages of gel formation (i.e., up to ≈ 104 s) and

long-term evolution was not analysed. For practical reasons, rather than leaving

the sample between the rheometer’s plates and tracking the mechanical proper-

ties over long periods of time, it was decided to prepare gels, store them at room

temperature (T = 20-22 ◦C) and analyse them at predetermined ageing times.

Therefore, the ageing process occurred under static conditions with no stress was

applied.

Even though LMP gels are weak physical gels and extremely dynamic i.e., a

finite lifetime for reversible cross-links that break and reform continuously [13],

the structure evolves to a point where the macro-mechanical variability reaches

a stability. In this specific case, Fig.4.1(e) shows the G
′

responses for frequency

sweep test (ω ≈ 10−1− 10 rad s−1, γ = 1%, T = 25◦C ) of a W sample at [Ca2+]

= 7 mM after 1 hour, 6, 12, 18 and 24 days. It seems that G
′

changed most

significantly between the first hour and the sixth day after preparation. For this
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reason, all following experiments were analysed after one hour and 6 days after

preparation for all the techniques used in this thesis. Clearly, smaller changes

occurred over longer time scales (up to at least 24 days in this case) but it was

impractical to apply the full range of tests to samples stored for longer than 6

days or so.

4.2 Comparison of the effects of fructose

The previous section illustrated the general behaviour of W samples in terms

of (i) [Ca2+] needed to cross the sol/gel transition, (ii) cross-link dependence

as a function of [Ca2+] and (iii) the time for arrest and network development.

The whole range of WF samples were analysed using same methods and selected

samples of both W and WF samples were used to make a comparison between

them.

4.2.1 Rheological comparison

Figs.4.2(a) and (b) show strain sweeps (γ= 10−2 - 20 % , ω = 1 rad s−1, T = 25◦C

) and frequency sweeps (ω ≈ 10−1− 10 rad s−1, γ = 1%, T =25◦C ), respectively,

for WF samples at different [Ca2+], performed 1 hour after preparation . Due

to the low G
′

values for solutions with [Ca2+] from 0 to 2 mM, the data are

not shown in either plots. Generally, both strain and frequency responses of WF

samples showed (i) G
′
< G

′′
in the [Ca2+] range between 0 and 5 mM and (ii) G

′

> G
′′

at higher [Ca2+].

Strain sweeps in Fig.4.2(a) show the linear viscoelastic (LVE ) regime is in the

range 10−2 - 20 % for all the [Ca2+]. As shown in the figure, at [Ca2+] = 9 and

8 mM, G
′

and G
′′

were no longer in the LVE at γ ≈ 101 %, whilst at [Ca2+] =

6 and 7 mM were γ independent. The difference in LV E between 6 and 9 mM

highlights the gel strengthening at higher [Ca2+].

The frequency dependence in Fig.4.2(b), from the lowest (2 mM) to the high-

est (9 mM) [Ca2+], show both an increase in magnitude and a decrease in ω-

dependence of G
′
. Moreover, G

′
< G

′′
in the [Ca2+] range between 2 and 5 mM,

with a progressive increase of both moduli, indicating the sol/gel transition point.
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In the range of [Ca2+] from 6 to 9 mM: (i) G
′
> G

′′
; (ii) moduli are less ω-

independent; (iii) G
′
G
′′

separates. These effects indicate the increase in strength

of the gels as a function of [Ca2+].
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Figure 4.2: (a) Strain sweeps of G
′

and G
′′

vs. γ for WF samples with [Ca2+]
from 2 to 9 mM. (b) G

′
and G

′′
vs. ω for same samples. In both plots, solid

symbols denote G
′

and, open symbols denote G
′′
.

To make a comparison between W and WF samples, it was decided to choose a

[Ca2+] close to the sol/gel transition and use the frequency sweep results. Figs.4.3

show the results for both systems comparing ageing times of 1 hour and 6 days

after preparation. Error bars have been omitted for clarity. For all the measure-

ments, the standard deviation for G
′ ≈ 0.1 Pa and ≈ 0.01 Pa for G

′′
.

Figs.4.3(a) and (b) shows the frequency dependence of W systems for a range

of [Ca2+] from 6 to 9 mM, taken (a), after 1 hour and (b), after 6 days of

preparation. The results show that, moduli increase in magnitude and flatten over

6 days of ageing (i.e., less ω-dependent), indicating the process time-dependent

[17] [46] [2].

In Fig.4.3(b), two main differences can be observed: firstly, there is a G
′

gap

for [Ca2+] 6-7 and 8-9 mM; this identifies indicates that [Ca2+] required to get a

significant streghtening of W samples. Furthermore, the G
′

and G
′′

similarity at

[Ca2+] = 8 and 9 mM probably indicates that the majority of junction zones are

stabilized by [Ca2+] = 8 mM. Secondly, for [Ca2+] = 6 mM, the moduli crossover

at ≈ 6 rad s−1. In contrast, higher [Ca2+] did not display this feature over the
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Figure 4.3: (a) and (b) G
′

and G
′′

vs. ω for W samples at [Ca2+] = 6, 7, 8 and
9 mM measured 1 hour and 6 days after preparation, respectively. (c) and (d).
Same frequency sweep test for WF samples at [Ca2+] = 4, 5, 6 mM.
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probed ω, i.e., crossing over at higher ω. This indicates the weakness of the

sample prepared with [Ca2+] = 6 mM.

Figs.4.3(c) and (d) show the frequency dependence of WF samples for [Ca2+]

= 4, 5 and 6 mM. Although [Ca2+] = 4 and 5 mM showed G
′
< G

′′
over the

6 days, both moduli show a progressive increase, indicating a possible crossing-

over could occur after longer ageing times i.e. G
′
> G

′′
. However, [Ca2+] = 6

mM the moduli measured at the selected ageing times, did not show significant

changes i.e. unchanged moduli magnitude and frequency dependence. At the

same [Ca2+] = 6 mM ,W and WF samples at ageing time = 6 days, showed the

following features: (i) increase in G
′

in the presence of fructose [10] [46] [94] with

G
′

at 1 rad s−1 = 2.73 ± 0.31 Pa and 6.06 ± 1.10 Pa for W and WF samples,

respectively. (ii) similar trends in G
′′

for both systems the in presence or absence

of fructose.

To summarise, the presence of fructose (at equal [Ca2+]) enhances the strength

of the gels; increases rate of gel formation [46]; inhibits any long-term ageing of

WF samples.

4.2.2 Dynamic light scattering investigation of W and WF

systems

DLS can provide further insights into the dynamics of formation and internal

structure of the gel state, supplementary to rheological studies described above.

DLS is inherently non-destructive, whereas any rheological test applying finite

external stresses or strains must affect the system.

Dynamics of ageing at fixed q

W and WF samples were prepared, stored at room temperature (T = 20-22
◦C) and analysed via DLS immediately after preparation and every day, for 6

days. DLS is a non-destructive method: sample manipulation is reduced to a

minimum i.e., once prepared, the sample is stored in a glass tube with no further

manipulations. Based on the previous rheology measurements and identification

of [Ca2+] where systems cross the sol/gel transition, representative samples were

selected and tested for ageing, initially at fixed θ = 90◦.
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Figs.4.4 show ageing effects of W samples at different [Ca2+]. g1
2 vs. t̃ traces

were taken from 1 hour to 6 days after preparation.
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Figure 4.4: Ageing test: g1
2 vs. t̃ taken at constant θ = 90◦ for W samples at

[Ca2+] = (a) 0 mM, (b) 2 mM, (c) 4 mM, (d) 6 mM.

Fig.4.4(a) shows an absence of dynamic effects on ageing for [Ca2+] = 0 mM.

In this case, < τ > = 9 ·10−3 s with no changes over 6 days. The same result was

obtained for [Ca2+] = 2 mM (Fig.4.4(b)), where the < τ > value persisted over

the ageing time. At [Ca2+] = 4 mM (Fig.4.4(c)), < τ > increased from 9 ·10−3

s to 2 ·10−2 s over six days. This understandable increase of < τ > indicates

the growth of the scattering objects due to cross-link formation between LMP

molecules.

Clearly there is a distinct effect of ageing on the dynamics for [Ca2+] = 6

mM visible in Fig.4.4(d). Even though between 5 minutes and 11 hours after

89



4. RHEOLOGICAL AND DLS CHARACTERIZATION OF GELS
WITH AND WITHOUT FRUCTOSE

preparation g1
2 always shows a full relaxation, β <1 and two relaxations processes

(more than one exponential decay) are observed. As reported in the literature

for gel materials, the broadening of the β function i.e., β < 1, describes a variety

of relaxation processes, typical when polymer chains start to cross-link and form

a wide range of structures. Moreover, multiple relaxation time scales indicate

structuring on different levels. At 5 minutes and 1 hour, < τ > evolves from

2 ·10−2 s to 5 ·10−2 s , and β parameter changes from 0.76 to 0.67. The fast

evolution of dynamics became markedly different between 3 and 11 hours. In

these cases, g1
2 showed two components that could be separated by fitting to

double exponential function:

g1
2 = A1 · e(−2Γ1 t̃)

β1

+ A2 · e(−2Γ2 t̃)
β2

(4.1)

The β parameter for the first component was fixed to β = 1. Rather than

analyse the singular components of the fit, the overall < τ > was estimated as

the weighted average:

< τ >=
(< τ >1 · A1) + (< τ >2 · A2)

A1 + A2

(4.2)

As a result, < τ > increased from 0.14 ± 0.08 s at 3 h to 0.43 ± 0.14 s at 11

h.

For ageing times of 1 day and above the dynamics started to be arrested and

full relaxation is not seen over the probed time-scale. As noted elsewhere [67][95]

for non-ergodic gel-like materials (i.e. time average intensity 6= ensemble average

intensities) three distinguishable features can be observed: (i) reduction of the

intercept of g2−1 ; (ii) non uniform count rate vs. time plots, i.e. wave-like count

rate; (iii) g1
2
t→∞ 6= 0 i.e., g2−1 does not decay within the probed t̃ range, which

depends on the experimental set-up.

For the present work, the non-ergodic method proposed by Pusey and van

Megen [67] was utilised to obtain the field autocorrelation function (see section

1.3.2). At this stage, however, the present work was not focussed on a quantitative

analysis. For this reason, it was decided to (i) re-convert g1 to g2−1 and (ii) re-

normalize by the σ value, to provide a direct comparison to ergodic media (i.e.,

sol state) and a unique intercept of g1
2.
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The output shows a two-step decay: (i) a fast relaxation mode at small t̃

followed by (ii) a plateau whose height increases with the degree of dynamic

arrest of the material. Referring back to Fig.4.4(d), in the ageing time between 1

and 6 days, the height of the plateau at high t̃ indeed increases systematically over

time, indicating the time-dependent cross-link development (dynamic arrest).

In terms of ageing, theDLS results for LMP at [Ca2+] = 6 mM can be directly

linked to oscillatory rheology results in Figs.4.3(a) and (b). For [Ca2+] = 6 mM

1 h after preparation (Figs.4.3(a)) G
′
> G

′′
over the probed ω. DLS analysis

of the same sample (red slope in Fig.4.4(d)), shows a timescale of relaxation of

< τ >= 5 ·10−2 s (ergodic behaviour). The conversion of < τ > (s) to ω (rad

s−1), gives a value of ≈ 140 rad s−1 (ω = 2 · π · f , where f = 1/ < τ >). Thus,

this result is consistent with the previous obtained via rheology in Figs.4.3(a),

i.e., G
′′
> G

′
.

The same procedure was performed for WF samples. Data for [Ca2+] = 0,

4, 5 and 6 mM are shown in Figs.4.5. As explained in chapter 3.2.1, KWW

applies only to the slow mode, i.e., t̃ > 10−4 s, due to the solvent relaxation

effect. Generally, for samples that are fully ergodic (Figs.4.5(a), (b) and (c)), the

material fully relaxes at t̃ ≈ 1 s. The decay over longer times, compared to W

samples, is due to the contribution of the viscosity of the fructose solution.

Dynamics for [Ca2+] = 0 mM showed no changes during the 6 days of ageing,

with a constant value of < τ >= 0.44 ± 0.01 s (Fig.4.5(a)). Increasing [Ca2+] to

4 mM caused a slight increase in < τ > from ≈ 0.6 to 0.8 s, indicating the start

of the junction zone stabilization process (Fig.4.5(b)). Fig.4.5(c) shows [Ca2+] =

5 mM; here, the dynamics started to slow down more, i.e., < τ >≈ from 1.2 to

3.0 s, with a simultaneous β decrease. As shown in panel (d), by [Ca2+] = 6 mM

a significant slowing of the dynamics is observed, even at short ageing times. 1 h

after preparation, g1
2 plateau sits at ≈ 0.8. For longer ageing times the height of

the plateau is essentially independent of the ageing time, as shown in the inset

plot of the figure. Thus, compared to W samples at [Ca2+] = 6 mM, (i) the

presence of fructose sped up the dynamics of formation and (ii) the degree of

dynamical arrest was higher i.e., g1
2 at t̃ = 10 s was 0.60 and 0.95 in absence or

presence of fructose, respectively.
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Figure 4.5: Ageing test: g1
2 vs. t̃ taken at constant θ = 90◦ for WF samples at

[Ca2+] = (a) 0 mM, (b) 4 mM, (c) 6 mM, (d) 6 mM; the inset of the shows the
rescaling of g1

2 from 1 to 0.92.

In conclusion, dynamics across the gel point i.e. [Ca2+] = 5 and 6 mM for

both systems, showed different gelling kinetics. As mentioned above, the sol/gel

transition in WF samples [Ca2+] = 6 mM occurred almost instantaneously. There

seems to be no other similar DLS studies on LMP gel formation in presence of

sugars. However, rheological studies on similar systems (LMP gels in presence

on 30 wt. % fructose at different [Ca2+]), emphasized the same trend of fructose

in LMP gels i.e., faster gel formation and improved mechanical properties [46],

compared to W samples.
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4.2 Comparison of the effects of fructose

Dynamics of aged systems at fixed q

Here, g1
2 functions for both W and WF samples at different [Ca2+] are reported

at ageing time = 6 days. To provide a complete picture, intermediate [Ca2+] were

also studied in addition to the [Ca2+] studied previously (Figs.4.6(a) and (b)).
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Figure 4.6: g1
2 vs. t̃ (fixed q) for (a) W and (b) WF samples at different [Ca2+]

after 6 days ageing.

Fig.4.6(a) shows the [Ca2+] dependence for W samples. As indicated in the

figure, [Ca2+] = 0 and 2 mM show a similar decay with < τ >= 10−2 s. The av-

eraged time-scale at [Ca2+] = 4 mM is 3 ·10−2 s; this indicates the starting point

of the internal structure growth. The onset of gel formation is even more clearly

seen at [Ca2+] = 4.5 mM. In this situation, g1
2 vs. t̃ shows two relaxations modes,

a fast (short t̃) and slow (long t̃). The estimated averaged < τ > value (two re-

laxation modes) for this sample was 0.160 ± 0.05 s. At [Ca2+] = 5 mM, g1
2 shows

an initial decay at short t̃, followed by a plateau at long t̃ i.e., g1
2
t̃→100s ≈ 0.4.

Hence, this system shows dynamic arrest behaviour at the probed length scale.

For higher [Ca2+], the height of the plateau increases, as observed previously.

Analogously, the dynamics in presence of fructose are shown in Fig.4.6(b). The

overall shift of all g1
2 decays to higher t̃ is due to the viscosity of the medium. For

[Ca2+] ≤ 4 mM, the dynamics showed similar behaviour to W samples at given

calcium concentrations. Unexpectedly, [Ca2+] = 5 mM showed a fully ergodic

behaviour, with no sol/gel transition with a < τ > = 2.8 s and g1
2
t̃=10s ≈ 2. A

similar effect was observed for [Ca2+] = 5.5 mM i.e., < τ >= 2.7 s. The slowing
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down of the dynamics increased at [Ca2+] = 5.6 mM, with < τ >= 9.7 s. It is

noteworthy that the present g1
2 function was better described by double KWW

components.

As shown in Fig.4.6(b), [Ca2+] = 5.7 mM exhibits a g1
2 decay to 0 at t̃ >>

100 s, which is beyond the limit of the machine’s autocorrelator. The angular

dependence (see following section) showed Y = 〈I(q)〉E/〈I(q)〉T , fluctuating from

≈ 0.98 and 1. This indicates the border between ergodic and non-ergodic regime

i.e., sol/gel transition. For these reasons, the data analysis of [Ca2+] = 5.7 mM

was not performed.

The system with [Ca2+] = 5.8 mM, showed arrested dynamic behaviour. The

g1
2 function showed an initial decay up to t̃ ≈ 5 s followed by a small plateau and

the beginning of another decay. Possibly, longer t̃ would show another relaxation

process. To conclude, [Ca2+] = 6 mM shows a clear plateau, indicating the high

degree of dynamic arrest.

Comparing these two plots and what has been described for both systems,

the presence of fructose and [Ca2+] close to the sol/gel transition, inhibits gel

formation. In this regard, the [Ca2+] necessary to cross the sol to gel transition

resides between 4.5-5 mM in W samples and 5.5-6 mM for the WF ones. On

the other hand, the presence of fructose in the gel state (i.e., [Ca2+] = 6 mM )

caused a higher degree of dynamical arrest e.g. g1
2
t̃=10s ≈ 0.6 and 0.94 for W

and WF samples, respectively.

Fig.4.7(a) summarizes < τ > vs. [Ca2+] for both systems. Assuming the

validity of < τ >−1 = D · q2 and using the Stokes-Einstein relation for both

systems, yields
<τ>H2O

<τ>fruct.
∝ ηH2O

ηfruct.
. The application of this formalism to W samples

is displayed in Fig.4.7(b). Accounting for the η differences in this way, supports

the idea that different dynamics of formation in WF systems are not exclusively

due to viscosity effects.

In terms of the β exponent (Fig.4.7(c)), an increase in [Ca2+] promotes its

suppression, i.e. broadening of the g1
2 function at higher t̃. As mentioned previ-

ously, β describes a range of (slow) relaxation modes that correspond to the gel

initiation. For [Ca2+]W-gels = 4.5 mM, β = 0.67, indicates a broad distribution of

relaxation times, since the sample is getting close to the sol/gel transition. The
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Figure 4.7: (a) KWW-estimated < τ > vs. [Ca2+] for W (red symbols) and WF
(blue symbols) samples. (b) < τ > ·ηfruct./ηwater vs. [Ca2+]; the re-compensation
was applied to W samples. (c) β KWW-fit parameter for W and WF samples.

β trend of these results is in agreement with previous studies found in literature

[32].

q dependence for sol and gel states

In section 3.2, the q-dependence of samples in their sol state highlight hydrody-

namic interactions between LMP chains under investigation. From this perspec-

tive, the addition of cross-linking agent, i.e., [Ca2+], may reveal a change from

diffusive behaviour to a hydrodynamic interaction, since the LMP chains get

closer due to cross-links. In the gel state, however, the q-dependence provides an
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estimation the degree of the dynamical arrest, which is highly dependent on the

probed length scale.

The aim of this section is to provide information on q-dependence of sol and

gel states, on passing though the the sol/gel transition, where possible.

q dependence for sol states

Fig.4.8(a) shows Γ = τ−1 vs. q plots for samples in the sol state in the absence of

fructose. [Ca2+] = 0, 2 mM yielded a power-law Λ = 2.1±0.02, corresponding to

diffusive dynamics for the averaged time-scales in the probed q-range. In practical

terms, within these [Ca2+], the samples show no junction zone stabilization and

remain in the sol state. The diffusive behaviour is confirmed in g1
2 vs. t̃ · q2 plots

in Fig.4.8(b), as the g1
2 functions collapse onto each other.

For [Ca2+] = 4 mM, Λ = 2.2 ± 0.03 with an overall downward shift of Γ

vs. q (i.e. increase of < τ > values). One can assume this effect is due to a

partial junction zone stabilization. As explained earlier, gel development may be

enhanced by the presence of amide groups via -H bonding [2]. In fact, the pH of

solution had fluctuating value between ≈ 4.5 and 4.8. However, identification of

the two modes of cross-linking cannot be achieved in this analysis.

At [Ca2+] = 4.5 mM (Fig.4.8(a)), Γ (from average-weighted< τ > from double

exponential functions) indicated a Λ = 3.6 ± 0.02 i.e., deviation from ≈ q2 be-

haviour. This is supported in Fig.4.8(b), orange traces. The Γ vs. q-dependence

for each < τ >F and < τ >S modes is shown in Fig.4.8(c). As reported, Λ = 2.1

± 0.2 for the fast mode. This aspect has been seen elsewhere for both pectin [32]

and polymeric solutions / pre-gelled samples [68] [86] [82] [81] . The slow mode

showed a Λ = 4.1 ± 0.1. This effect may be attributable to the dramatic change

undergone by the system i.e., sol/gel transition. In this condition, the forma-

tion of a relatively large amount of LMP chain linkages hinders interpretation.

The increased broadening of the g1
2 function at higher t̃ (β = 0.7) suggests a

variety of relaxation modes, consistent with the proximity to the gel point. This

is consistent with the fact that [Ca2+] = 5 mM (Fig.4.6(a)) shows non ergodic

behaviour.
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Figure 4.8: (a) Double-logarithm plot for Γ vs. q for W samples and [Ca2+] from
0 to 4.5 mM; fit lines and power law values are displayed as well. (b) g1

2 vs. t̃ · q2

plots for W and WF samples; dashed lines delimit the two family of samples. (c)
Double-logarithm plot for Γ vs. q for W and [Ca2+] = 4.5 mM, demonstrating
the presence of two relaxation modes (fitted lines and values displayed).

As discussed in section 3.2.1, the presence of fructose can reveal a solvent-

relaxation process. Fig.4.9(a) for [Ca2+] = 0 mM (main and inset) illustrates the

behaviour. Even though the KWW fit was mostly performed for t̃ > 10−4 s, it

was decided to try to fit the fast mode (< τ >F ) of WF samples in presence of

Ca2+ ions.

The results for Γ vs. q for < τ >F for [Ca2+] = 0, 4 and 5 mM are displayed

in Fig.4.9(b). For these materials, Λ for < τ >F was 2.2 ± 0.2 s, 1.9 ± 0.4 s

and 2.2 ± 0.4 s, with the increasing of [Ca2+]. Moreover, the amplitude in the

g1
2 = A · e−(Γt̃)

β

function showed a constant value around ≈ 0.006, indicating
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the very small contribution to the overall relaxation. Thus, the ≈ q2 dependence

suggests a diffusive-relaxation mode for the scattering units at these time scales

scales [32] that appears independent of the addition of Ca2+ ions added to WF

solutions. The analysis of the fast mode for [Ca2+] = 2 and 5.6 mM was not

possible due to excess g1
2 noise in this t̃ range.

Fig.4.9(c) shows the < τ >S for [Ca2+] = 0, 2, 4, 5 and 5.6 mM, in the t̃

range previously ascribed. The Λ increases monotonically with [Ca2+] increase.

In order of [Ca2+] (from 0 mM): Λ = 2.1 ± 0.1, 2.37 ± 0.1, 2.7 ± 0.2, 2.9 ±
0.3 and 3.3 ± 0.7. Compared to W samples, here one can see the progressive

deviation from q2 to q3, suggesting change in dynamics.
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Figure 4.9: (a) g1
2 vs. t̃ for WF sample at [Ca2+] = 0 mM. The main plot

shows the KWW fit for the slow mode (< τ >S) for t̃ ≥ 10−4 s; the inset shows
the expanded g1

2 vs. 10−8 > t̃ ≤ 10−4 s, highlighting the fast relaxation mode
(< τ >F ) and relative KWW fit. (b) Γ values from < τ >F vs. q and relative Λ
values. c. Γ values from < τ >S vs. q.
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The addition of 60 wt. % fructose alters the dynamics of LMP gel formation

and highlights some relevant physical characteristics absent in samples prepared

in just water.

Several authors have attributed the main reason for these effects to the capa-

bility of sugars to bind water and thus enhance LMP chain aggregation [46] [17]

[47]. The relationship between sugar and LMP gel formation was extensively

studied in the past and in general this study is in agreement with the conclusion

of these authors [17][46][47][96]. On the other hand, most of these previous stud-

ies did not exceed 30-40 wt. % of fructose (or sugars) in solution. As discussed in

section 1.1.3, high concentrations of sugars promote the sugar and/or clustering

formation. This condition raises the following questions: where does the LMP

sit in the solution? and what are the interactions occurring between water-sugar-

pectin? These difficult questions may be answered in the future by focussing

attention on the solely water-fructose and water-fructose-pectin systems, with

the help of auxiliary techniques.

q dependence for gel states

In an analogous manner to that used for sol state, the q-dependence of the gels

was investigated. The aim of this work was to elucidate the dynamical arrest as a

function of [Ca2+] for both W and WF samples. Fig.4.10 shows the q-dependence

for [Ca2+] = 6 mM in the absence of fructose.

As displayed in the figure, g1
2 at different θ (or q) shows a first relaxation

mode in a t̃ range between 10−4 and 10−1 which terminates with a plateau at

higher t̃. Generally, with increase in q there is (i) an increase in amplitude of

the fast relaxation and (ii) a decrease of height of the plateau. g1
2 at θ = 130◦

appears as a very slow decay, rather than a plateau. This aspect suggests full

relaxation of the material is possible at probed L and very high t̃ (e.g. > 102 s).

A common feature in dynamically arrested materials is that < τ >F shows a

q2 dependence and so, diffusive character [71]. However, this aspect was not seen

in the present system. This effect may be attributable to the intrinsic properties

of the sample. In fact, most of the literature available regarding DLS on polymer-

based gel systems is modelled on track for colloidal gels.
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Figure 4.10: Non-ergodic averaged g1
2 vs. t̃ of W system with [Ca2+] = 6 mM

collected at different θ.

At higher t̃, in the plateau regime, g1
2 decreases with the increase of q. The

physical meaning is related to the probed length scale (L) i.e. L ≈ q−1. In other

words, at large L, one might probe an ensemble of cross-linked LMP chains,

characterized by a high degree of dynamic arrest e.g., g1
2
θ=30◦ ≈ 0.98. Whereas,

at small L, the lower extent of dynamic arrest reflects internal motions of the gel

that still occur e.g., g1
2
θ=130◦ ≈ 0.4. This highlights the importance of the probed

lengthscale in DLS analysis of gelled materials.

Rather than showing every plot, it was decided to use the g1
2 values at a

fixed t̃ = 10 s (dashed line in Fig.4.10 ) and plot these vs. the scattering vector

q. Fig.4.11(a) shows the g1
2 at t̃ = 10 s vs. q for W samples with [Ca2+] =

5, 6 and 7 mM and WF samples with [Ca2+] = 6 mM (red triangles). This

figure clearly demonstrates the overall effect of [Ca2+] over the investigated L

range. For example, the smallest probed L (q ≈ 24 µm−1; L = 0.26 µm) shows a

g1
2 ≈ 0.2 and 0.75 for [Ca2+] = 5 and 6 mM, respectively. This is related to the

structural-compactness caused by the increased cross-link density which arrests

the dynamics.

In particular, at [Ca2+] = 6 mM in the presence of fructose there is extensive

dynamic arrest, at the smallest probed L, g1
2 ≈ 0.9. Since lower [Ca2+] (i.e.
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5.7 and 5.8 mM) for WF samples were in the vicinity of the sol/gel transition,

non-ergodic averaging and the resulting Y ratio yielded uncertainties, with values

fluctuating around 1 or slightly less. These fluctuations were more pronounced

at mid-high q ranges and, for these reasons, it was decided to exclude the data

in the present analysis.

With the good quality data obtained for W systems, it was decided to gen-

eralize the [Ca2+]-dependency mechanism as a g1
2 master-curve. Shifting factors

(a) were applied in q for [Ca2+] = 6 and 7 mM data points (a = 0.78 and 0.45 for

[Ca2+] = 6 and 7 mM, respectively), in order to match the 5 mM W samples. The

result, shown in Fig.4.11(b), highlights the generality of cross-linking of LMP as

a function of [Ca2+]. The master-curve covers the g1
2 range between 1 and 0.2,

the lowest detectable point before the function decays to 0 which corresponds to

the material fully relaxes and behaves as a liquid.
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Figure 4.11: (a) g1
2
t̃=10s vs. q for (i) W samples and [Ca2+] = 5, 6 and 7 mM

and (ii) WF sample with [Ca2+] = 6 mM. (b) g1
2
t̃=10s vs. shifted q values (a · q)

for the samples displayed in panel (a).

Additionally, data for [Ca2+] = 6 mM in the presence of fructose was rescaled

to the master-curve (red triangles in panel (b)), showing the match of the data-

points at high g1
2 values. A characteristic of the master-curve showed Gaussian-

like shape. Since a Gaussian distribution of square displacements (MSD or ∆R)

reflects the dynamics of the scattered objects, it was decided to fit each data (in
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Fig.4.11(a)) with the function:

g1
2
t̃=10s = e−

2q2

6
〈∆R2(t̃=10s)〉 (4.3)

Where 〈∆R2(t̃ = 10s)〉 is the mean square displacements of the scatterers at

t̃ = 10 s. The square root of this parameter yields the fluctuation length scale

(LF ) of the frozen-in scattering objects. Fig.4.12 shows LF vs. [Ca2+] for both

W and WF samples; the inset of the present figure shows the MSD fit lines for

the data displayed in Fig.4.11(a).

For W samples, the LF decreases monotonically with increasing [Ca2+], con-

firming the remarkable dynamical arrest and summarizing what has already been

discussed in this section. For WF samples, the LF for [Ca2+] = 6 mM was 0.03

± 0.001 µm, a value slightly lower than that for the [Ca2+] = 7 mM system in

absence of fructose. As mentioned earlier, [Ca2+] < 6 mM in the presence of

fructose appears to be in the the vicinity of the sol/gel transition and the non-

ergodic averages are rather noisy. However, data for [Ca2+] = 5.8 mM in a θ

range 30-90◦, i.e. relatively low angles, showed non-ergodic behaviour. So, the

mean square displacement fit was performed. The resultant LF value shown in

Fig.4.12 highlights the rapid change over these very narrow [Ca2+] ranges (i.e.,

5.8 versus 6 mM), illustrating that addition at high concentrations, i.e., sharp sol

to gel transition.
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Figure 4.12: LF values from MSD fit vs. [Ca2+] for both W and WF samples.
The inset of the figure shows the raw data with the MSD fit lines.

103



4. RHEOLOGICAL AND DLS CHARACTERIZATION OF GELS
WITH AND WITHOUT FRUCTOSE

4.2.3 Temperature dependence of W and WF samples

LMP gels are considered weak physical gels, with continuous breakage and refor-

mation of junction zones between the polymer chains. An important technologi-

cal feature is therefore their thermal reversibility i.e., breakdown of cross-links at

high temperatures and subsequent reformation at lower temperatures [2]. This

allows removal of a gel’s history and allows one to re-start gelation after heating

then cooling. Of course, the temperature increase should not exceed the boiling

point of the solution and there must be no chemical degradation of the pectin

In order to test the effects of sugars on this process, rheological and DLS

characterization were performed in a temperature range between 25 and 70◦C,

for gels aged for 6 days. In particular, rheological characterization was performed

via frequency sweep tests and DLS at fixed θ = 90◦.

Figs.4.13(a) and (b) show the rheological and DLS results for [Ca2+] = 6 mM

in absence of fructose (W samples). To simplify the intrepretation of the plot in

panel (a), G
′

and G
′′
, measured at ω = 1 rad s−1 are plotted vs. temperature

(T ). The inset of the figure shows the full result of the test. As shown, the T

increase yields a moduli decrease, with a gel to sol (G′′ = G′) transition at T ≈
37 ◦C. Even though the T range was between 25 and 70◦C, some data points are

not displayed due to low resolution of G′ data at high T . This behaviour becomes

markedly different for G
′

and T > 50 ◦C. Moving onto the inset of panel (a), G
′

and G
′′

vs. ω in a T range between 25 and 45◦C, the following features can be

noted: (i) G
′

magnitude decreases, (ii) the moduli crossover at shorter ω and (iii)

the moduli approach each other. At 45◦C, G
′′

and G
′

showed similar values in

the ω range 0.2 - 0.6 rad s−1. In this range, one can recall the moduli power law

at the gel point i.e., G
′ ∝ G

′′ ∝ ωp where, the p exponent may give additional

information on structural properties [97]. However, the short ω range where this

occurred made the analysis unfeasible. The same issue is well documented in

literature for LMP gels [2]. For T > 50◦C, G
′

fell to very low magnitudes and

G
′′

showed persistent values and ω-dependency.

The T dependence in DLS measurements is shown in Fig.4.13(b). For this

test, g1
2 data for a T increase from 25 to 65◦C (empty circle symbols) are followed

by a T decrease to 25◦C (full triangle symbols), in steps of 10◦C. The larger T
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Figure 4.13: (a) Main figure: G
′

and G
′′

at 1 rad·s−1 vs. probed T for W sample
at [Ca2+] = 6 mM; inset: G

′
and G

′′
vs. ω as a function of T . (b) g1

2 vs. t̃ at
different T for W sample and [Ca2+] = 6 mM.

steps on cooling were used to reduce measurement times. At T = 25 and 35◦C

(black and red, respectively), the terminal part of the g1
2 function (i.e., plateau)

decreased from 0.6 to 0.3, indicating softening of the material due to junction

zone destabilization and η reduction on heating.
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A jump from non-ergodic to ergodic behaviour occurred between T = 35 and

40◦C in agreement with what was seen in rheology. At T = 40◦C, the g1
2 function

is described by a double exponential function (< τ > = 0.08 ± 0.01 s), indicating

a fast and slow relaxation mode, linked to the presence of junction zones at

different structural levels. The subsequent increase to 45◦C (magenta symbols),

showed a unique relaxation mode with < τ > = 7 ·10−3 s. At this point, one

can assume that (i) majority of junction zones are destabilized and/or (ii) the

number of individual cross-links between any two LMP chains are significantly

reduced.

Further T increase up to 65◦C, showed a progressive reduction of the time-scale

to < τ > = 1.5 ·10−3 s at the maximum probed temperature. It should be noted

that, the present fit showed a compressed exponential i.e., β > 1, specifically β =

1.22. The dynamics associated with this behaviour are recognized as ballistic

and have been widely studied in the past, especially at very high t̃. The fast

motion at short t̃ may be attributable to the relatively high T [98] or as the

onset of diffusive motion [71]. The lack of a q-dependence cannot give additional

information regarding this behaviour.

Upon decreasing T to 55 and 45◦C dynamics slowed down (green and purple

full triangles). A marked effect was observed at T = 35◦C (dark red full triangles),

with a < τ > = 2 ·10−2 s. Finishing, at T = 25◦C, g1
2 shows a decay at long

times. Moreover, the upper part of the function (i.e., 1 to ≈ 0.5) show similarity

to T = 35◦C during the T increase. The point at g1
2 ≈ 0.5 may be attributed

to the point at which < τ >S approaches to a non-ergodic regime. Fitted with a

double exponential decay, the time-scale yielded a < τ > = 18.2 ± 2.2 s.

The above results confirms the thermal-reversibility of LMP in presence of

sugars, although the relaxation processes linked to the junction zone stabilization

showed different rates of cross-linking.

Moving to WF samples, rheological and DLS experiments were performed in

the same way on systems with a [Ca2+] = 6 mM. The temperature dependence

yielded an unexpected result, with the loss of the thermo-reversibility in the

probed T . To confirm this interesting result, the T ramp was performed twice on

the same system.
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The frequency sweep test in Fig.4.14(a) shows G
′

and G
′′

vs. a · ω. The shift

factor a applied in ω was used to include all the results in a single plot. As

shown, in the T 25 - 45◦C range, G
′

shows a remarkable frequency dependency,

with a decrease of the overall magnitude. The G
′
> G

′′
condition suggested the

unequivocal presence of cross-links, as demonstrated in previous results. The

softening that occurs may be attributable to the reduction of the water-fructose

viscosity solution as the T is increased.

Further increases in T , in the range 45 - 70◦C, resulted in the progressive

linear increase in G
′

. One can see as well that G
′

and G
′′

separation reaches

its maximum point. On cooling, G
′

increasingly becomes ω-independent. Both

moduli, fitted with a power law give a value of ≈ 0.06, i.e., almost flat.

To facilitate the interpretation, G
′

and G
′′

measured at ω = 1 rad s−1 were

plotted vs. T in Fig.4.14(b). Additionally, the plot includes the second T ramp

and highlights the similar G′ and G′′ values obtained in the first cycle, but with

lower magnitude.

To check the effective strengthening of this WF sample as a result of the tem-

perature cycling, a strain sweep at different T was performed as well Fig.4.14(c).

Here, the first sample was analysed after 6 days of ageing, with no T alterations.

The result (blue triangles), shows a LV E up to 20 %, with consequent strain

hardening and then moduli decrease. To test the T influence, a second sample

was loaded in the rheometer and the same T cycle (i.e., 25→ 70→ 35◦C) was per-

formed in a γ range applied between 10−1 to 1 %, to leave the structure relatively

undisturbed, within the LV E range. Once cooled back to 25◦C, the full γ range

was investigated. The upward shift of G
′

and the reduction of the LV E up to ≈
0.9 %, was comparable to the T -unperturbed sample, confirming the strengthen-

ing of the gel via T cycling. Thus, for this gel thermal-reversibility was lost and

the material became stronger, i.e., higher density of stabilized junction zones.

Again, similar temperature sweep tests were performed as well via DLS mea-

surements. As shown in the previous sections, the WF sample at [Ca2+] = 6

mM shows very restricted dynamics and the T -dependence showed no clear re-

sults (omitted data). In this context, it was decided to reduce the [Ca2+], to aid

interpretation and comparison with the tested W sample. On the first attempt,
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Figure 4.14: WF sample, [Ca2+] = 6 mM. a.G
′

and G
′′

vs. shifted angular
frequency a · ω collected from T = 25 → 70◦C and 70 → 25◦C. b. Data repre-
sentation as G

′
and G

′′
at 1 rad s−1 vs. probed T . c. Strain sweep test, G

′
and

G
′′

vs. γ at 25◦C, before and after heating to 70◦C.

[Ca2+]= 5 mM showed no relevant changes in terms of rheological characteriza-

tion with G
′′
> G

′
over the whole probed temperature range.

The second attempt was performed on a [Ca2+]= 5.5 mM gel. This [Ca2+]

showed ergodic behaviour after 6 days of ageing (sol state). The T increase

caused dramatic changes in the sample structure and dynamics. As shown in

Fig.4.15(a), the G
′′
> G

′
condition persisted in a T range between 25 - 50◦C. The

figure clearly shows a parallel behaviour of both moduli, indicating the vicinity

of the sol/gel transition [2] [45] [97]. The p exponent at T = 25◦C was estimated

as ≈ 0.6. In the aforementioned T range, p fluctuated between ≈ 0.6 - 0.7 with a

slow and progressive convergence of G
′

and G
′′
. A detailed study performed on
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LMP gel formation showed p = 0.7 [99], a similar value to the one determined

in this study. However, this similarity has to be viewed with caution, since the

sample compositions were completely different. Moreover, the scaling parameter

has been debated for its non-universality [45].
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solid symbols = G'
open symbols = G''

a b

Figure 4.15: WF sample, [Ca2+] = 5.5 mM. (a) G
′

and G
′′

vs. shifted angu-
lar frequency a · ω collected from T = 25 → 70◦C and 70 → 25◦C. (b) Data
representation as G

′
and G

′′
at 1 rad·s−1 vs. probed T .

At T = 55 and 60◦C, G
′

= G
′′

and diverge. From 65◦C onwards, the net

separation between the the moduli increases, as G′ > G′′.

During cooling, from 70 to 25◦C, G
′

shows the following features: (i) increase

in magnitude; (ii) flattening over the probed frequency, with a power-law value

of ≈ 0.18. Recalling what has been seen at [Ca2+]= 6 mM, i.e., p ≈ 0.06, it is

seen that an increase of [Ca2+] of 0.5 mM has dramatic changes on WF samples,

especially when the ∆T is applied. This is also more clear in Fig.4.15(b), where

G
′

and G
′′

taken at ω = 1 rad s−1 are plotted vs. T . The second T cycle showed

a similar effect but of lower magnitude, i.e., the main difference is that G
′
> G

′′

condition applies for the entire range.

Temperature dependent dynamic light scattering for WF samples at [Ca2+]

= 5.5 mM is shown in Figs.4.16(a)-(d). To simplify the description of the g1
2

functions, the plot is divided into four parts. As in the q-dependence section, the

presence of < τ >F at short t̃ will be described separately. Hence, the description

of the slow mode has been performed from t̃ ≈ 10−4 s onwards.
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Figure 4.16: g1
2 vs. t̃ for WF sample, [Ca2+] = 5.5 mM at different T . (a) T

range from 25 to 45◦C; the inset and arrow highlights the shoulder of g1
2 at T =

45◦C. (b) T range from 45 to 65◦C; the inset figure and arrows show the change
of relaxation mode as a function of T . (c) Cooling relaxation modes from 65 to
25◦C. (d) Fast relaxation mode of g1

2 in the t̃ range between 10−8 – 6·10−8 s.

Fig.4.16(a) shows the full g1
2 function collected in a T range from 25 to 45◦C.

In this case, < τ >S decreases from 4.3 s to 0.20 s for 25 and 40◦C, respectively. As

in the rheological characterization, the speeding up of the dynamics is probably

due to the reduction in viscosity.

At 45◦C, g1
2 shows a difference in the t̃ range between 10−4 and 10−1 s. The

inset of panel (a) zooms-in on the results in this t̃ range. The arrow indicates the

start-point of a < τ >S decoupling, i.e., the presence of an additional relaxation

mode. However, in this condition, the g1
2 function was described with a single

KWW function, with a time-scale of 0.19 s.
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Fig.4.16(b) shows the g1
2 functions from 45 to 65◦C. The shifting seen for T =

45◦C continues consistently with increasing temperature, as denoted in the inset

of the figure. The arrows indicate a speeding up of dynamics at short t̃ and a

dynamical slow down and broadening at long t̃.

The magnitude of this effect becomes marked for T = 55, 60 and 65◦C, where

g1
2 was described by a double KWW function. The speed up of dynamics at short

t̃ reflects the < τ >F (solvent relaxation) in panel Fig.4.16(d) for t̃ < 10−4 s. Here,

the dynamical speeding up caused by the T increase extends to intermediate t̃ i.e.

≈ 10−4 – 10−1 s, on a different time-scale. However, for t̃ > 10−1 s, the long-term

interactions increase, showing a broader range of relaxation modes as β = 0.46

at T = 65 ◦C. Thus, at high T , the faster dynamics at short t̃ may indicate the

partial disassembly of junction zones that redistribute through the sample at the

probed length scale. This re-arrangement might create a situation allowing for

an improved homogeneity of cross-links.

Even though multiple relaxations are present, the sample is in the full ergodic

regime. The estimated < τ >S value at 65◦C is 0.37 s, corresponding to ≈ 17

rad s−1. Recalling the rheological result at T = 65◦C in Figs.4.15(a), G
′

and G
′′

crossover occurs at ≈ 9 rad s−1, consistent with the DLS results.

Finally, the decrease in temperature from 65 to 25◦C promotes dynamical

arrest of the sample, which becomes non-ergodic (Fig.4.16(c)). The height of the

plateau at high t̃ increases systematically with decreasing T , pending at g1
2 ≈

0.8 at 25◦C.

Thus, the DLS results confirm the loss of thermal reversibility in the probed

T -range for these WF sample at this [Ca2+]. The first T cycle creates a new

sol/gel transition and strengthens the final structure. Here, one can imagine this

due to a ”trapping” of non-equilibrium gel states after the initial cooling. Many

reasons may be attributable to this behaviour and it appears no literature shows

similar phenomenon. Two possible reasons are suggested. The first one is related

to the preparation and environmental conditions. When LMP is dissolved in

fructose, water and sodium hexametaphosphate at T ≈ 85◦C, the CaCl2 addi-

tion may not dissolve uniformly due to relatively high η of the solution. Even

though the optical appearance of the solution never showed any inhomogeneities
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through the solution, this may happen at a very small length scale. Once pre-

pared, samples are cooled down to room T and this may not give enough time

for homogeneous junction zone stabilization. This, in turn, is influenced by two

other linked-variables: (i) an increase in the overall bulk η as T decreases, which

reduces the diffusive motion of the Ca2+ ions through the sample; (ii) the balance

between SHMP -Ca2+. At [Ca2+] = 6 mM, the calcium concentration may over-

come the SHMP effect (i.e., LMP -COO− saturation), reducing the chelation

properties of the phosphate compound. Additionally, the reduced free water con-

tent due to the presence of fructose promotes the clustering of LMP chains. The

combination of these variables strongly suppresses the internal dynamics of the

sample. Possibly, when the [Ca2+] is reduced to 5.5 mM, the balance SHMP -

Ca2+ may slow down the gel formation due to ion-chelated complexes. In this

regard, the T effects previously presented for WF samples may be related to the

very long-term behaviour in these samples i.e., contextual utilization of temper-

ature to speed up the kinetics of gel formatio This could be a very important

point with respect to the industrial use of LMP in high sugar gels (with Ca2+).

The second assumption may be related to the balance of water-fructose inter-

actions, as explained earlier in the text. In this case, the strong fructose-fructose

interaction may be destabilized when T is increased. This destabilization results

in ”free” fructose molecules that can bind more free water molecules to reduce the

overall free water content in the whole system [96] [100] promoting the clustering

of LMP chains. In Fig.4.16(d), one can see the change of the relaxation time

as a function of T . This effect may be related to the breakdown of the fructose

clusters. In fact, the q dependence for these data might allow the size of the

clusters, found in section 3.2.1 [89]. However, due to the time-consuming nature

of such tests it was not possible to carry out such measurements.

4.2.4 DLS set-up: Rheo-Speckle

As mentioned earlier, this is an innovative technique that couples rheology and

DLS at fixed θ = 170◦ (additional details are given in the techniques chapter).

The advantages of this technique for this particular study can be identified as

follows. (i) Wide scattering angle means dynamics are probed at small length
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scales. (ii) As seen previously in the DLS results, dynamically-arrested materials

showed a plateau at high t̃, which means no information could be obtained for

t̃ > 100 s due to usual correlator limits. This aspect can be bypassed with the

use of a CCD camera detector, extending the t̃ over ≈ 104 s. In this t̃ range, g2−1

showing ultra-slow relaxations [71] [77]. (iii) The possibility to combine rheology

and DLS tests in situ. In this case, it was decided to use a stress relaxation test

to probe the long-term relaxation behaviour of the gels under study. (iv) This

technique has never performed previously in pectin systems and the long term

ageing behaviour of gels is of particular technological significance.

The test was split in two contiguous experiments: (i) in the first part, the

spontaneous dynamics were probed, DLS with no stresses applied, probing any

dynamical changes under quiescent conditions. (ii) In the second part, a stress

relaxation experiment was performed with a step-strain of γ = 1% applied. A

step-strain applied within the LV E should be followed by a time-dependent re-

covery (i.e., relaxation) of the structure that approaches the equilibrium state,

[59]. During the relaxation process, the local dynamics were additionally probed

via DLS. In order to obtain more information on the thermal-irreversible WF

samples, the temperature dependence was also investigated.

The spontaneous dynamics for W samples with [Ca2+] = 9 and 6 mM are

shown in the multi-panel Fig.4.17. Panels (a) and (b) show the Ci function vs.

analysis time (t) for [Ca2+] = 6 and 9 mM, respectively. The different traces

corresponds to the different t̃. As shown, t̃ = 1 s (red trace) Ci remains constant

at ≈ 1 i.e., saturation. On the other hand, at t̃ = 10000 s, full decorrelation of

the Ci function occurred, showing final value fluctuating around 0. These two

values represent the upper and lower plateaus of the auto-correlation function

g2−1. The Ci values at intermediate t̃ describe the shape-decay of g2−1.

Hence, values of g2−1 are calculated by averaging any selected t ranges and

values are plotted vs. t̃. The output is shown in Figs.4.17(c) and (d) for [Ca2+]

= 9 and 6 mM, respectively.

For [Ca2+] = 9 mM, Ci (panel (a)) shows a continuous increase over t, where

the plateau is reached at ≈ 7 ·104 s (≈ 19 hours). The overall Ci functions

show the low degree of noise, typical of gelled materials. Fig.4.17(c) shows the

calculated g2−1 functions vs. t̃. As shown, g2−1 shifts at longer t̃ as a function of
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Figure 4.17: (a) and (c) Ci vs. t and relative g2−1 vs. t̃ for W sample and [Ca2+]
= 9 mM, respectively. (b) and (d) Same as before, performed in W sample with
[Ca2+] = 6 mM.

the t. This gel curing effect could be an effect of the external stresses imposed

imposed on the sample when transferred to the rheometer. In other words, this

procedure may disrupt the gel structure to some extent, that is recovered during

the experiment.

In the t̃ range between 1 and 10 s, g2−1 constantly fluctuates around 1. This

plateau can be viewed as an extension of the one seen in conventional DLS

(e.g., Fig.4.6(a) for [Ca2+] = 9 mM at q ≈ 20 µm−1). However, the lack of q-

dependence at these t̃ ranges does not allow a comparison between the height of

the two plateaus given by the two different techniques. In all the cases, the full

decay indicates the complete structural relaxation at the probed length scale (L)

at large time-scales.

Ci vs. t for [Ca2+] = 6 mM in Fig.4.17(b), shows a similar gel-curing be-
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haviour. For this sample, Ci functions at a given t̃ show a slower increase, accom-

panied by a broader signal. These two aspects indicate the gel is even weaker.

Calculated g2−1 signals vs. t̃ are shown in Fig.4.17(d). Here, few differences can

be underlined: (i) at low t̃, the g2−1 t̃→0 ≈ 0.8, indicating less dynamical arrest at

these t̃. In conventional DLS, the lowest plateau reached at q ≈ 24 µm−1 was

≈ 0.4 (Fig.4.6(a)). The height difference between the two techniques may be at-

tributable to experimental limits and the analysis method utilised in conventional

DLS i.e., smaller surface area of detection and averaged gel inhomogeneities.

At small t, g2−1 shows a fast exponential-relaxation that starts from t̃ = 1

s. The gel-curing effect shifts the g2−1 decay to larger time-scales, indicating re-

assembling of the gel structure, lost due to mechanical stresses of sample prepara-

tion (similar to [Ca2+] = 9 mM). Again, all the g2−1 functions shows a full decay,

i.e., complete relaxation, occurring at large t̃ (and large q). All the g2−1 func-

tions were described with a multi component KWW (from 1 to 4 components),

to determine the total relaxation time.

Once the spontaneous dynamics t limit was reached, a step strain was applied.

The result for [Ca2+] = 6 mM is shown in Fig.4.18(a). The G modulus response

during the relaxation test approaches 2 Pa at the highest probed t. In the probed

t, the modulus does not approach 0, indicating the solid viscoelasticity behaviour.

However, (i) the vicinity to 0 indicates the weakness of the material and (ii) longer

t may show additional decrease in G, indicating the liquid-like behaviour at even

longer time-scales [59].

The inset of the figure shows the double logarithm plot of G vs. t. The overall

relaxation is split into two parts: (i) fast relaxation region from t = 0 to 5·103

s and (ii) slow relaxation region for t > 5·103 s. The fast relaxation may be

attributable to the fast recovery of the applied stress of the main network. The

slow mode may reflect to the long-term rearrangements of the structure over time.

The latter suggest a continuous gel-curing behaviour, as seen elsewhere [76]. The

dynamics measured via DLS and plotted as < τ > (red triangles in main plot),

show a steep increase of < τ > that flattens at high t. The rheological and DLS

analysis thus follow the same overall trend.

Fig.4.18(b) shows the < τ > values for the spontaneous and stress-relaxation

tests. The red triangles show the curing effect that reaches a plateau at t ≈ 104 s.

115



4. RHEOLOGICAL AND DLS CHARACTERIZATION OF GELS
WITH AND WITHOUT FRUCTOSE

a

0 2 4 6 8

102

103

104
b

Figure 4.18: W sample at [Ca2+] = 6 mM. (a) The main plot shows G vs. t for
a stress relaxation test; the second y-axis shows < τ > vs. t from DLS, collected
simultaneously to the stress relaxation test. Inset: double-logarithm plot for G
vs. t. (b) < τ > values from spontaneous and stress relaxation test vs. the total
analysis time t.

Immediately after the 1% step-strain, < τ > falls to ≈ 103 s and starts to increase

during the structure recovery/rearrangements, as described earlier in the text.

For WF samples at [Ca2+] = 5.5 mM, spontaneous and stress relaxation tests

were performed at T = 25, 45, 65 and 25◦C, on the same sample. Figs.4.19(a) and
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(b) show g2−1 vs. t̃ taken at 25◦C before and after the T increase, respectively.

Before heating (Fig.4.19(a)), g2−1 t̃→0s ≈ 0.9, indicating restricted dynamic

fluctuations at this L. As shown, g2−1 slowly decays to 0 with a number of

relaxation modes (i.e., 2-3), suggesting a non-homogeneous structure. Due to

the relatively high η of the media, the gel-curing effect appears rather small

compared to W-gels.

Fig.4.19(b) shows g2−1 vs. t̃ plots of the WF sample after T increase to 65◦C

and subsequent cooling down to 25◦C. From t = 700 s, g2−1 shows a progressive

elongation of the plateau in the t̃ range 1 to 100 s. At the end of each plateau,

i.e., large t̃, g2−1 fully relaxes to 0, indicating full relaxation of the material.

Fig.4.19(c) summarizes the < τ > values at different t and T . As shown, the

overall trend of < τ > is to decrease with the T increase i.e., faster dynamics.

However, when T is restored to 25◦C, the < τ > values are similar these

collected before heating at the sample same temperature. Only for t > 104 s, the

< τ > values are slightly higher. However, as discussed previously for panels (a)

and (b), g2−1 change drastically the modality of decay, indicating more ordered

structures mediated by the T .

Rather than reporting the raw data of the stress relaxation curve, it was

decided to use a generalized Maxwell model [59] to describe the relaxation process

as:

G(t) =
∑
i

Gi · e
−
(
t
λ̇i

)
(4.4)

Where Gi is the G magnitude and λ̇i is the characteristic time of relaxation

for the i component. For all the systems, 5 components successfully described

the entire G vs. t curve i.e., i = 5. Estimated Gi and λ̇i values were coinciding

to the G vs. t experimental curve (data not shown). Fitted values and errors are

shown in Fig.4.19(d) as Gi vs. λ̇i for: (i) W-gel [Ca2+] = 6 mM (red symbols)

and (ii) WF sample [Ca2+] = 5.5 mM at different T (i.e., 25, 45, 65 and 25◦C ).

For the W sample, the first three λ̇i points reflect the fast relaxation mode

and the last two the slow one, as explained earlier in the text. For the WF sample

at 25◦C before heating, the characteristic time-scales are shifted towards lower

t, compared to the W sample. Moreover, λ̇i at high t show a shallower slow
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Figure 4.19: WF sample, [Ca2+] = 5.5 mM. (a) and (b) g2−1 vs. t̃ at 25◦C before
and after heating to 65◦C. (c) < τ > vs. t collected during spontaneous dynamics
at different T . (d) Gi vs. λ̇i obtained from the generalized Maxwell equation,
collected at different T . Also, W sample and [Ca2+] = 6 mM fitted values are
plotted.

relaxation mode. This behaviour may reflect the incomplete junction zone stabi-

lization in LMP chains, where viscous behaviour drives the material relaxation.

In fact, the T increase to 45◦C shows an additional shift of the overall λ̇i towards

lower t, due to η reduction. At the same time, G modulus increases to G0 ≈ 20

Pa.

Both a η reduction and G increase indicate that the initial step of network

reinforcement is via junction zone stabilization, with the reduction in the vis-

cosity enhancing the Ca2+ mobility through the sample. This conclusion was
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also described in the section 4.2.3. At T = 65◦C, G dramatically increases to

G0 ≈ 75 Pa and all the λ̇i shift to longer t. These changes highlight the dramatic

strengthening of the WF samples.

At T = 25◦C (i.e., after heating and cooling back to 25◦C), in the WF sample

(black symbols), G0 dramatically increase to ≈ 150 Pa. In terms of λ̇i, the

estimated time-scales correspond to the ones in the W sample, particularly in

the λ̇i ≤ 103 s limit. As seen in panels (a) and (b) of the same figure, the T cycle

promotes a rearrangement of the structure, yielding a more homogeneous gel.

Hence, being closer to the equilibrium gel state, the cross-linked LMP network

shows fast relaxation characteristics, independently of the presence/absence of

fructose.

The diverging time-scales at λ̇i > 103 s may reflect to long-term rearrange-

ments of the structure/interactions. On the other hand, the G0 increase solely

due to the addition of 60% wt. fructose corresponds to ≈ 145 Pa.

The DSL analysis during the stress relaxation test showed a similar < τ >

trend as reported in Fig.4.18(b) with the exception of T = 45 and 65◦C. In

these cases the step-strain showed no perturbation at the probed L and < τ >

continued to increase over the analysis time t. In fact, the overall g2−1 vs. t̃ plots

at different t collapsed onto each other.

4.3 Conclusions

This chapter highlighted the differences between LMP gels prepared without and

with 60 wt. % fructose, mostly investigated via rheology and DLS techniques. A

synoptic summary of the results is presented to aid the reader and (i) give a final

overview of the work completed and (ii) to identify any additional investigation

needed to clarify some aspects.

A. The junction zones stabilization via cross-links for 0.5 wt. % LMP in

water start to occur at [Ca2+] > 4 mM. Due to the weakness of the samples (i.e.,

low density stabilized junction zones), oscillatory rheology characterization was

only achievable for [Ca2+] ≥ 6 mM. The gel curing is a time-dependent event and

it reaches stabilization only 6 days after preparation.
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When prepared with 60 wt. % of fructose, LMP gel formation via Ca2+ ions

showed a different behaviour. In particular, at [Ca2+] = 6 mM, the WF sample

did not show any ageing effect, with the G
′

modulus higher than the W sample

at equal [Ca2+]. Hence, the presence of 60 wt. % of fructose changes the final

characteristics of the LMP gel.

B. Dynamics of the sol-gel transition were investigated with DLS at fixed q, 6

days after preparation. The overall results reflect the rheological characterization

for both W and WF samples: (i) at low [Ca2+], the material undergoes full

relaxation at probed L and time-scale and (ii) at high [Ca2+] (i.e., gel state), full

relaxation does not occur.

In WF samples, the sol/gel transition occurs in a very narrow [Ca2+], between

5.6 to 6 mM. However, the gel formation dynamics at the same q show different

behaviour from W samples.

C. For W samples in the sol state with [Ca2+] between 0 and 4 mM, Λ shows a

q2 behaviour, characteristic diffusive character. Close to the sol/gel transition, at

[Ca2+] = 4.5 mM, g1
2 decouples into two modes, a fast at low t̃ and slow at high

t̃. In WF samples, two main relaxations processes occurred across the probed t̃

range. (i) A fast mode < τ >F > at ≈ 10−5 s whose q dependence showed a q2

behaviour, independent of the [Ca2+]. (ii) A slow mode < τ >S for t̃ ≥ 10−4 s,

whose q dependence showed a q2 that increased up to q3.3 with increasing [Ca2+].

For dynamically arrested materials, the height of the plateau in q-dependent

indicates different dynamics, according to q = L−1. Generally, increased [Ca2+]

suppresses the dynamics in the entire range of investigated L. For W samples,

data as a function of [Ca2+] were rescaled onto master-curve, describing the

generality of the dynamic arrest in LMP gels. In the presence of fructose (i.e.,

WF sample) the dynamic arrest is faster/greater than W at equal of [Ca2+]. The

data, described with a mean square displacement, allowed the estimation of the

length scale of fluctuation of the scattered objects.

D. LMP gels are physical gels and they normally are thermally reversible.

Rheological and DLS investigation on W samples at [Ca2+] = 6 mM, confirmed

this behaviour. Generally, the junction zone re-stabilization, after heating and

cooling the sample, showed longer time for reformation. In WF samples, thermal-

reversibility is lost. At [Ca2+] = 5.5 mM, close to the sol/gel transition, the T
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increase/decrease accelerated the kinetics of formation, with an improved strength

of the final gel (T = 25◦C). The DLS analysis at fixed q and different T high-

lighted the presence of a variety of relaxation processes, indicating the complexity

of the system. The heating/cooling cycle may resolve the non-equilibrium trapped

state in the WF samples. As elevated T is commonly used to speed up (anneal)

formation, the non-equilibrium state may be resolved at very long ageing times.

E. The rheo-speckle tests performed on W samples and a WF sample at

[Ca2+] = 5.5 mM, gave further information on the gels. The spontaneous dy-

namics in W samples showed very long-time rearrangements of the scattering

objects at q = 31 µm−1. In the WF sample, the time-scales before and af-

ter heating to 65◦C and cooling back to 25◦C, showed similar values. However,

the change of the g2−1 function shape suggests a different relaxation mode of

the material after heating and cooling. The stress-relaxation tests at different

T showed different time-scales and amplitudes of the main G decay over time.

Of particular interest was the relaxation time-scales of the WF sample after the

T cycle. In this case, the fast relaxation mode in t ≤ 103 showed time-scales

comparable to the W sample. Hence, the fast relaxation mode shows similarity,

whether the fructose is present or absent. In contrast, the slow relaxation mode

t > 103 showed different behaviour in W and WF samples. This may reflect the

long-term rearrangements, which are slowed down when fructose is present.

The overall complexity of gel formation in the presence of fructose needs fur-

ther investigation. As explained earlier in the text, a concentrated fructose solu-

tion (i.e ≥ 60 wt. % ) shows intrinsic chemical-physical characteristics which alter

the molecular organization of both water and fructose, hydration of the sugar.

This may lead to the formation of water and/or sugar pockets in the solution

i.e., a water confinement effect, aspects of which are still under debate [40]. The

addition of LMP to the system, further complicates the sample characteristics.

In the first Chapter 3.4, the presence of a bigger L at a supramolecular level was

suggested by SALS, which may heavily affect gel formation in LMP . Hence, it

was decided to explore further the static properties, at an extended range of L,

via different techniques and additional scanning electron microscopy work.
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Chapter 5

SALS, SLS and SAXS

characterization of gels

The aim of this chapter is to highlight the static properties of both sol and gel

states via static scattering techniques. The present static scattering investigation

aims to yield information at different q ranges via small angle light scattering

(SALS), static light scattering (SLS) and small angle X-ray scattering (SAXS)

for both W and WF samples at different [Ca2+]. Furthermore, in the large q

range investigated through SAXS at variable temperatures, measurements were

performed in order to understand the absence of thermal-reversibility observed

in WF samples.

Static scattering characterization of both polymeric solutions and gels is rather

complex [63][93]. Intrinsic chemical characteristics of the polymer molecule, poly-

mer concentration and solvent conditions may drastically affect the data. As a

consequence, analysis of data with specific models may yield different results,

leading to different physical interpretations. Typically, for biopolymers, length

scales characterizations are performed on finely tuned polymer molecules, e.g.,

removal of side chains, impurities, etc. In this study, as already stated, the LMP

utilised was not chemically modified or purified. Moreover, the LMP water dis-

persion did not contain electrostatic screening agents. The literature on LMP

in both sol and gel states is scarce and most examples involve investigation via

SAXS experiments.
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5. SALS, SLS AND SAXS CHARACTERIZATION OF GELS

The following sections will describe the experimental results from the smallest

to the largest q range probed.

5.1 Small angle light scattering

Small angle light scattering (SALS) is a useful technique to probe relatively large

length scales, on the order of a few µm. The experimental details of this technique

are presented in section 1.2.1. W and WF samples were compared in (i) their

aged state and (ii) during ageing, when applicable.

The first investigation was performed on W samples with [Ca2+] = 0, 2, 4, 5,

6 and 9 mM in their aged state i.e. 6 days following their preparation. Results

for these experiments are shown in Fig.5.1(a). For [Ca2+] between 0 and 5 mM,

the scattered intensity I(q) vs. q shows typical behaviour in which at low q,

I(q) plateaus (with Iq→0 ≈ 4 expressed in arbitrary units (a.u.)) and at large

q the scattering assumes a power-law behaviour. As discussed in the polymer

characterization chapter (section 3.4), the presence of a plateau towards low q

values may be attributed to the crossover of the scattering from the distinct

whole object and its internal structure [75]. The low value of q at which the I(q)

levels off, indicate a large supramolecular length scale (L) at the level is being

probed [75]. In the [Ca2+] range investigated, Guinier plots yielded Rg values

of ≈ 12 ± 0.07 µm, within the qRg < 1 limit. According to previous previous

investigations, these larger L co-exist with smaller ones, that can be detected via

SLS.

At large q, the plateau bends down asymptotically with a power law be-

haviour. The df exponent was determined with all the precautions described in

section 3.4. In the [Ca2+] range from 0 to 5 mM, df increases from ≈ 1.4 to

2.0, suggesting more compact domains as the junction zone density increases.

Knowledge of df was also used to determine the point where the I(q) converges

from a plateau to asymptotic regime. This point coincides with the correlation

length ξ, corresponding to the average distance between interchain points and/or

the length scale at which the system is considered uniform [92] as is indicated in

Fig.5.1(a).
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Figure 5.1: (a) I(q) vs. q for W samples in a [Ca2+] between 0 and 9 mM; df and
ξ−1 paramaters are reported as well. (b) I(q) · qdf vs. q plots for the graphical
individuation of ξ.
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5. SALS, SLS AND SAXS CHARACTERIZATION OF GELS

As discussed in section 3.4, ξ can be estimated using the Ornstein-Zernike

(OZ) function; for [Ca2+] = 0 mM, ξ = 8.40 ± 0.11 µm. For [Ca2+] > 0 mM,

the OZ relation was no longer applicable due to the presence of large structures,

i.e., deviation from linearity in Zimm plots. Therefore, the determination of ξ

was performed using I(q) · qdf vs. q plots, shown in Fig.5.1(b). In these plots, the

ξ value corresponds where I(q) · qdf diverge from being horizontal. As shown in

Fig.5.1(b), the q value at which the shape of the I(q)−1 changes remains constant

in the [Ca2+] range between 0 and 5 mM. The corresponding ξ value of 7.3 µm

was similar to that obtained using the OZ relation for the polymeric solution

without Ca2+.

At [Ca2+] = 6 and 9 mM, the I(q) vs. q data (panel (a)) show two common

features which differ from lower [Ca2+]: (i) increased magnitude of Iq→0 and (ii)

I(q) shows a high value of df at low q. However, there are two key differences

between the signals obtained from these two samples. The sample at [Ca2+] =

6 mM shows a broader I(q) signal over the q range which reflects the shape of

the data obtained for lower [Ca2+]. Moreover, df ≈ 2.2, suggests more compact

domains. From Fig.5.1(b)), the estimated ξ value for this sample was 8.7 µm,

which is similar to the ξ values obtained at lower [Ca2+]. In contrast, the [Ca2+]

= 9 mM data show a sharp increase of the magnitude of I(q) and the overall shape

differs from other samples in this series. It is not possible to make a complete

interpretation of this effect but one can speculate that large [Ca2+] may cause

cross-links to form very quickly between LMP chains, with the formation of

significant structural inhomogeneities in the samples. Also, the fast gel formation

may interfere with the sample degassing operation prior to the SALS test. At

these q ranges, scattering from air bubbles might significantly affect the data.

The scattering results were compared with results from SEM investigations of

W samples. Generally, the pectin molecules, associated with amorphous water,

are shown as the white regions, whilst the black regions represent the cavities

previously occupied by the sublimated water [16]. For these images, aged samples

at [Ca2+] = 0, 4, 6 and 9 mM were freeze-dried and then, analysed. As shown in

Fig.5.2, in the [Ca2+] range between 0 and 6 mM ((a), (c) and (e) in Fig.5.2), the

typical distance between the domains is similar to the estimated ξ values obtained

from the SALS analysis i.e., ≈ 7-8 µm. Similarly, larger magnification images
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5.1 Small angle light scattering

of the same samples ((b), (d) and (f) in Fig.5.2) show the increased compactness

of the domains as the [Ca2+] increases, reflecting the df values obtained. The

difficult interpretation of the SALS results at [Ca2+] = 9 mM is exemplified

by the SEM micrographs ((g) and (h) in Fig.5.2)). In this case, the structure

appears very compact and almost collapsed.

To investigate the SAS properties during ageing, [Ca2+] = 5 and 6 mM sam-

ples were scanned at different ageing times (ta). Fig.5.3(a) shows the SALS

during ageing time for [Ca2+] = 5 mM. Generally, the magnitude of Iq→0 system-

atically decreases with ageing and a clear plateau emerges at low q. At shorter

values of ta i.e., 15 and 100 min, df ≈ 2.9. At intermediate q, the I(q) assumes

a power law over which is indicated with the black star symbol in the plot. In

the ta range between 190 min to 2 days (for ta ≥ 2 days, the system reaches

equilibrium), (i) Iq→0 decreases from ≈ 200 to 4 a.u. and (ii) df decreases from

≈ 2.6 to 2.0. As previously discussed, ξ was determined (inset in Fig.5.3(a)) and

a value of ≈ 6 µm was obtained for all samples. Whilst ξ remains approximately

constant, the more compact domains (increased df value ) suggest structural re-

arrangements, as a function of ta. Making this assumption, the explanation of

this event may be related to the one ascribed to the cross-links induced by Ca2+.

On the other hand, there is no full explanation of the I(q) behaviour at the early

stages of ageing; possibly, this effect may be attributed to the high degree of L

disorder and/or fluctuations due to water-induced LMP transport.
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Figure 5.2: SEM micrographs for freeze-dried W samples at different magnifica-
tion for: (a-b) = 0 mM, (c-d) = 4 mM, (e-f) = 6 mM and (g-h) = 9 mM.

128



5.1 Small angle light scattering

10-2 10-1
100

101

102

10-2 10-1
100

101

102

0 0.1 0.2 0.3 0.4
106

108

1010

𝜉 "#

ta

a

b

ta

0.006 0.008 0.01 0.012 0.014 0.016
0

2

4

6

8

10

0.006 0.008 0.01 0.012 0.014 0.016
0

2

4

6

8

10

10-2 10-1
100

101

102

0.006 0.008 0.01 0.012 0.014 0.016
0

2

4

6

8

10

10-2 10-1
100

101

102

0.006 0.008 0.01 0.012 0.014 0.016
0

2

4

6

8

10

Figure 5.3: I(q) vs. q plots for W samples during ageing. (a) [Ca2+] = 5 mM,
ta and arrow show the ageing I(q) pattern and the black star indicates the ξ−1

point. Inset: I(q) · qdf vs. q for the graphical extrapolation of ξ. (b) [Ca2+] = 6
mM.
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Fig.5.3(b) shows SALS results for [Ca2+] = 6 mM, where weak ageing effects

were seen in the investigated q range. Similarly, the system appears to reach

structural stability at ta ≈ 2 days. In this case, Rg = 42 ± 0.1 µm, as estimated

using the Guinier approximation (at ta = 5 days).

SALS results for WF samples with [Ca2+] = 0, 2, 4 and 6 mM are shown

in Fig.5.4(a). The first feature of note is that the presence of 60 wt. % fructose

yields dramatic changes in the behaviour of the I(q) vs. q data. The Iq→0 values

in the [Ca2+] range between 0 and 4 mM range have constant values at around ≈
100 a.u. For [Ca2+] = 0 mM, the I(q) behaviour indicates bigger length scales,

different to that obtained for the W samples. In the short range of the asymptotic

behaviour, a df value of ≈ 4.3 suggests significant aggregation effects. In fact,

df ≈ 4 is typical of sharp interfaces that usually occur between the scattered

object and the solvent. I(q) · qdf vs. q plots in the inset of the figure allow for

the determination of ξ ≈ 3.5 µm. The smaller value of ξ, compared to the one

estimated for the W samples at the same [Ca2+] (ξ ≈ 7.3 µm) may be attributed

to the increased proximity of LMP chains due to the reduction of free water

in the system. In fact, the Zimm plot (I(q)−1 vs. q2) for this sample did not

show linearity, indicating the presence of structure. Together with the df value,

this suggests either aggregation and/or formation of larger structures. In the

low q regime, i.e., the point at which I(q) plateaus, the Rg estimated via the

Guinier approximation, is ≈ 27 µm, approximately twice of that obtained in

the W samples. At [Ca2+] = 2 and 4 mM, the overall shape of the I(q) data

changes significantly at q values between 0.02 and 0.2 µm−1 whereas df is almost

unvaried (i.e., ≈ 3.5). The enhanced rolling off effect at higher [Ca2+] might be

attributed to the reorganization of the LMP chains through the influence of Ca2+

ions. The formation of limited amounts of cross-links may stabilize the distances

between the polymer chains, yielding more rigidity between the junction zones

(or nodes); in fact, ξ was determined to be 3.9 and 4.3 µm for [Ca2+] = 4 and

2 mM, respectively. However, this conclusion is purely speculative, since SEM

analysis was not possible to perform on the WF samples.

At [Ca2+] = 6 mM, df values at larger q shows similarity to [Ca2+] = 2 and

4 mM however, for q < 0.25 µm−1, I(q) continues to increase with no plateau.

This suggests larger L, which cannot be determined in this q range. Rg obtained
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via the Guinier approximation and ξ values for both W and WF samples as a

function of [Ca2+] are summarized in Fig.5.4(b).

5.2 Static light scattering

Static light scattering (SLS) measurements were performed to probe the q range

between 5 – 25 µm−1. As previously discussed in section 3.3, Rg determination

for [LMP ] = 0.5 wt. % yielded not good approximations since the limit qRg > 1

was exceeded. However, the flattening of <q→0 suggests the presence of a plateau

at lower q. The small plateau width was also observed as well by different authors

[85][87][101].

Fig.5.5 shows < vs. q data obtained at concentrations of [Ca2+] = 0 and 6

mM for both W and WF samples. As shown, the data for W samples in both

sol and gel states overlap for most of the probed q range. In particular, < data

in the q range between ≈ 10 and 24 µm−1 range shows a df value of 2.6. The df

value cannot be directly related to the asymptotic regime obtained in SALS. In

fact, as previously reported, the low asymptotic q ranges do not allow a direct

comparison between the two techniques. The extension of the fit line highlights

the broad downturn of < in the lower q range. For the sample in the gel state

(i.e., [Ca2+] = 6 mM), the <q→0 clearly flattens off , suggesting the formation

of a defined length scale. Rg estimated via the Guinier approximation yielded ≈
0.2 µm but, again, qRg > 1. Even though the qRg > 1 condition is reached, the

value is within the range of those obtained by Bulone et al. [85]. The estimated

ξ for both [Ca2+] (i.e., 0 and 6 mM) these samples were obtained via < · qdf vs.

q plots and a value of ≈ 0.08 µm (= 80 nm) were obtained.

The results were compared to previous studies performed in cross-linked poly-

acrylamide gels. Generally, the greater the cross-link density, the larger the (i)

the overall magnitude of I(q) and (ii) q dependence [68] [93]. These two effects

are due to the excess scattering contribution from large heterogeneities caused

by the cross-links i.e., spatial fluctuations of polymer concentration larger than a

polymer solution at the same concentration. In this view, the so called ”fluctuat-

ing part” (< IF (q) >T ) was estimated as < IF (q) >T = < I(q) >E · [1− g1(q,∞)]

where, < I(q) >E is the ensemble average of scattered objects (i.e., renormalized
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Figure 5.4: (a) I(q) vs. q for WF samples at different [Ca2+], from 0 to 6 mM. The
inset of the figure shows the I(q) · qdf vs. q plots for the graphical determination
of ξ. (b) Summary of Rg and ξ values vs. [Ca2+] for both W and WF samples.
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5.2 Static light scattering

I(q) collected during sample rotation, as described in the previous chapter) and

g1(q,∞) is the DLS g1 value at t̃ → ∞ at given q. As a result, the < IF (q) >T

data obtained from the non-ergodic samples should collapse onto the data of the

non cross-linked sample (i.e., the polymer in solution with no cross links) [68]. In

similar fashion, it was decided to use this model for W samples at [Ca2+] = 0 and

6 mM. The fluctuating part was calculated from the renormalized intensity data,

i.e., <, and yielded constant values fluctuating around < IF (q) >T ≈ 3·10−3 a.u.

over the full q range. Thus, the difference in the amplitude of < between the

fluctuating part and the experimental < at [Ca2+] = 6 mM may represent an

excess scattering contribution given by inhomogeneities. However, the fluctuat-

ing part cannot be directly compared with the [Ca2+] = 0 mM sample, since the

full decay to 0 in DLS yields < IF (q) >T = < I(q) >E. Therefore, the < vs. q

remains unvaried, i.e., < for the polymer solution shows the same q dependence

of the gel state.

Additionally, for [Ca2+] = 7 mM, the < data shows similar values to the

[Ca2+] = 0 and 6 mM data but < IF (q) >T decreases to ≈ 9·10−5 a.u. The

results obtained are contradictory if the < IF (q) >T data for gel and sol states

are compared. In fact, one should expect the fluctuating part similar to the

I(q) obtained from the polymer in solution, i.e., scattering profile with no q

dependence. Nonetheless, both sets of data show a decrease of < IF (q) >T with

increasing [Ca2+].

With regards to the scattering profile of the polymer solution (i.e., [Ca2+]

= 0 mM), one may expect that LMP in absence of cross-linking agent may

form a structure, driven by hydrogen bonding between amide groups. Moreover,

being the [LMP ] close to the C∗, the polymer chains interact strongly than a

dilute regime. These potential explanations would require further investigations

in order to confirm them, such as measurement of the scattering profile of low

[LMP ] samples in presence and absence of screening agents (e.g., NaCl).

For WF samples with [Ca2+] = 0 and 6 mM, i.e., sol and gel state, < shows

similar behaviours to the W systems. Here, <q→0 shows less evident levelling

off, suggesting larger structures. For both samples, ξ ≈ 0.06 (63 nm). Similarly,

the fluctuation part showed the same trend as W samples. Generally, the data

obtained from SLS experiments on both W and WF samples provided limited
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Figure 5.5: Excess Rayleigh ratio <ex vs. q for both W and WF samples at
[Ca2+] = 0 and 6 mM. Power laws at large q and relative values are reported as
well.

information, as the Rg could not be estimated. The short and unclear levelling

at <q→0 means that the determination of a lenght scale is not possible. Both the

Guinier approximation and other other models found in literature [75][85] were

unsuccessful in describing the data i.e, the qRq limit was always greater than 1.

The determined ξ values may refer to a secondary correlation length at smaller

length scales, coexisting with the larger length scale as determined through SALS

measurements.

The importance of the SLS results is their link with the hydrodynamic length

scale obtained in DLS. Considering Rh = 0.72 µm and ξ = 0.08 µm, this means

that the DLS measurements probed an ensemble of ξ. The obtained df values

seem to agree with previous experimental studies [102] in which the interpretation

of the data suggested three-dimensional reaction-limited aggregation. However,

this needs more investigation which is beyond the scope of this study. Finally,

intermediate [Ca2+] were neglected from the last figure due to the similarity of

the magnitude of < and the lack of signal at small q ranges (θ < 30◦).
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5.2 Static light scattering

5.2.1 Superposition of SALS and SLS data

The asymptotic region at large q in the SALS data and the possible emergence of

a plateau at low q in the SLS data raises the question: what is the behaviour of

I(q) in the intermediate q range? Whilst the static properties gathered in SALS

and SLS analysis for both W and WF samples in sol and gel states were discussed

separately in the previous sections, this section will focus on this intermediate q

range. The aim of this part is try to make a I(q) master curve to understand the

low and middle q ranges.

To facilitate rescaling between the intensities of the scattering results ob-

tained by the two light scattering setups, a solution of melamine particles , [C] =

2.86·10−5 w/w (batch MF-R-S1706, Micro Particles Gmbh, DE) with a diameter

of 2.05 µm, polydispersity 0.04 % was measured using both SALS and SLS. A

theoretical curve calculated via Mie theory (MiePlot, http://www.philiplaven.com/mieplot.htm)

using the the characteristic properties of the melamine particle suspension (ra-

dius = 1.025 µm, λ = 0.635 µm; nsolvent = 1.33; nparticle = 1.68; polydispersibility

= 2% Gaussian, provided good interpolation of the SALS data. The Mie curve

and SALS data were rescaled by a factor of 4 onto the < data obtained in SLS

experiments.

The result of this rescaling are shown in Fig.5.6(a) for W samples and (b) for

WF samples, using data obtained for [Ca2+] = 0 and 6 mM. Also, in panel (a),

the theoretical Mie-curve and the SLS data obtained for melamine particles are

shown. In Fig.5.6(a), the rescaled I(q) vs. q data obtained for the W samples do

not show continuity as a straight line with a characteristic df . The behaviour of

the I(q) data at the terminally/initially probed q collected with SALS and SLS

suggests that there could be a plateau of I(q) in the intermediate q range. The

data for the WF samples in Fig.5.6(b) show a similar behaviour. Unfortunately,

previous literature studies for these particular systems in the intermediate q range

are scarce and the data obtained do not appear to follow the same behaviour.

Similar studies, in guar gums and rubber fillers, show I(q) values which span

several decades in q with a constant fractal dimension df [75] [103]. To quantify

the observed behaviour in this study an additional LS technique, covering the

intermediate q range, is needed. As pointed out in the last paragraph of the SLS
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Figure 5.6: (a) Combined SALS and SLS data for W samples with [Ca2+] = 0
and 6 mM. Theoretical Mie curve and SLS data for melamine particles are shown
as well. (b) Same as before, for WF samples with [Ca2+] = 0 and 6 mM.

section, qL > 1. In the very small q range, this limit exceeds 1 by a few decimals

(i.e., 1.120 onwards), yielding L ≈ 0.2 µm via the Guinier approximation. Hence,

the possible presence of the plateau in the missing q range may indicate a proper

Guinier regime, for which qL < 1. In fact, as reported in [85], the typical L value

calculated, but for HMP , fluctuates around 0.16 – 0.19 µm.

5.3 Small angle X-ray scattering

To investigate larger q and the local structures of both the sol and gel states, small

angle X-ray scattering (SAXS) was utilized. The results shown in this section

were collected at the Diamond Light Source synchrotron facility (beamline I22),

since the X-ray equipment available at the University of Leeds did not have suffi-

cient power to investigate the systems studied. The first part of the results show a

comparison between aged (ta = 6 days) W and WF samples at 25◦C. The second

part will highlight the features of the data obtained for both W and WF samples

at different temperatures T , relevant the thermal reversibility/irreversibility fea-

tures described in section 4.2.3. Relatively simple data representation and models

will be used to describe this data.
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5.3 Small angle X-ray scattering

5.3.1 SAXS measurements of aged W and WF samples

Fig.5.7(a) shows the SAXS profiles for W samples at [Ca2+] = 0, 4, 5, 6 and

8 mM. As shown, I(q) increases as a function of [Ca2+]. For both [Ca2+] = 0

and 4 mM, I(q) shows compact structures [104] in the q range between 6·10−3

and 1.7·10−2 Å−1, with a q−3.3 and q−3.0, respectively. The transition between

the df regime at low q and the change of the q-dependence at intermediate/low

q lies at q∗ ≈ 0.02 Å
−1

for both [Ca2+] = 0 and 2 mM. q∗ denotes the q−limit at

which the scattering arises from local structures [15]. For [Ca2+] = 0 and 4 mM

at q > q∗, the correlation length was estimated using the OZ relation, combined

with a power-law. This, allowed to take account of all the I(q) contributions of

the sample (Fig.5.8(a))
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Figure 5.7: I(q) vs. q plots for SAXS results for W samples at different [Ca2+].

As shown in Fig.5.8(a), the composite fit successfully described the data. ξ

values obtained from the OZ relation were 13.7 ± 0.5 Å and 16.9 ± 0.2 Å for

[Ca2+] = 0 and 4 mM respectively. At low q, a power law of ≈ 3 was obtained.

Similar ξ values for LMP have previously been obtained in the literature, for

example Ref. [92], i.e., ≈ 18 Å. The ξ value corresponds to the distance between

neighbouring chains (Fig.5.8(b)). Where aggregation effects are present, ξ may

be overestimated due to polymer-rich regions that increase the overall ξ distances,
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as drawn in panel Fig.5.8(c). Even though ξ for [Ca2+] = 0 mM may be overesti-

mated, the increased distance obtained for [Ca2+] = 4 mM may be attributed to

the enhanced reorganization of the LMP chains due to Ca2+ ions. This promotes

an increase of the electron density at the level of the junction zones, enhancing

the scattered signal.
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Figure 5.8: (a) I(q) vs. q for W samples at [Ca2+] = 0 and 4 mM. Fit line
from composite fit, i.e., power law and Ornstein-Zernike relation for the respec-
tive samples. (b) Graphical representation of ξ, typical of semi-dilute polymers
solutions. (c) Inhomogeneities effects on semi-dilute polymer solutions and/or
cross-links between polymer chains.

The I(q) behaviour for the gel states i.e., [Ca2+] = 5, 6 and 8 mM in Fig.5.7,

generally show a concave downward shape (with respect to the q axis) with I(0)

values that increase as a function of the [Ca2+]. The present results are in agree-

ment with SAXS data obtained in Ref. [105] for LMP . The power law exponent

changes from ≈ q−1.5 at low q to ≈ q−3 at large q (indicated in the figure), cor-

responding to rough surface fractals.

A graphical SAXS representation typically used for biopolymers is the so-

called Kratky plot. The transformed I(q) in Kratky plots, i.e., I(q) · q2 vs. q,

highlight the degree of flexibility of the scattering object [106]. Kratky plot for

W gels are shown in Fig.5.9. Generally, I(q) · q2 has a parabolic-like peak at

low q, followed by an elevated baseline at large q. The height of the baseline
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5.3 Small angle X-ray scattering

at large q indicates the degree of flexibility of the scattered object. Thus, when

the parabolic peak terminates to the baseline (at large q), the object has low

flexibility (i.e., more rigid structure). In contrast, the further elevation of the

hyperbolic peak at large q (i.e., higher I(q) · q2 values than the peak), is typical

of random coils or Gaussian chains [106] [107] [62].

0 0.02 0.04 0.06 0.08 0.1 0.12

Figure 5.9: Kratky plots as I(q) · q2 vs. q for W samples at different [Ca2+].

Combined experimental and molecular simulations studies performed by Schus-

ter et. al. [92] related the degree of the overall flexibility linked to the number

of cross-linked chains in LMP samples. Theoretical curves for our study were

not calculated, but the experimental results seem to agree with the data pre-

sented by Schuster et al., i.e., a narrow parabolic peak suggesting an ensemble of

large bundles of rod-like LMP chains of limited flexibility and therefore increased

persistence lengths.

The data obtained for W samples as a function of [Ca2+] were compared

to data obtained for WF samples. The SAXS data for both are displayed in

Figs.5.10(a) and (b). [Ca2+] = 0 mM shows a q−2.5 behaviour in the q range

between ≈ 6·10−3 and 2·10−2 Å
−1

, which flattens with no significant q dependence

at intermediate and large q. This effect may be related to the low electron density
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contrast, as previously described for W samples. The [Ca2+] increase to 4 mM

showed similar behaviour to the W sample at same [Ca2+]. In this case, at low

q, q−3.5 (vs. q−3 in the W sample) and q−0.95 at large q (vs. q−1.0 in W sample).

The q∗ parameter shifts to ≈ 0.026 Å
−1

, corresponding to a Lp value of ≈ 73

Å (vs. Lp ≈ 95 Å obtained for the W sample). The ξ value calculated via the

OZ equation was 14.1 ± 0.3 Å, similar to that obtained for the W sample at

the same salt concentration. At [Ca2+] = 5 mM, the I(q) vs. q data shows

a similar shape to the W sample (Fig. 5.7) with increasing I(0). Compared

to the W sample at the same [Ca2+], the curve appears broader, with q−2.3

behaviour at large q (vs. q−3 behaviour for the W sample). At [Ca2+] = 5.5

mM, the I(q) data show unexpected behaviour, with a trend similar to polymeric

solutions and with an I(0) value lower than [Ca2+] = 4 mM. As discussed in

the previous chapter, at this [Ca2+] and around the onset of gelation, one may

expect trapping of a non-equilibrium structures. The excess Ca2+ may be not

compensated with SHMP and therefore, localized gelation may occur. This

effect is clearly demonstrated for the [Ca2+] = 6 mM sample. Lastly, at [Ca2+] =

8 mM, a q−3.5 dependence at low q (aggregation effects) is followed by the typical

concave shape at intermediate/large q.

The Kratky representation of the data in Fig.1.15(b) shows consistency be-

tween [Ca2+] = 4 mM in the sol state and [Ca2+] = 5 mM in the gel state. For

the gel state, the centre of the hyperbolic-like curve lies at ≈ 0.05 Å
−1

(1/q ≈ 20

Å), higher than ≈ 0.03 Å
−1

(1/q ≈ 34 Å) obtained in W samples in gel state.

The lower size in WF samples may indicate more packed domains, due to the

presence of fructose. For [Ca2+] = 8 mM, the peak is poorly defined due to

greater aggregation effects at low q (i.e., upturn of I(q)).

Non-homogeneous gel formation for [Ca2+] > 5 mM suggests the presence of

rich junction zones areas (lumps), coexisting with smaller ones. These possible

lumps may lead to phase separation, i.e., large condensed lumps that lead to local

syneresis. As seen in the previous chapter, this non-equilibrium condition in WF

samples is temperature dependent.

According to the literature, the total scattered intensity I(q) for polymeric

gels contains an additive contribution of the polymer (I(q)L, Lorentz function)
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Figure 5.10: (a) I(q) vs. q for WF samples at different [Ca2+]. (b) Kratky plots
for the same samples.

and the excess scattering from inhomogeneities (I(q)G, exponential function) [62]

[107] [93] [108]. The Lorentz-Gauss Gel (GL) model for gel structures was applied:

I(q) = I(0)G · exp
(
− q

2Ξ2

2

)
+

I(0)L
(1 + q2ξ2)

(5.1)

where I(0)G and I(0)L are the I(q) at q = 0 for the gel and sol contributions

respectively. Ξ is the static correlation length, attributed to the average size

of long-lived cross-links [108]; ξ is the (dynamic) correlation length (i.e., corre-

sponding to the OZ relation), which refers to length scale fluctuations between

cross-links. The results for both W and WF samples are displayed in Fig.5.11.

For the W samples, the GL model described the scattered curves up to [Ca2+]

= 5 mM, where both sol and gel contributions were identified. For higher [Ca2+],

the total I(q) magnitude is due to the excess scattering of the inhomogeneities

(junction zones). Therefore, ξ was no longer estimated. On the other hand, Ξ

values show constant values for [Ca2+] ≥ 5 mM, suggesting the typical size (≈
60 Å) of the junction zones between LMP chains. For WF samples with [Ca2+]

= 4 and 5 mM , ξ shows a similar trend to the W samples. However, no further

information were yielded for higher [Ca2+].
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Figure 5.11: Ξ and ξ vs. [Ca2+] for both W and WF samples. The inset of the
figure shows the GL fitted lines for W samples.

5.3.2 Temperature dependence of W and WF samples

Temperature-dependent measurements for W samples, [Ca2+] = 6 mM, and WF

samples, with [Ca2+] = 5, 5.5 and 6 mM, were performed at (i) T = 25→ 65◦ and

(ii) T = 65 → 25◦. The results are shown in Fig.5.12. The top row of the figure

shows data obtained with increasing T (TUP ), whereas the bottom row shows the

data obtained with decreasing T (TDOWN). The inset of each figure shows the

equivalent Kratky plots.

Generally, the data for W samples (panels (a) and (a’)) shows no significant

features in terms of I(q) vs. q. However, the Kratky plots highlight some flexi-

bility changes as T is increased. In fact, the peak height decreases systematically

from 25 to 45◦C but increases from 55◦C. This increase stops at T = 65◦C, where

the peak height corresponds to the one obtained at 25◦C. However, the sharper

shape and the complete decay at larger q, suggests more compact domains (i.e.,

less LMP flexibility due to cross-links). As discussed earlier, increasing T ac-

celerates gel-curing kinetics, decreasing the degree of cross-link rearrangements

at very long ageing times. The data obtained upon decreasing T to 25◦C (panel

(a’)) show no significant temperature effects.

T effects become more notable in the presence of fructose. Generally, by in-

142



5.3 Small angle X-ray scattering

10-2 10-1
10-2

10-1

100

101

0.02 0.04 0.06 0.08

10-2 10-1
10-3

10-2

10-1

100

101

0.02 0.04 0.06 0.08

10-2 10-1
10-3

10-2

10-1

100

101

0.02 0.04 0.06 0.08

10-2 10-1

10-2

10-1

100

101

0 0.02 0.04 0.06 0.08

10-2 10-1

10-2

10-1

100

101

0 0.02 0.04 0.06 0.08

𝑞"#.%

TUP

W sample [Ca2+] = 6 mMa
𝑞"#.%

TDOWN

a’

0.006 0.008 0.01 0.012 0.014 0.016
0

2

4

6

8

10

10-2 10-1
10-3

10-2

10-1

100

101

0.02 0.04 0.06 0.08

𝑞"&
b

𝑞"&
b’WF sample [Ca2+] = 5 mM

10-2 10-1
10-3

10-2

10-1

100

101

0.02 0.04 0.06 0.08

𝑞"&

𝑞"'

WF sample [Ca2+] = 5.5 mMc
𝑞"'

c’

10-2 10-1
10-2

10-1

100

101

0.02 0.04 0.06 0.08

𝑞"'.%

𝑞"'

WF sample [Ca2+] = 6 mMd d‘

Figure 5.12: First row: I(q) vs. q plots for T increase from 25 to 65◦C. The inset
of each figure shows the Kratky representation. Second row: same as before, in a
T range from 65 to 25◦C. (a), (a’) W sample with [Ca2+] = 6 mM; (b), (b’) WF
sample and [Ca2+] = 5 mM; (c), (c’) WF sample and [Ca2+] = 5.5 mM; (d), (d’)
WF sample and [Ca2+] = 6 mM.
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creasing the [Ca2+] from 5 to 5.5 mM (panels (b) and (c)), one can see two main

changes: (i) lengthening of I(q) at low q, accompanied by a gradient change (in-

dicated in the figures); (ii) the typical hump of the gel state in I(q) is shifted

towards larger q (i.e., ≈ 2.5 ·10−2 and 2.5 ·10−2 Å
−1

for [Ca2+] = 5 and 5.5 mM,

respectively) and its shape changes drastically with increasing T . The Kratky

plots highlight the T effects, suggesting the formation of more equilibrated gels

i.e., more compact domains. The data obtained upon decreasing T to 25◦C in

[Ca2+] = 5 mM (panel (b’)) shows a broad hyperbolic peak with an elevated

baseline at larger q i.e., indicating enhanced flexibility. Similarly, the data ob-

tained for decreasing T for the [Ca2+] = 5.5 mM sample (panel (c’)) shows a

consistent I · q2 change. For this sample, however, the elevation at large q cannot

be identified due to the significant signal noise.

At [Ca2+] = 6 mM (panel (d)), I(q) data shows a power-law scaling at low

q, due to aggregates. At larger q, the gel shoulder shifts to 5 ·10−2 Å
−1

, a value

much larger than obtained for lower [Ca2+]. Here, changing T strongly effects

the I(0) value and the q dependence (i.e., slope). Again, the Kratky plots in the

figures inset, highlight the formation of more compact domains driven by the T

modulation.

A quantitative description of the data was performed by using (i) the Lorentzian

part of Eq.5.1 for samples in sol state and (ii) the GL function for samples in

the gel state (fit lines shown in Figs.5.12). Due to the excess I(q) noise at large

q, the determination of ξ was unreliable for some samples. This is particularly

accentuated in the data obtained for the WF sample with [Ca2+] = 5.5 mM.

Figs.5.13(a) and (b) show ξ and Ξ vs. T , for both W and WF samples at given

[Ca2+].

The dynamic length scale ξ for the W sample with [Ca2+] = 6 mM obtained

at different T is constant, fluctuating around 200 Å (Fig.5.13(a)). The initial ξ

increase at TUP = 25 to 45◦C may be attributed to a reorganization of the mesh

size throughout the sample. The respective inhomogeneity size Ξ for this sample

was estimated around 50 Å, with no changes observed in the probed T range

(Fig.5.13(b)). In the presence of fructose and [Ca2+] = 5 mM, ξ values increases

from 35.9 ± 0.9 to 126.7 ± 5.9 Å in the T range from 25 to 65◦C. Upon decreasing

T , ξ remains unvaried at ≈ 130 Å (panel (a)). For this sample, Ξ (panel (b))
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Figure 5.13: (a) ξ values vs. T for both W and WF samples. (b) Inhomogeneities
length scales as Ξ vs. T for the same samples.

decreases to ≈ 30 Å. Hence, the presence of fructose indicates a narrower mesh

size and smaller junction zones than for the W sample. The ξ reduction may be

attributed to the reduced free water in the system, which promotes an increase

in the proximity of LMP chains, as proposed elsewhere [2]. At the same time,

smaller junction zones may be due to the sugar molecules that can interfere with

the cross-link formation [96]. Similar ξ and Ξ vs. T trends are observed for the

WF sample with [Ca2+] = 6 mM as well. However, the dynamic length scale is

further reduced when the system is cooled down to 25◦C i.e., ξ ≈ 80 Å. This

could be due to a higher tendency towards aggregation at lower q, that affects

I(q) at large q

Thus, it appears that the SAXS technique also detects the non-equilibrium

gel state in the presence of fructose. The reorganization of distances between

junction zones of the LMP chains affect larger length scales structures, changing

both the mechanical and dynamic properties of WF gels.

5.4 Conclusions

In this section the aim is to summarize all the characteristic length scales obtained

by the different SAS techniques used. The cartoon in Fig.5.14 describes the

possible gel structural configurations at different length scales, in the presence or
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absence of fructose at [Ca2+] = 6 mM. The specific length scales reported for the

WF sample are those extracted from the scattering data after the T cycle.

As illustrated, the different techniques show that, the presence of fructose

appears to decrease the overall mesh sizes (ξ) of the system, probably due to

the reduced free water in the system, bound by the fructose molecules. Nar-

row meshes with smaller junction zones may be responsible for the enhanced

mechanical properties and slow dynamics as reported in rheological and DLS

characterization. According to Flory’s network cross-link density (ρx) [108], one

can relate ρx to the mesh size ξ. Ideally, the empty volume associated with each

cross-link is a sphere, centered at the cross-link, with a diameter equal to ξ [108].

Thus:

ξ = 3
√

6/(πρxNA) (5.2)

According to Fig. 2.15, ρx for WF sample at [Ca2+] = 6 mM ≈ 0.013. The

relative ξ calculated via Eq. 5.2, yields 65 nm, which is approximately the same

calculated from SLS data (ξ ≈ 60 nm). Hence, the relaxation modes detected

with DLS experiments (Fig. 2.17 ) appear to refer to an ensemble of cross-links

with size Ξ (3 nm) and a spacing of 15 nm. Similar values were yielded for the

W samples as well.
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ferent SAS techniques. The values are compared between W and WF samples
at [Ca2+] = 6 mM.
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Chapter 6

LMP gel formation with different

sugars

In this chapter, the same formalism and analysis was used to characterize LMP

gels prepared with different sugars/polyols. The present characterization was

performed via rheological and DLS techniques.

6.1 Rheological Characterization for LMP sam-

ples with different sugars

As pointed out in the results in chapter 4, the addition of 60 wt. % fructose

alters the LMP gel-formation kinetics and absolute rigidity values of the gels.

This effect is mostly attributable to the aqueous sugar solvent characteristics,

such as molecular stereochemistry of the sugar and ability to coordinate water

molecules throughout the sample [46][47][96][100]. Moreover, for concentrated

sugar solutions, i.e., ≥ 50 wt. %, sugar-water mixtures demonstrate a clustering

effect of sugar molecules [89] [44], also observed in some of the results in section

3.2.1.

According to [2][47][17], the presence of different sugars may either strengthen,

weaken or impede gel formation (at given [Ca2+]). In this case, it was decided to

compare LMP samples prepared in 60 wt. % sorbitol (WS ), D-psicose (WPSI ),

invert sugar (WIS ) and 40 wt. % sorbitol (WS40 ). Rheological results for aged
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systems are shown in Figs.6.1. The figure shows the results of the samples at

ageing time (ta) = 6 days.

Fig.6.1(a) shows η vs. γ̇ results for WPSI samples at [Ca2+] = 0, 4, 6 and

8 mM. The viscosity magnitude increases as a function of [Ca2+] but no sol/gel

transition is observed. In fact, in the [Ca2+] range between 0 and 6 mM, the

material behaves as a Newtonian liquid. At the highest [Ca2+], 8 mM, viscosity

increases significantly and shear thinning is observed, suggesting the onset of the

junction zone formation. This is confirmed by the ageing observed for this [Ca2+],

as shown in the inset of panel (a). D-psicose is a monosaccharide obtained from

the epimerization of fructose at C3 through enzymatic activity [109]. The sugar

ring β-D-psicopyranose has one -OH group in the equatorial position. Therefore

one might expect a lower water affinity than with fructose. In solution, it forms

5 different tautomers, present in approximatively similar percentages at room

temperature [109]. The lack of gel formation for WPSI samples is difficult to

attribute to a specific mechanism, due to the scarce literature available for this

molecule in solution and/or interactions.

Fig.6.1(b), η vs. γ̇ shows the results for WS60 samples at [Ca2+] = 0, 4,

6, 8 and 10 mM. Generally, η vs. γ̇ plots show an increase in magnitude as a

function of [Ca2+]. In the [Ca2+] range between 5 and 10 mM, the shear thinning

behaviour suggests an increased density of junction zones with an increased γ̇

breaking a low fraction of junction zones in the sample.

According to Ref. [110] [111], sorbitol shows affinity for Ca2+ ions, leading to

complex formation. This effect may create a competition between LMP and sor-

bitol for the Ca2+, as seen elsewhere for LMP gels [26]. A key difference to other

sugars such as fructose and glucose, i.e., sugar rings, is that sorbitol cannot adopt

ring structures in acqueous solutions. The lack of a ring structure removes the

equatorial -OH groups which are compatible with the water organization. This,

in turn, results in the inability of sorbitol to immobilize free water [2]. Moreover,

studies of HMP in the presence of sorbitol [112], pointed out the possibility of

polymer-sorbitol interactions which can effectively perturb the pectin chain-chain

interactions/associations. Altogether, these features reflect the ability of sorbitol

to frustrate cross-linking of LMP via Ca2+ ions.
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Figure 6.1: (a). Rotational rheology results (η vs. γ̇) for 60% wt. D-psicose
samples (WPSI ) with [Ca2+] = 0, 4, 6 and 8 mM. The inset of the figure shows
the ageing behaviour for [Ca2+] = 8 mM sample. (b) η vs. γ̇ plots for 60% wt.
sorbitol samples (WS60 ) in a [Ca2+] between 0 and 10 mM. (c) η vs. γ̇ results for
40 wt. % sorbitol samples (WS40 ) and [Ca2+] = 0, 4 and 6 mM. (d) Oscillatory
rheology results as G

′
and G

′′
vs. ω for WS40 sample with [Ca2+] = 8 mM. (e)

G
′

and G
′′

vs. ω for WIS samples (60 wt.% invert sugar) at [Ca2+] = 6 and 8
mM. All measurements were performed at 25◦C.
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

For these reasons, it was decided to reduce the amount of sorbitol to 40 wt.

%, for comparison with studies elsewhere [45] [47]. The results are shown in

Figs.6.1(c) and (d). In panel (c), η vs. γ̇ for [Ca2+] = 0, 4, 6 mM. Here, the

overall viscosity decreases due to lower dissolved sugar content. For [Ca2+] =

0 and 4 mM, Newtonian behaviour is observed, meaning no structural changes.

However, for [Ca2+] = 6 mM, η increases significantly suggesting cross-linking in

this sample. Increase of [Ca2+] to 8 mM showed a macroscopic gel structure, that

was analysed with oscillatory rheology, to give G
′

and G
′′

vs. ω in Fig.6.1(d).

In the figure, one can see a low G
′

magnitude and the decrease of both moduli

at low ω, indicating a liquid-like behaviour at long relaxation times. Hence, the

reduced amount of sorbitol has less impact on the LMP gel formation, reducing

the magnitude of effects at 60 wt. % described in the previous paragraph.

Finally, G
′

and G
′′

vs. ω for WIS samples with [Ca2+] = 6 and 8 mM are

shown in Fig.6.1(e). The results are reminiscent of what has been observed for

WF samples, in that the LMP gels strengthen. The invert sugar used was a 1:1

M mixture of glucose and fructose. The availability of large amount of equatorial

-OH groups (3 per molecule of fructose and 4 per molecule of glucose), reduces the

free water in the system, enhancing LMP chain-chain interactions as described

earlier.

4 5 6 7 8 9
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100

101
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103

Figure 6.2: G
′

values taken at 1 rad s−1 from previous frequency sweep tests for
W, WF, WIS and WS40 samples.

152



6.2 DLS Characterization for LMP samples with different sugars

Fig.6.2 shows the summary of the gel samples, i.e., samples tested via os-

cillatory rheology, plotted as G
′

measured at 1 rad s−1 vs. [Ca2+], for all the

samples tested in this work. As shown, WIS with [Ca2+] = 8 mM have similar

G
′

magnitude to WF samples with equal [Ca2+], indicating a certain degree of

cross-linking saturation when ring sugars are present, i.e., independent of the free

water content. On the other hand, WIS with [Ca2+] = 6 mM, shows higher values

than WF, suggesting a tighter network of cross-linked LMP , related, again, to

the free water content. As described in chapter 2, the temperature dependence of

LMP gels in presence of fructose changes the mechanical properties. Therefore,

one may expect a similar behaviour for these samples, which will be discussed

later. The single point for WS40 sample sits under the the W sample at the same

[Ca2+] (i.e., 8 mM). This highlights the extreme weakening effect of sorbitol in

LMP gel formation, similar to that seen in previous studies [2] [46] [26] .

6.2 DLS Characterization for LMP samples with

different sugars

In this section, DLS was utilised to probe dynamics during ageing and in the

aged state (ta = 6 days), in a similar manner to section 4.2.2. All the DLS were

analysed and described according to section 3.2. Due to the solvent relaxation

process described previously for WF samples, the fit range of g1
2 was from t̃ >

10−4 s. Fig.6.3, first column ((a) – (d) figures), shows < τ > vs. ta for LMP

prepared with different co-solutes (sugars). The second column in Fig.6.3 ((a’)

– (d’) figures) shows the g1
2 vs. t̃ plots for the aged systems, together with the

KWW fit lines.

In panel (a), WPSI samples show no < τ > increase during ta, for any [Ca2+],

so no ageing effects. Adding [Ca2+] = 8 mM, slows down the overall dynamics

to < τ > ≈ 9·10−1 s, suggesting the formation of a low density of junction zones,

as similarly suggested by the rotational rheology results (Fig.6.1(a)). This can

be more clearly seen in panel (a’), where g1
2 vs. t̃ plots highlight a shift towards

long lag times.
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

Fig.6.3(b) WS60 samples show similar-magnitude < τ > in the range of

[Ca2+] between 0 and 6 mM, with no ageing effects. This reflects the dynamic

behaviour for [Ca2+] ≤ 4 mM seen in W and WF samples as well, i.e., the [Ca2+]

is not enough to stabilize junction zones. For [Ca2+] = 8 mM, < τ > increases

to ≈ 0.9 s, indicating cross-link formation. The unchanged < τ > values with

ta suggest the limited amount of Ca2+ ions available to LMP , are complexed

by sorbitol [26][46]. For [Ca2+] = 10 mM, < τ > increases its magnitude and

shows ageing effects. In this situation, the sorbitol may saturate its capability to

complex Ca2+ [113] [57], leaving the residual ions able to stabilize junction zones

in LMP . In panel (b’), one can see the slowed dynamics for [Ca2+] = 6 and 8

mM, as g1
2 vs. t̃ plots. The overall shift towards longer t̃ is mostly due to the

increased η viscosity of the medium.

The explanation of the behaviour in WS60 samples seems to be with what

when the concentration of sorbitol is reduced to 40 wt. %, as shown in Fig.6.3(c).

Up to [Ca2+] = 6 mM, the < τ > trend is similar to WS40, again suggesting the

possibility of Ca2+-sorbitol complexes. However, at [Ca2+] = 8 mM and ta ≥ 72

hours, g1
2 vs. t̃ no longer decay as a single exponential. Here, a double KWW

describes the data. The double-component g1
2 and longer time-scales (< τ > at

72 and 144 hours was 5.3 ± 0.6 s and 7.8 ± 0.6 s, respectively), suggesting the

proximity to the sol/gel transition at the respective length scale.

The reduction of the amount of sorbitol limits the capability to complex Ca2+,

leaving in solution larger quantity free ions. In turn, the free ions can take part

in cross-linking. In fact, the slower dynamics achieved at [Ca2+] = 8 mM are

considerably different compared to WS samples at [Ca2+] = 10 mM. As shown

in panel (c’), g1
2 vs. t̃ at [Ca2+] = 8 mM clearly shows the double relaxation,

identifying the border line between the sol and gel states.

Finally, Fig.6.3(d) show the results for WIS samples. Here, the dynamics of

ageing are similar to the ones obtained previously for WF samples. < τ > vs. ta

for [Ca2+] = 0 mM does not show any changes as expected. For [Ca2+] = 4 mM,

the time scale shows an ageing effect between 1 and 72 hours then, it remains

stable. Higher [Ca2+] results in fully non-ergodic samples, with a high degree of

dynamic arrest, as shown in Fig.6.3(d’). These results were expected due to the

high water binding of both fructose and glucose, as explained previously.
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Figure 6.3: First column, from (a) to (d) < τ > values collected at θ = 90◦ at
different ageing times: 1, 72 and 144 hours for WPSI, WS60,WS40 and WIS
samples ((a) – (d), respectively). The second column shows g1

2 vs. t̃ plots for the

respective samples as ageing time = 144 hours (6 days), as a function of [Ca2+].
Fitted lines from KWW fitting-functions are included.
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

Undoubtedly, the most interesting points of these results reside in the D-

psicose and sorbitol. Unfortunately, the lack of literature on D-psicose cannot

easily address a possible cause of the lack of a sol/gel transition. According

to stereochemical studies, calcium-sugar complexes usually occur in open sugar

chains (e.g., xylitol, sorbitol, etc.). In this case, of the five tautomers in solution,

only 0.2 % of D-psicose is present in the chain-form [109]. Therefore, it is unlikely

that such low percentage can form complexes with the majority of Ca2+ ions. No

additional information appears to be available of the physical properties of D-

psicose in solution. Speculating, one can expect three effects: (i) partial Ca2+

complexes, (ii) dilution effects and (ii) cluster formations via water-structuring

effects. Even though the missed gel formation of LMP in the presence of sor-

bitol was attributed to calcium-sorbitol complexes, additional chemical-physical

characteristics may accompany this behaviour, e.g., water structuring.

6.2.1 q-dependence of LMP samples with different sugars

The q-dependence of DLS for both sol and gel states was performed as described

in section 3.2 . Fitted < τ > results are displayed as decay rate Γ vs. q in

Fig.6.4. For all the samples, the power-law (Λ) fit from the Γ vs. q plots is shown

in Fig.6.5. To compare the whole range of co-solvents, Λ values for W and WF

samples are also shown (red circles and blue triangles, respectively).

Generally, for all the co-solutes, the overall < τ > magnitude increases pro-

portionally with the [Ca2+] increase (vice-versa for Γ). As previously discussed,

longer relaxation times can be attributed to LMP chain-chain interactions via

cross-link stabilization. In the same way, the q-dependence identifies the possible

nature of the interactions, such as diffusive and hydrodynamic.

For all the g1
2 vs. t̃ at different q, a single KWW function was utilized for ≈

t̃ ≥ 10−4, leaving apart the solvent relaxation decay at low lag-times. Fig.6.4(a),

shows WPSI samples with [Ca2+] = 0, 4 6 and 8 mM. The q-dependence for

[Ca2+] = 0 mM showed a Λ ≈ 2.0, stabilizing at the highest [Ca2+] at a slighter

higher value ≈ 2.5 (Fig.6.5, green diamonds symbols). Therefore, WPSI samples

did not showing Λ changes consistent with a sol/gel transition, even at relatively

high [Ca2+], in agreement with the earlier observations.
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6.2 DLS Characterization for LMP samples with different sugars

Panel (b) shows WS60 samples in a [Ca2+] range from 0 to 10 mM. The overall

Γ magnitude is low due to the high viscosity contribution of the medium (η =

0.035 Pa s). The [Ca2+] increase from 0 to 10 mM promotes slower dynamics

and stronger q dependence. In fact, as shown in Fig.6.5 (magenta triangles),

for [Ca2+] between 0 and 4 mM, Λ ≈ 2.3. From [Ca2+] = 6 to 10 mM, the q

dependence progressively increases up to Λ = 4.3 (at 10 mM). Interestingly, the

highest [Ca2+] utilised, did not show more than one slow relaxation mode, as

reported in Fig.6.4(b).
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Figure 6.4: Γ (from KWW-fitted g1
2 vs. t̃ plots at different q) vs. q plots with

relative power-law fit lines for:(a) WPSI, (b) WS60, (c) WS40 and (d) WIS
samples.

Fig.6.4(c) shows the Γ vs. q plots for WS40 samples. In this case, LMP is

dissolved in a more dilute (40 wt. %) sorbitol solution, with a lower η = 0.0062

Pa s, explaining the higher Γ magnitudes. From Fig.6.5 (orange triangles), one

can easily see the similarity of the Λ values determined for both WS40 and
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

WS60 samples. Regardless of the sorbitol concentration, the added Ca2+ up to

6 mM has a similar effect on the q-dependence. This behaviour agrees with the

explanation of ion complexation driven by the sorbitol, which leaves the LMP

junction zones unchanged. Interestingly, for both WS40 and WS60 samples at

[Ca2+] = 0 mM, Λ ≈ 2.4, higher than the Λ for LMP dissolved in water, fructose

and D-psicose solutions at same [Ca2+]. The shift of Λ to higher values could be

accounted for simply by indirect effect of sorbitol-LMP interactions. On the other

hand, neutron scattering and MD simulations for sorbitol-water solutions have

highlighted the presence of inhomogeneities on the nanometre scale, i.e., water

clusters [114]. This effect may interfere with the dynamics of WS40 samples

without the Ca2+ addition. With respect to this feature, no literature can be

found on sorbitol-water-pectin interactions. For [Ca2+] = 8 mM, WS40 samples

showed the presence of two modes in the g1
2 function, indicating the proximity

of the sol/gel transition.

Finally, WIS samples at [Ca2+] = 0 and 4 mM are shown in Fig.6.4(d). The

magnitude of the decrease in Γ at [Ca2+] = 4 mM was enhanced, suggesting

junction zone stabilization. The relatively poor data quality in the Γ vs. q plots

may be attributable to the solvent characteristics and its relaxation processes.

As shown in Fig.6.5 (black squares), Λ ≈ 2.3.

Higher [Ca2+] showed full non-ergodic behaviour, indicating a gel state at the

probed q.

For non-ergodic samples, data acquisition and interpretation were undertaken

as described in section 4.2.2 [67]. Once again, the data are shown together with W

and WF samples, for comparison. As shown in Fig.6.3, non-ergodic behaviour was

seen only for WIS samples with [Ca2+] = 6 and 8 mM. From the q dependent data,

g1
2 at t̃ = 10 s were plotted vs. q and fitted with the mean square displacement

equation (inset of Fig.6.6). The fitted length scale of fluctuations (LF ) vs. [Ca2+]

is shown in Fig.6.6.

LF for WIS samples are shown in the figure as the green star symbols. At

[Ca2+] = 6 mM, LF shows a similar value to the one obtained for WF sample at

same [Ca2+]. This may suggest a similarity in the dynamics for the two samples

at the specific ageing time. At [Ca2+] = 8 mM, LF decreased to 0.015 ± 0.002 µm,

indicating more highly suppressed dynamics, as expected. The similar values of
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Figure 6.5: Power-law exponents Λ vs. [Ca2+], taken from q dependent DLS
analysis for W, WF, WPSI, WS60, WS40 and WIS samples.
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Figure 6.6: LF (parameter from mean square displacement fit) vs. [Ca2+] for W,
WF, WIS and WS40 samples.
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

LF for both WIS and WF samples with [Ca2+] = 6 mM suggest similar dynamics

for the samples, whichever sugar is added. Being a mixture of 1:1 M of glucose

and fructose, the total amount of the equatorial OH groups in WIS solutions

responsible to the water-binding is slightly increased compared to WF solutions.

However, one also has to consider sugar-clustering effects, that may change the

dynamics of cross-link formation, as discussed previously.

6.3 Temperature dependence of WS40 and WIS

samples

In the previous section, the formation of gel structures for WS40 samples with

[Ca2+] = 8 mM and WIS samples with [Ca2+] = 6 and 8 mM was revealed.

The aim of this section is to investigate whether the three systems show similar

thermal-reversibility (or lack of thermal-reversibility) as seen for the WF samples

in section 4.2.3.

Rheological temperature T -dependent results for WS40 at [Ca2+] = 8 mM

are shown in Figs.6.7, as: (a) G
′′

and G
′

vs. shifted angular frequency (a · ω)

and (b) G
′′

and G
′

measured at ω = 1 rad s−1 vs. T . Figs.6.7(a) and (b) show

the results in the T range 25 to 35◦C, G
′′

and G
′
. Results can be summarized

as follow: (i) increased the ω dependency (ii) decreased their magnitude and (iii)

showed crossing-over of G
′

and G
′′

(G
′′
> G

′
). The results indicate the junction

zones disassemble on increase in T . This condition persists up to T = 50◦C. Here,

G
′′

starts to reverse its behaviour and increase until the maximum probed T is

reached (Fig.6.7(b)). The increase of the storage modulus G
′

is accompanied by

a reduction in the ω-dependence (i.e., flattening of the moduli) and the recovery

of the G
′
> G

′′
condition, as clearly seen in Fig.6.7(a). During the controlled T

cooling from 70 to 25◦C, G
′
> G

′′
and G

′
progressively increased in magnitude.

The second T cycle, 25 to 70◦C then 70 to 25◦C, did not give any significant

changes in the mechanical properties of the gel.

Hence, for the WS40 sample, one can see a weak initial junction-zone disas-

sembly, followed by a non reversible, trend behaviour as same for the WF samples
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Figure 6.7: (a) G
′

and G
′′

vs. shifted angular frequency (a · ω) for WS40 sample
with [Ca2+] = 8 mM, taken at T from 25 to 70◦C (heating) and 70 to 25◦C
(cooling). (b) G

′
and G

′′
at 1 rad s−1 vs. T plots for a double T ramp.

in section 4.2.3. From the perspective of T as an annealing agent, one might there-

fore expect long-time gel-curing effects. The final value of the G
′

at 1 ω = 1 rad

s−1 corresponds to ≈ 80 Pa, double the G
′

obtained for the WF sample with

[Ca2+] = 6 mM (i.e., ≈ 40 Pa). This is evidence of the long-term junction zone

stabilization that reaches a saturation, such that the majority of the Ca2+ ions

are now used as cross-linking agent. Once again, it is believed that sugar-water

interactions may lead to a non-equilibrium trapped gel state, that might disap-

pear on very long gel-curing times or application of such a temperature annealing

process.

To confirm this, the same test was performed on WIS samples with two [Ca2+],

i.e., 6 and 8 mM. As seen in Figs.6.8(a) and (b), ([Ca2+] = 6 mM), G
′
> G

′′

persists for the entire test. Once again, the T increase from 25 to 70◦C promoted

an initial softening of the material, followed by a strengthening. Recalling the

WF sample with the same [Ca2+] (see Fig. 2.15(a)), this showed a similar trend

in the first T cycle. The final G
′

at 1 ω = 1 rad s−1 (after two T cycles) ≈ 100

Pa. The higher value obtained than with the WF sample (i.e., ≈ 40 Pa) may be

attributable to the junction-zone reinforcement given by the invert sugar, which

has higher propensity to bind free water in the system.

To conclude, the WIS sample with [Ca2+] = 8 mM showed a similar effect to
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6. LMP GEL FORMATION WITH DIFFERENT SUGARS

samples with [Ca2+] = 6 mM, but with greater G
′
values. In this case, the change

from the non-equilibrium trapped gel state (sample aged 6 days at room temper-

ature) and the double-T cycle, increased G
′

from ≈ 100 to 300 Pa. This range of

values is similar to the ones obtained in the frequency sweep tests for WF samples

with [Ca2+] = 8 mM at the ageing time = 6 days (see Fig.2.1 (b)). The result

suggests a non-equilibrium trapped gel state when the sol/gel transition is at its

boundary. When the [Ca2+] exceeds this limit, the gel formation/stabilization

occurs quickly. This may be attributed to the excess Ca2+ ions that are not

counterbalanced by the SHMP (that slows down the junction zone stabiliza-

tion), together with the co-solute contributions.

Thus, the lack of thermal reversibility appears to be the case in both WF and

WIS samples, in which sugars have similar chemical characteristics, comprising

ring structures with eOH groups, whilst effects are weaker for open chain sorbitol,

binding Ca2+ ions, as explained earlier.
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Figure 6.8: (a) G
′

and G
′′

vs. shifted angular frequency (a · ω) for WIS sample
with [Ca2+] = 6 mM, taken at T from 25 to 70◦C (heating) and 70 to 25◦C
(cooling). (b) G

′
and G

′′
at 1 rad s−1 vs. T plots for a double T ramp. (c) and

(d) panels show the same analysis for WIS samples with [Ca2+] = 8 mM.
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6.4 Additional investigation for WS40 samples

The interesting contrast provided by the 40% wt. sorbitol (WS40 ) systems was

further investigated with SALS (section 1.2.1) and rheo-speckle (section 1.2.1).

In terms of static properties of the polymer solutions/gels, the SALS techniques

highlighted structural differences. SLS gave only poor quality data for some

reasons and data are not shown. Unfortunately, there was no time to investigate

shorter length scales via SAXS.

For the rheo-speckle technique, T -dependence was measured as a test of the

spontaneous dynamics. The stress-relaxation test was discarded due to poor

adherence between the sample and the plates, i.e., causing slip during application

of the step-strain.

6.4.1 SALS analysis of WS40 samples

Aged WS40 samples with [Ca2+] = 0, 4, 6 and 9 mM are displayed in Fig.6.9.

The data description and interpretation are the same as described in sections 3.4

and 5.1. As shown, for [Ca2+] = 0 and 4 mM, I(q) vs. q plots show an extended

power-law like behaviour in the low q range. This effect demonstrate the presence

of larger aggregates in the sample, where the I(q) may reach the plateau at lower

q values. In fact, for these samples, a Guinier approximation yielded values of

qRg > 1, confirming the presence of large aggregates.

The ability of sorbitol to sequester Ca2+ ions may be the cause of this effect,

where a lack of stabilized junction zones of LMP persists in the highly-disordered

state. df values for [Ca2+] = 0 and 4 mM were 1.8 and 3.1, respectively. These

values, allowed ξ to be determined via the I(q) · qdf vs. q plots, as ξ ≈ 6 µm and

4 µm at 0 and 4 mM, respectively. The ξ for [Ca2+] = 0 mM is similar to the

same parameter obtained for W samples in section 5.1. However, for [Ca2+] = 4

mM, the values are more similar the ones obtained for WF at same [Ca2+]. Both

ξ and df values highlight the presence of compact domains when [Ca2+] ≥ 4 mM

is added to the LMP solution.

At [Ca2+] = 6 mM, I(q) starts to level off at low q, indicating a characteristic

length scale (Fig.6.9). At larger q, a df value of ≈ 2.4 was obtained. For this

sample, ξ ≈ 4 µm. Lastly, WS40 with [Ca2+] = 9 mM showed increased I(q)
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Figure 6.9: SALS results as I(q) vs. q plots for WS40 samples at different
[Ca2+]. The inset of the figure shows the I(q) · qdf vs. q plots for the graphical
determination of ξ.
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approaching a plateau towards low q. The increase in df to 3.5 indicates more

compact domains, whereas ξ shows a constant value of 4 µm. In this case, Rg =

36 ± 0.05 µm in the qRg < 1 limit. According to Fig. 1.4(b), the value is

comparable to WF samples in the [Ca2+] range 2 and 4 mM.

Comparing the SALS results with those for W and WF samples, the supramolec-

ular length scales in the presence of 40 wt. % sorbitol appear similar to those

in the WF samples, indicating large aggregates that are not fully dispersed in

solvents different than water. Moreover, the [Ca2+] required to stabilize junction

zones is higher for WS40 samples, due to the Ca2+ complexation by sorbitol.

6.4.2 Rheo-Speckle analysis of WS40 samples

For these experiments, the [Ca2+] = 9 mM was chosen to ensure a sufficient

density of cross-links. Analysis of the spontaneous dynamics was performed at

different temperatures, i.e., 25, 45, 65 and cooled down back to 25◦C. Both

rheological and dynamic data acquisition during the stress relaxation tests were

unsuccessful due to slip between the plate and the sample. Therefore, these data

are not shown.

As in section 4.2.4, g2−1 vs. t̃ plots obtained at 25◦C before and after heating

to 65◦C are shown in Fig.6.10. At the beginning of the analysis (panel (a) of

Fig.6.10), the dynamics show stability after ≈ 4500 s, as g2−1 converge for high

analysis times. Here, one can see a clear relaxation mode at t̃ ≈ 100 s, followed

by a secondary one at higher t̃. The latter may reflect long-term rearrangements

of the components of the system.

The T increase to 45◦C results in a significant change of g2−1 in the short t̃

regimes (indicated as an arrow in panel (a)). In this case, the autocorrelation

function decayed at shorter t̃, indicating an increase in dynamics due to the

increase in T . The former, was followed with the same slower relaxation mode

seen at 25◦C. Further increase to 65◦C, showed a change on the dynamics, where

both modes assumed a unique relaxation behaviour.

Finally, cooling back to 25◦C (Fig.6.10(b)), g2−1 vs. t̃ plots showed a single-

mode relaxation with the following characteristics: (i) suppressed amplitude to ≈
0.8, indicating arrested dynamics; (ii) elongation of the plateau at short t̃, with
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Figure 6.10: g2−1 vs. t̃ plots from spontaneous dynamics tests. The plots show
the WS40 sample with [Ca2+] = 10 mM: (a) 25◦C before heating; (b) 25◦C after
heating to 65◦C and cooling down. Fit lines from KWW function are included
as well.

a (ii) decay occurring at high t̃. These features highlight the dynamic change of

the structures, where the sample passes from a unstable gel to a stable one.

The average relaxation times for all the investigated T , are summarized in

Fig.6.11. As shown in this figure, < τ > values decrease with increasing T ,

indicating faster dynamics. Then, cooling to 25◦C shows < τ > values approxi-

matively the same as the before heating the sample. Similar to the WF sample,

the relaxation modes rather than the total relaxation time highlights the change

of the dynamics related to the structural rearrangements in the sample. It is

difficult to interpret these data fully, since only one scattering vector was inves-

tigated. In a better scenario, it would be useful to use a similar DLS set-up to

gather information at a range of q. One could then obtain detailed information

on diffusivity and interactions.
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Figure 6.11: < τ > vs. analysis time (t) for WS40 sample with [Ca2+] = 10 mM
at 25, 45, 65 and 25◦C. < τ > values obtained by KWW fits of g2−1 vs. t̃ plots
at different analysis time and temperatures.

6.5 Conclusions

In this section an attempt is made to compare LMP samples with different co-

solutes and the previous W and WF samples.

The LMP gel formation changes accordingly to the type of co-solute and its

concentration. The presence of D-psicose, resulted in no gel formation over a

broad [Ca2+]. The lack of literature on this type of sugar makes this behaviour

hard explain completely. Speculating, the effect may be attributable to strong

Ca2+ ion chelation, making them unavailable for the polymer to stabilize junction

zones.

The effect of the LMP gel formation in presence of invert sugar (i.e., WIS

samples) was similar but slightly stronger than with fructose only (WF samples),

as might be expected. The simultaneous presence of glucose and fructose can bind

more water, making the latter unavailable for the polymer and Ca2+ ions. As

a direct consequence, the dynamics are highly suppressed and the gel formation

occurs more rapidly [17][47][96]. The application of the temperature to WIS

samples show less changes than WF samples, indicating less freedom of LMP to
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rearrange in a to a more stable structure. In terms of sugar clustering, there was

no clear evidence of the interaction between the glucose and fructose.

Finally, the presence of sorbitol in LMP solutions shows reduced gel forma-

tion. This is dependent on the co-solute concentration, which probably reflects

the ability of sorbitol to complex Ca2+ ions, making them unavailable for the

junction zone stabilization. Although this effect was previously seen in similar

systems, it is believed that the sorbitol interaction plays an indirect effect role in

this phenomenon. In fact, as seen in the DLS analysis of this study, the typical

fast mode seen in water-sugar solutions appears all the time, indicating clustering

effects. Evidence in the literature highlights the possibility of sorbitol to form

clusters in water solutions [114] [115] [116] . This raises the same unanswered

question as to where the LMP sits in the system? Static properties of WS40

seem to identify to two important points: (i) the difficulty of forming junction

zones due to the reduced free availability of Ca2+ and (ii) solubility/aggregation

of LMP in the sorbitol solution at large length scales. Finally, rheo-speckle re-

sults show non-thermal reversibility, similarly to WF and WIS samples, with a

[Ca2+] that allows the gel formation.
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Chapter 7

Overall Conclusions

In this work, commercial LMP gels prepared with high concentrations of sugars

were investigated. To understand the possible mechanisms of gelation, LMP

solutions with and without Ca2+ were investigated.

In chapter 3, rheological characterization of the LMP dispersed in water with

no Ca2+ showed similar properties to those commonly found in literature for this

type of pectin, in terms of intrinsic viscosity and the inferred molecular weight.

As suggested by the industrial co-sponsor, Mondelez International, the concen-

tration used for the LMP gel preparation (0.5 wt. %) resides around the overlap

concentration C∗, i.e., across the dilute and semi-dilute regimes. This reflects the

results obtained in DLS, where the limit qRh > 1 indicates translational diffu-

sion combined with internal relaxation modes of the material dominate. Dilute

solutions in water up to 0.02 wt. % LMP seemed not to change the qRh > 1

condition. These effects were also in agreement with SLS studies performed on

the same systems. SALS investigation of the LMP solutions suggested the pres-

ence of large length scale structures, i.e., at the supramolecular level that may

coexist with smaller ones. This indicates aggregation of LMP molecules even in

dilute solution in the absence of added salts or sugars. The presence of co-solutes

seemed to enhance aggregation.

In chapter 4, rheological and DLS investigation of LMP with added with

Ca2+ identified two key factors: (i) the [Ca2+] needed to induce the sol to gel

transition is ≈ 6 mM; (ii) gel formation is time-dependent and it takes ≈ 6 days

to reach both mechanical and dynamical stability. In the presence of 60 wt. %
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fructose: (i) faster gel formation was observed plus stronger mechanical properties

after 6 days; (ii) for [Ca2+] ≥ 6 mM, the systems showed no appreciable ageing

effects, i.e., quasi-instantaneous gel formation with no changes 1 hour after prepa-

ration; (iii) DLS results showed a narrower [Ca2+] where the system crossed from

sol to gel, compared to systems prepared in water. The latter was made partic-

ularly clear when angular dependent DLS experiments were performed for both

sol and gel states. Being a physical and thermo-reversible gel, LMP prepared

in water with [Ca2+] = 6 mM behaves as expected. However, the presence of 60

wt. % fructose alters this characteristic. In fact, rather than melting, increasing

the temperature gave an increase in the storage shear modulus G
′
. Moreover, al-

though the system at [Ca2+] = 5.5 mM 6 days after preparation remained in the

sol state, the T increase promoted a sol to gel transition. The DLS results clearly

show the change of the relaxation modes during this transition. The observations

were confirmed using rheo-speckle set-up. At small length scales, the DLS re-

sults show similar relaxation times at 25◦C before and after temperature cycles.

However, the number of the relaxation modes between the two methods show

consistent changes, i.e., from ≈ 3 relaxation modes to ≈ 1. This change indicates

the formation of a more ordered structure, i.e., increasingly uniform density of

junction zones throughout the sample. From these features, we deducted that

the gels prepared in fructose reside in a non-equilibrium trapped state, that can

be resolved by application of high temperatures or very long ageing times.

Chapter 5 describes static scattering characterization on gels with and with-

out fructose was investigated at extended observational length scales using SALS,

SLS and SAXS. Major differences between the two systems could be detected

at both very large and very small L. The intermediate static properties inves-

tigated via SLS did not show any interesting behaviour. In particular, SAXS

investigation of LMP gels in fructose as a function of [Ca2+] suggested junction

zone stabilization up to [Ca2+] = 5 mM. Higher concentrations (i.e., [Ca2+] = 5

and 6 mM) showed unexpected scattering profiles. Again, temperature cycling on

these samples suggested changes in the structural properties of the samples that

enhanced the cross-linking of the LMP chains via junction zone stabilization.

The results seemed to be in agreement with the characteristic length scales cal-

culated via a simple model widely used for gelled materials. The main conclusion
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of chapter 5, considering the combination of estimated length scales obtained via

the various models utilized, is that there are clear differences in the structure of

LMP gels prepared in water and fructose. In particular, the presence of fruc-

tose decreases the amount of the free water of the system, promoting the closer

association of the LMP chains.

In Chapter 6 it was shown that LMP gels prepared in the presence of 60 wt.

% invert sugar behaved similarly to those prepared with 60 wt. % fructose. In

particular, the invert sugar gels were even stronger than fructose gels. This is

related to the ability of the equatorial -OH groups of the sugar molecules to bind

water, making them less available to the pectin. On the other hand, 40-60 wt.

% sorbitol and 60 wt. % D-psicose showed inhibition of gelation. For sorbitol,

the effect is related to its ability to compete with [Ca2+] ions, making them less

available for LMP junction zone stabilization, since it is an open chain polyol

with less tendency to bind water due to the absence of equatorial -OH groups. For

D-psicose there is very little information available elsewhere, but the strong inhi-

bition of gelation probably have the same origin as with sorbitol. In conclusion,

LMP gel formation in presence of high concentrations of sugars depends on the

chemical characteristics of the sugar used, i.e., straight chain or ring structures

and the number of equatorial -OH groups in the case of the latter, plus possible

effects of chelation of Ca2+ ions. Further investigation is needed to understand

completely the behaviour of the polymer in these environmental conditions, such

as the hydration properties of both the sugars and LMP molecules, the dynamics

at small L, plus sugar clustering due to strong sugar-sugar interactions.

The results obtained in this thesis might have impact in both industrial ap-

plications and pure scientific field. The utilisation of a commercial LMP with

high concentrations of sugars strongly impact the gel formation and the ageing

over long times. These effect may significantly alter the quality of the product,

yielding unwanted texture effects on the food matrix. The final target could be

achieved using specific combinations of both [Ca2+] and sugars. Additionally,

the final food product contains a variety of other ingredients, such as proteins,

flavours, etc. that might additionally alter the interactions between LMP and

sugars. In the scientific aspect, the work shows the complexity of a physical

characterization of the solution and/or gel. Often, physical characterisation is
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performed on monodisperse and tailored biopolymers. As shown in this thesis,

a commercial LMP makes this characterization difficult, making the complete

understanding difficult.
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