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Abstract 

Sodium Carboxymethyl Cellulose (Na CMC) is used for its thickening and swelling 

properties in a wide range of applications including pharmaceutical, food, home and 

personal care products, as well as in paper, water treatment and mineral processing 

industries. Despite its broad industrial use, Na CMC structure-property relationships in 

solution are known to be highly complex and influenced by a number of parameters. The 

focus of this thesis was to expand fundamental understanding of its solution 

characteristics. 

The behaviour of salt-free semi-dilute aqueous Na CMC solutions was investigated over 

a wide range of concentrations using rheology as well as Light Scattering (LS). The 

concentration dependence of the solution specific viscosities could be described using an 

approach which interpolates between two power law regimes and introduces one 

characteristic crossover concentration. This behaviour was interpreted as a transition from 

the semi-dilute non-entangled to the entangled concentration regimes, and was not 

observed in the solution structure, as determined using Static Light Scattering (SLS). 

Dynamic Light Scattering (DLS) revealed three relaxation modes. The two faster 

relaxations were assigned as the ófastô and óslowô relaxation modes typically observed in 

salt-free polyelectrolyte solutions within the semi-dilute concentration range. The third, 

typically weak mode, was attributed to the presence of a small amount of poorly dissolved 

cellulose residuals. Since filtration altered the solution behaviour, without sufficiently 

removing the residuals, data collection and processing were adapted to account for this, 

which facilitated a detailed light scattering investigation of the original solutions. The 

relaxation time of the slow mode demonstrated a similar crossover behaviour as observed 

for the specific viscosity, further demonstrating the crossover dynamic nature. 

Sonication led to a decrease in the solution shear-thinning behaviour and viscosity. The 

relaxation time of the slow relaxation was also found to decrease, consistent with the 

previously established correlation between solution viscosity and the slow relaxation 

mode. SLS did not probe any change in the structure. Additional LS and Size Exclusion 

Chromatography (SEC) suggested that there was no significant Na CMC chain breakage, 

if any, and that the proportion of Na CMC chains involved in the domains decreased. 

Hence, it was proposed that the shear forces applied during sonication were strong enough 
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to remove some Na CMC chains from the domains, while the domain sizes remained 

constant. These looser domains would be more deformable under flow, leading to the 

observed decrease in the viscosity and shear-thinning behaviour. A partial or full recovery 

of the slow relaxation mode was also observed after a month, supporting the hypothesis 

that domains could correspond to a metastable equilibrium, while sonication had no effect 

on the solutions with added salt, suggesting that electrostatic forces could be responsible 

for the cohesion of the domains. 
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Chapter 1: Introduction  

Sodium Carboxymethyl Cellulose (Na CMC) is a linear semi-flexible negatively charged 

polyelectrolyte. It is made from cellulose, which is the most abundant biopolymer on 

Earth.1,2 Because of its high availability as well as its thickening and swelling properties, 

Na CMC is widely used in numerous industries.1-3 Application fields are shown in Figure 

1-1 and include food, pharmaceutical, home and personal-care products, as well paper 

industry, paint, water treatment and mineral processing.1-5 The Na CMC global market 

represented 1.2 billion USD in 20166 and is expected to exceed 1.7 billion USD by 2024.7 

 

Figure 1-1: Global Na CMC market by application in 2016 (%). Data from Grand View 

Research.6 

The market of formulated products (i.e. food & beverages, cosmetic & pharmaceuticals, 

and detergents) represents more than half of the global Na CMC market. Such products 

contain a large number of compounds as illustrated in Table 1-1. The nature of these 

compounds is broad: solid particles (e.g. silica), polymers (e.g. Na CMC), oils 

(e.g. fragrance and flavouring oils), surfactants, salts or proteins are a few examples. As 

seen in Table 1-1, each of them fulfil a specific role in the formulated product. The active 

ingredients allow the product to fulfil its purpose, while other ingredients are incorporated 

to manage the product structure, taste, appearance or shelf-life. A general challenge in 

formulating such complex systems is to understand the interactions between all the 

components and their effects on the efficacy and the stability of the product over its full 

shelf-life. 

 Food and beverages

 Oil and gas

 Paper and board

 Cosmetic and pharmaceuticals

 Detergents

 Paints and adhesives

 Others

 

 



Chapter 1: Introduction 

2 

Table 1-1: Examples of compositions of formulated products. 

Ingredient 

type8-11 

Purpose8-11 Toothpaste8 

 

(%) 

Hand-washing 

liquid10 

(%) 

High-protein 

soy desserts11 

(%) 

Abrasives Clean and polish Xerogel silica 

(14) 

n/a n/a 

Binders 

(or thickeners) 

Prevent separation 

of ingredients, 

control the 

rheological 

properties 

Precipitated 

silica (8), 

Na CMC 

(0.3) 

Na CMC (0.05) Na CMC 

(0.9-3) 

Colouring 

agents 

Attractive 

appearance 

Colour 

solution (1.5) 

Fluorescent 

whitening agent 

(0.1) 

Colouring 

(0.026) 

Surfactants 

(or detergents 

or emulsifiers) 

Foaming action, 

stabilisation of 

emulsions and 

foams 

SLS (1.5) Alkylbenzenesul-

fonate (6.5), 

potassium soap 

(1.5), non-ionic 

surfactants (2.5) 

 

Flavouring/ 

fragrance 

agents 

Pleasant taste, 

lingering aftertaste 

Flavour (1) Perfume (1) Citrus flavour 

(0.026) 

Preservatives Prevent growth of 

bacteria and mould 

Na benzoate 

(0.1) 

  

Sweeteners Pleasant flavour 96% 

glycerine 

(25), Na 

saccharin 

(0.2) 

n/a Sucrose (4) 

Humectants Maintain moisture 

and consistency 

70% sorbitol 

solution 

(46.02) 

  

Fluoride source  Na2PO3F 

(0.78) 

n/a n/a 

Water 

softening 

agents 

 n/a STP (30), Na 

silicate (2) 

n/a 

Proteins  n/a n/a SPI (6-8) 

Water  Water (24.12) Water (balance) Water (balance) 

SLS: Sodium Lauryl Sulfate; STP: Na triphosphate; SPI: Soy Protein Isolate; n/a: not appropriate 

(i.e. not expected to enter the composition of this type of product, even if the formulation was 

different). Figures in brackets correspond to the proportion of each compound. 
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Na CMC is often used in formulated products to control their rheological properties. For 

example, in the case of toothpaste, Na CMC is responsible for toothpaste performances, 

including toothpaste stability in its container, dispensing, in-mouth behaviour and rinsing 

of the sink after use.8 Despite its broad use in industry, Na CMC behaviour in solution is 

still relatively poorly understood and is the subject of research from both fundamental1,12-

15 and applied perspectives.11,16-19 The polyelectrolyte nature of Na CMC is, in itself, a 

reason for this poor understanding. Indeed, many questions remain about the behaviour 

of charged polymers in solution,15,20 and especially in salt-free solutions, such as the 

origin of the slow relaxation mode observed with Light Scattering (LS) whose presence 

is not predicted by the theory.21-23 Furthermore, because of Na CMC biological origin, 

there is a broad diversity between batches as well as within individual batches. This 

diversity can come from the typically high polydispersity of the chain length 

distribution,1,3,24,25 the crystallinity of the cellulose raw material,24,26,27 and/or the amount 

and the distribution of the carboxymethyl groups along the chains.18,26,28-30 These charged 

carboxymethyl groups are key to the behaviour of Na CMC in solution as they confer its 

water-solubility to Na CMC. If there are not enough of these groups and/or if they are not 

homogeneously distributed along Na CMC chains, Na CMC chains or chain sections are 

not fully solubilised in water.26,28,29 These inter- and intra-batch variabilities make it 

harder to investigate and understand the behaviour of Na CMC in solution. 

Light Scattering (LS) has been widely used to study other charged polymers31-34 and/or 

polysaccharides.35-38 Static Light Scattering (SLS) allows to study the conformation and 

the organisation of the polymer chains in solution, while Dynamic Light Scattering (DLS) 

studies their dynamics.39,40 Such information, combined with rheological investigations, 

would allow establishing structure-properties relationships, which could then be used to 

understand the rheological behaviour of Na CMC formulations and help formulating 

products. Surprisingly, to my knowledge, no extensive LS investigation of the behaviour 

of Na CMC in solution across a wide range of concentrations has been performed. The 

possible presence of poorly dissolved Na CMC fractions which would scatter the light 

strongly, thus adding another contribution to the scattering and possibly hiding the 

scattering contribution of the properly dissolved Na CMC chains, as well as the typically 

high viscosity of Na CMC solutions as used in the industry, are two of the few obstacles 

that need overcoming to investigate the behaviour of Na CMC in solution with LS. 
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A decrease in Na CMC solution viscosity has been observed over time12,41,42 and 

attributed to the breakage of Na CMC chains.1 Meanwhile, sonication has been widely 

used to break polymer chains,43,44 including Na CMC chains.45,46 Studying the effect of 

sonication on Na CMC solution may thus provide some information about ageing 

phenomena occurring in Na CMC formulations, which would be of interest for industrial 

applications as shelf-life is a major concern for formulated products. 

The aim of this thesis is to investigate structure-property relationships of Na CMC in 

solutions with and without added salt using both rheology and light scattering. The 

objectives are: 

1. To assess the current knowledge about polyelectrolyte behaviour in solution, and 

especially, about how rheology and light scattering measurements can help 

understanding their behaviour in solution. 

2. To identify Na CMC characteristics and understand how they influence its 

behaviour in pure water and in presence of salt, especially in terms of rheological 

and scattering behaviour. 

3. To study the behaviour of Na CMC in salt-free water using both rheology and 

light scattering. 

4. To investigate the influence of sonication on Na CMC formulated solution 

structure-property relationships. 

To answer the first two objectives, a literature review has been completed and its main 

outcomes are presented in Chapter 2. Then, rheological and light scattering methods have 

been developed and subsequently used to study the behaviour of salt-free Na CMC 

solutions as reported in Chapter 3. The developed methods have also been used to 

investigate the influence of sonication on Na CMC formulated solutions, in combination 

with Size Exclusion Chromatography (SEC), and these investigations are detailed in 

Chapter 4. 
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Chapter 2: Literature review  

2-1. Outline 

In this Chapter, the behaviour of polyelectrolytes in solution is reviewed first. The 

conformation and dynamics of polymer chains in solution is described, and it is shown 

how rheology and light scattering typically help assessing them. Then, Na CMC and its 

characteristics are introduced, before the main outcomes of the already performed 

scattering and rheological studies about salt-free Na CMC solutions are presented and 

compared to the ones of polyelectrolytes. Finally, the influence of Na CMC 

characteristics, salt addition and sonication on Na CMC behaviour in solution as studied 

by scattering and rheology are discussed. 

2-2. Polyelectrolytes 

2-2.1. Polymers in good solvents: overall picture 

In this Section, the behaviour of polyelectrolytes in pure water is described, as well as the 

one of neutral polymers in good solvents. Polyelectrolytes are described here in absence 

of added salt. 

2-2.1.1. Three main regimes to describe polyelectrolyte conformation as a 

function of concentration 

The conformation of the polymer chains in solution depends on polymer concentration. 

Three different regimes can thus generally be observed. They are called (i) dilute regime, 

(ii)  semi-dilute regime and (iii) concentrated regime. The scaling model, established by 

de Gennes in the 1970s, describes these three regimes for neutral and charged 

polymers.47,48 It consists in the definition of characteristic length scales, which are 

appropriate to describe the conformation of the polymer chains in solution. 

(i) Dilute regime 

In the dilute regime, neutral polymer chains are far from each other. They can be 

described by chains of thermal óblobsô of diameter ɝT as illustrated in Figure 2-1.A. This 

length-scale corresponds to the length-scale at which the excluded volume interactions 
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equal kBT (kB: Boltzman constant; T: temperature).49 Below this length-scale (i.e. inside 

the thermal blobs), thermal energy dominates over excluded volume interactions and the 

polymer chains follow a random walk. Above this length-scale, however, the energy 

related with excluded volume interactions is higher than kBT and the chains can be 

described as a sequence of thermal blobs undergoing a self-avoiding walk.49 

Regarding polyelectrolytes in the dilute regime, one first needs to understand how the 

counterions behave. An important length-scale in this regard is the so-called Bjerrum 

length (Eq. 2-1),1 lB, which corresponds to the distance at which the electrostatic (or 

Coulomb) energy of two elementary charges e equals the thermal energy kBT. 

ὰ  (2-1) 

where Ů and Ů0 are the relative dielectric constant and the permittivity of vacuum, 

respectively. For example, water Bjerrum length equals 7.1 Å at 25°C.1,50 According to 

Manning counterion condensation theory, if the distance between two charges on the 

polymer chain is above the Bjerrum length, all the counterions are free in solution and the 

polymer chains are stretched to reduce the repulsive interactions.50,51 Otherwise, 

counterions condense on the chains to lower the repulsion until the distance between 

effective charges equals the Bjerrum length,50,51 and the chains can be divided into 

óelectrostatic blobsô of diameter ɝe = lB.20,48 Consequently, polymer chains can be 

represented by chains of electrostatic blobs of diameter ɝe as depicted in Figure 2-1.B. On 

scales larger than ɝe, repulsive electrostatic interactions dominate: the chains of 

electrostatic blobs form a stretched directed random walk chain (i.e. they are stretched 

along the chain axis while the statistics they follow into the two other directions are 

random walks).1,50 Within an electrostatic blob, there is no electrostatic interaction: in 

good solvents, the statistics of the chain follows a self-avoiding random walk.1,50 

 

Figure 2-1: Neutral (A) and unscreened charged (B) polymers in dilute solutions. ɝT: diameter of 

the thermal blob; ɝe: diameter of the electrostatic blob; L: polymer chain length; R: end-to-end 

polymer chain distance. 

ɝT

R

ɝe

L = R

Neutral polymer
in a good solvent

Unscreened charged polymer
in a good solvent

A B
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One may wonder what happens to the counterions which are not condensed on polymer 

chains. As for small electrolytes, charged species tend to be surrounded by oppositely 

charged species to maintain electroneutrality. The free counterions therefore form clouds 

around polymer chains, thus screening the electrostatic interactions at large distances.51 

The distance at which the screening of the electrostatic interactions occurs is the Debye 

screening length rD
20,51 given by Eq. 2-2.52 

ὶ τ“ὰВὧή ϳ  (2-2) 

where cs is the concentration of small ions and qs their valence. As illustrated in Figure 

2-2, the Debye screening length can be viewed as a sphere of equivalent radius rD 

containing the cloud counterions. 

As shown in Figure 2-2.A, when the counterion concentration is very low in dilute 

solutions, the Debye screening length rD is large compared with the distance between the 

chain centres of mass Rcm.20 Hence, as previously explained, the effective charges on 

polyions interact with each other. When the polyelectrolyte concentration increases, the 

counterion concentration increases too, leading to a decrease in the Debye screening 

length which eventually equals the distance between the chains Rcm (note that Rcm 

decreases too when the polyelectrolyte concentration increases).47 The concentration at 

which the Debye screening length rD equals the distance between chains Rcm is referred 

as cint. Below this concentration, chains interact strongly with each other, and cint å 4 × 

10-8 M was found for a 690,000 g/mol poly(styrene sulfonate) sample in water.47 As 

shown in Figure 2-2.B, when rD < Rcm, there would be counterion-free spaces in solution, 

leading to a large entropy penalty. Dobrynin et al.47 thus proposed that, above cint, the 

screening length rsc is the inter-chain distance Rcm as illustrated in Figure 2-2.C. It is worth 

noting that the previous explanations about the Debye screening length are valid for 

temperatures below the ɗ temperature; which is the most common case.47 

From the description of the conformation of both neutral and charged polymers in good 

solvents, it can easily be deduced that the size of unscreened charged chains is larger than 

neutral chains of similar structure and molecular weight Mw. As electrostatic repulsion 

decreases when polyelectrolyte concentration increases, the size of the polyelectrolyte 

chains decreases across the dilute regime. 
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Figure 2-2: Il lustration of the Debye screening length rD as a function of polyelectrolyte 

concentration c when cint < c*. cint: concentration below which chains interact strongly; c*: overlap 

concentration; Rcm: distance between chain mass centres; rsc: screening distance; ɝe: electrostatic 

blob diameter. A. c < cint < c*. B & C. cint < c < c*. B corresponds to the case where Debye-

Hückel theory is violated, while C is the alternative model proposed by Dobrynin et al.47 to solve 

the violation. The grey areas represent the counterion clouds. N.B: The reduction in polyion size 

upon increasing polyelectrolyte concentration is not depicted in the Figure. 

rD

Rcm

ɝe
rD

Rcm

A

C3

B

7

c < cint (< c*)

cint < c < c*

rD

Rcm = rsc
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 (ii) Semi-dilute regime 

As the polymer concentration increases, polymer chains, whether neutral or charged, start 

to interpenetrate, which defines the beginning of the semi-dilute regime. In the semi-

dilute concentration regime, both neutral and charged polymer chains can be depicted by 

chains of correlation blobs of diameter ɝ as shown in Figure 2-3. The correlation length ɝ 

represents the typical distance between two chains (also called mesh size). As illustrated 

in Figure 2-4, the characteristic concentration at which the semi-dilute regime starts is 

called the overlap concentration c* and corresponds to the concentration at which the 

distance between two polymer chains is on the order of their size. The correlation volumes 

defined by ɝ are space-filling and are at overlap with each other.49 The overlap 

concentration also corresponds to the concentration at which the local polymer 

concentration is identical to the one of the overall solution. A correlation blob (i.e.  length-

scales smaller than ɝ) mainly contains monomers from a single monomer chain.49 

 

Figure 2-3: Neutral (A) and unscreened charged (B) polymers in semi-dilute solutions. 

ɝ: correlation length (i.e. diameter of the correlation blobs); ɝT: diameter of the thermal blob; 

ɝe: diameter of the electrostatic blobs. B adapted by permission from Springer Nature, Rheology 

Acta, Colby,48 Copyright © Springer-Verlag 2009. 

For neutral polymers, ɝ sets the range of the excluded volume interactions. On scales 

larger than ɝ, the excluded volume interactions are screened by the neighbouring (and 

overlapping) chains, and the chains of correlation blobs follow a random walk. On scales 

between ɝ and ɝT, excluded volume interactions are significant, and the chains of thermal 

blobs follow a self-avoiding random walk like in the dilute regime (see previous sub-

ɝeɝT

Neutral polymer
in a good solvent

Unscreened charged polymer
in a good solvent

A B

ɝ



Chapter 2: Literature review 

10 

section). Likewise, on scales smaller than ɝT, the chain conformation is identical to that 

in the dilute regime.49 

For charged polymers, ɝ sets the range of the electrostatic interactions.20,50,53 On scales 

larger than ɝ, electrostatic interactions are screened by the other polymer chains (and their 

associated counterions), and the polymer chains can be viewed as random walks of 

correlation blobs. Within a correlation blob, the local conformation of the monomer chain 

is a directed random walk of electrostatic blobs as in the dilute regime (see previous sub-

section). 

 

Figure 2-4: Illustration of the overlap concentration c* for both neutral and charged polymers. 

R: end-to-end chain distance (yellow dashed circles); ɝ: correlation length (blue circles); c: 

polymer concentration. 

Because of the more extended conformation of the charged polymer chains compared to 

the neutral ones, the overlap concentration of a charged polymer is lower than the one of 

a neutral polymer of identical Mw. 

(iii) Concentrated regime 

As the polymer concentration increases, the distance between the polymer chains (i.e. the 

correlation length ɝ) decreases, while the smallest characteristic length-scales 

(i.e. thermal blob ɝT or electrostatic blob ɝe for neutral or charged polymers, respectively) 

Neutral polymer Unscreened charged polymer

R

Dilute

Overlap
concentration

c*

R= ɝ
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does not change. Thus, there is a characteristic concentration c**  where both length-scale 

equal each other (i.e. ɝ = ɝT or ɝ = ɝe for neutral or charged polymers, respectively). 

For neutral polymers above c** , the correlation length ɝ becomes smaller than the 

diameter of the thermal blobs ɝT. Hence, the excluded volume interactions are screened 

at all length-scales and the polymer chains behave like ideal chains, thus following a 

random walk.49 It is worth noting that non-fully flexible polymer chains would only 

follow a random walk at large length-scales. 49 

For charged polymers above c** , the correlation length ɝ becomes smaller than the 

diameter of the electrostatic blobs ɝe. The electrostatic interactions are screened at all 

length-scales and the polymer chains behave like neutral polymer chains.47,50,54 

Although these three regimes can be identified by experiments, they are not enough for 

explaining all the experimental outcomes. The next Section thus provides the required 

information to complete the picture. 

2-2.1.2. Additional information to complete the picture 

Experiments show that the semi-dilute regime may be divided into two sub-regimes: the 

non-entangled semi-dilute regime and the entangled semi-dilute regime (although, this 

may not be the case for all polymers as the polymer chains need to be long enough to get 

entangled50). To understand the distinction between these two regimes, one needs to look 

at the dynamics of the chains in the different concentration regimes. 

Dilute regime 

When a segment of a polymer chain moves, it drags the surrounding solvent molecules 

and makes the other segments of the polymer chain move in a similar way.49,51 This 

phenomenon is called hydrodynamic coupling. Consequently, the motion of a polymer 

chain can be seen as the motion of a single object constituted by the polymer chain and 

the surrounding solvent molecules.49,51 The radius of a sphere having the same volume as 

this object is called hydrodynamic radius (see Eq. 2-19).55 The description of the polymer 

chain motion in the dilute regime, where hydrodynamic coupling is important, can be 

well described using the so-called Zimm model. The time required for a chain to diffuse 

a distance of order of its own size is called the Zimm relaxation time tz.49 
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Non-entangled semi-dilute regime 

As depicted in Figure 2-5, according to Rouse model, the chains of correlation blobs can 

be viewed as beads connected by springs.20,49,51 The beads only interact with each other 

through the connecting springs while solvent molecules freely drain through the chains 

as the chains move, i.e. there are no hydrodynamic interactions. The motion of such 

chains in solution is diffusive. The time required for a chain to diffuse a distance of order 

of its own size is called the Rouse relaxation time tR.49 Within a correlation blob, 

polyelectrolyte chain conformations look like the conformation in the dilute regime. At 

this scale, the dynamics of the chains thus follow the dynamics of polymer chains in the 

dilute regime (i.e. Zimm dynamics; see previous paragraph).20,49 

 

Figure 2-5: Spring and bead representation of polyelectrolyte chains in the Rousse model. On the 

left: a polyelectrolyte chain in the semi-dilute regime. ɝ: correlation length; ɝe: of the electrostatic 

blobs. On the right: spring ( ) and bead () representation of the same polyelectrolyte chain. 

N.B: the spring and bead model is also valid for neutral polymers; the óblob representationô of 

such polymer chains is depicted in Figure 2-3. 

Entangled semi-dilute regime 

Entanglements are the consequence of the fact that polymer chains cannot cross each 

other.49 Another length-scale has to be introduced to describe the polymer conformation: 

the Edwards tube diameter a, which is directly related to the length-scale between 

entanglements.20,47,48 Each polymer chain can be depicted as a random walk of correlation 

blobs diffusing along an effective tube of diameter a formed by the surrounding chains, 

as illustrated in Figure 2-6. a is much larger than the correlation length ɝ. 

Regarding hydrodynamics, on length-scales larger than the tube diameter a, polymer 

chains reptate in tubes of diameter a. The reptation relaxation time trep corresponds to the 

ɝɝe
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time needed by the polymer chains to go out of the tube they are initially contained in. 

On length-scales smaller than a but larger than the correlation length ɝ, polymer chain 

conformation and dynamics are similar to those of the non-entangled semi-dilute regime 

(i.e. chains of correlation blobs following Rouse dynamics), while on length-scales lower 

than the correlation length ɝ, polymer chain conformation and dynamics are similar to the 

ones of the dilute regime (i.e. chains of electrostatic blobs following Zimm dynamics).20,49 

 

Figure 2-6: Polyelectrolyte chain conformation in a semi-dilute entangled solution. ɝ: correlation 

length; ɝe: electrostatic blobs; a: diameter of the Edwards tube. N.B: To avoid overloading the 

picture, the electrostatic blobs are only represented for the chain whose Edwards tube is depicted. 

Moreover, a schematic showing a similar polymer chain conformation at length-scales above ɝ, 

and where the polymer chain conformation inside the correlation blobs (i.e. below ɝ) would be 

similar to the one depicted in Figure 2-3.A, would describe neutral polymer chain conformation 

in a semi-dilute entangled solution. Adapted from Dobrynin and Rubinstein,20 Copyright © 2005 

Elsevier Ltd, with permission from Elsevier. 

2-2.2. Concentration-dependence of polymer solution viscosity and scaling laws 

of neutral and charged polymers in good solvents 

Both neutral and charged polymer conformations and dynamics in good solvents have 

just been described. Hence, it has been shown that, depending on the polymer chain ability 

a

ɝe
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to form entanglements, they are three to four concentration regimes and that each of them 

can be described using one or several characteristic length-scales. DeGennes has 

established scaling laws which quantitatively describe these concentration regimes20,48 

and thus allow their identification. These scaling laws consist of power law relationships 

where one quantity changes as the power of another, i.e. ὣͯ ὢ , where Y could, for 

example, be a rheological parameter, X could be the polymer concentration, and ɜ is the 

power law exponent and has a distinct value for each concentration regime and (X,Y) 

variables.49 It is shown hereafter how viscosity measurements can be used to determine 

the concentration regimes. The typical flow behaviour of polymer solutions is first 

described. Here too, polyelectrolytes are described in the absence of added salt. 

Figure 2-7.A shows the flow curves of a 17% quaternized poly(2-vinyl pyridine) at 

different concentrations in ethylene glycol, which is a good solvent for the investigated 

polymer. At low shear-rates, the solution viscosity is shear-rate independent, while it 

decreases as the shear-rate increases at high shear-rates. Such a decrease in viscosity upon 

an increase in shear-rate is called shear-thinning and is explained by the alignment of the 

initially interpenetrated or entangled polymer chains along the direction of flow.56 This 

behaviour can be described by the Carreau model1,14,50 (Eq. 2-3) defined as: 

–‎  (2-3) 

where the zero-shear viscosity ɖ0 describes the viscosity plateau at low shear-rates, the 

time constant Ű corresponds to the inverse of the shear-rate characterising the onset of the 

shear-thinning behaviour, and the exponent p describes the behaviour of the viscosity as 

a function of the shear-rate in the shear-thinning region. 

As the polymer concentration increases, the solution viscosity increases. Though not 

shown on the graph, the authors say that the viscosity of dilute solutions is shear-rate 

independent.50 Such a behaviour is called Newtonian behaviour.1,57 

It is worth noting that similar behaviours are found for neutral polymers in good solvents, 

apart from the fact that the onset of the shear-thinning region exhibits a different 

behaviour.56,58,59 Indeed, the data displayed in Figure 2-7.A corresponding to a charged 

polymer shows that the shear-rate from which the shear-thinning behaviour starts 

increases as the polymer concentration increases,50,56,60 while it is the opposite for a 

neutral polymer.56,58,59 The shear-rate from which the shear-thinning behaviour starts 

corresponds to the reciprocal of the longest Rousse relaxation time ŰR, defined in 
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Section 2-2.1.1.56 ŰR has been shown to scale as † ὧͯȢ ‎ͯ  and † ὧͯ Ȣ ‎ͯ  for 

neutral and charged polymers, respectively.48 This is due to the fact that, above c*, for 

the same increase in polymer concentration, the reduction in polymer chain size for 

polyelectrolytes is much more significant than for neutral polymers.48 

 

Figure 2-7: Example of polymer flow behaviour (A) and concentration-dependence of the specific 

viscosity hsp for both neutral and charged polymers in good solvents (B). A. Flow curves of 17% 

quaternized poly(2-vinyl pyridine) solutions in ethylene glycol. Solution concentrations are 

indicated on the right-hand side. Red lines represent fits to the Carreau model. From Dou and 

Colby,50 Copyright © 2006 Wiley Periodicals, Inc, adapted by permission from John Wiley and 

Sons, Inc. B. Specific viscosity hsp as a function of the monomer concentration cn. Black lines: 

fits to power laws. Power law exponents are provided in black. Exponents expected for the 

regimes at higher concentrations are provided into red brackets and blue crochets for the neutral 

and the charged polymers, respectively. Blue: 55% quaternized poly(2-vinyl pyridine) in ethylene 

glycol; red: poly(2-vinyl pyridine) in ethylene glycol. Adapted by permission from Springer 

Nature, Rheology Acta, Colby,48 Copyright © Springer-Verlag 2009. Both quaternized polymers 

presented in this Figure come from the poly(2-vinyl pyridine) sample shown in B. Its 

characteristics are the following: Mw = 364,000 g/mol; Mw/Mn = 1.06; degree of polymerisation 

N: 3,230; supplier: Polymer Source. 

From the shear-rate independent viscosity of dilute solutions or the zero-shear viscosity 

ɖ0 of more concentrated solutions determined using the Carreau model (Eq. 2-3), the 

specific viscosity ɖsp (Eq. 2-4) can be calculated as:1,14,15,48,50 

–
ίὴ

–
ίὴ

–
ί
–
ί

ϳ  (2-4) 

where ɖs is the solvent viscosity. Figure 2-7.B shows the concentration dependence of the 

specific viscosity for a non-quaternized (neutral) and a 55% quaternized (charged) 

poly(2-vinyl pyridine) polymer in a good solvent. The charged polymer was derived from 

the neutral polymer and thus has the same polymerisation degree (i.e. the same number 

of monomers per chain).48 Hence, for proper comparison of the behaviour of both 

polymers, the specific viscosity was plotted as a function of the monomer concentration. 

(3.9)
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At low monomer concentrations, the specific viscosity of the charged polymer solution is 

higher than the one of the neutral polymer solution. This is due to the fact that charged 

polymer chains are more extended in solution than neutral polymer chains in solution (see 

Section 2-2.1). At high concentrations, the behaviour of both polymer solutions is 

identical. Indeed, charges are screened on polyelectrolyte chains and they behave like 

neutral chains.15,48 As illustrated by the black lines, the data can be described by power 

laws – ὧͯ where the exponent ɜ depends on the concentration region. Each of these 

regions has a characteristic power law exponent (displayed above and below the data of 

the charged and the neutral polymers, respectively), and corresponds to a different 

concentration regime, i.e. (i) dilute, (ii) semi-dilute non-entangled, (iii) semi-dilute 

entangled and (iv) entangled. The exponent values are also provided in Table 2-1. 

Table 2-1: Power law exponents15,48,61 ɜ predicted by the scaling laws for both neutral and charged 

polymers in good solvents. 

Concentration regime ɜ(neutral polymer) ɜ(charged polymer) 

Dilute 1 1 

Semi-dilute non-entangled 1.3 0.5 

Semi-dilute entangled 3.9 1.5 

Concentrated 3.75 3.75 

Variations from the power law exponents predicted by the scaling laws have been 

reported in the literature. For example, values of 0.35 and 0.68 ± 0.02 were found for 

sodium poly(styrene sulfonate) and Na CMC, respectively.1 Hypotheses to explain the 

higher value obtained for Na CMC included its polydispersity and its semi-flexible 

nature.1 The scaling laws have indeed been established for flexible polymers. 

Figure 2-7.B also shows that the overlap concentration c* characterising the transition 

between the dilute regime (ɜ = 1) and the semi-dilute regime (ɜ(charged polymer) = 0.5 

and ɜ(neutral polymer) = 1.3) is lower for neutral polymers than charged polymers, as 

already mentioned when c* was introduced in Section 2-2.1.1. c* is reached for a value 

of the specific viscosity of 1.1,48 For two polymers of identical polymerisation degree, it 

is found that c*(neutral polymer) å 10 c*(charged polymer).48 It is worth noting that the 

concentration-dependence of the specific viscosity ɖsp of fully screened polyelectrolyte 

solutions is identical to the one described above for neutral polymer solutions.15 When 
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the added salt concentration is not high enough to screen all the charges along the chains, 

intermediate behaviours are observed.15 

2-2.3. Light Scattering (LS) of polyelectrolyte solutions 

Polyelectrolytes have been widely characterised using Light Scattering (LS), which is a 

powerful technique to study the conformation of polymer chains in solution as well as the 

dynamics. Before going through the typical outcomes of LS measurements on 

polyelectrolyte solutions, the principle of LS measurements is first explained, where 

Dynamic Light Scattering (DLS) and Static Light Scattering (SLS) are introduced. The 

findings reported for both types of LS measurements for polyelectrolyte solutions are then 

summarised. Finally, more details are given about the slow relaxation mode observed 

with DLS and which is not predicted by the theory. 

2-2.3.1. The principle of Light Scattering (LS) measurements 

In LS experiments, a laser beam goes through a sample. The light of the laser is a plane 

electromagnetic wave and induces an electric field. When the óobjectsô present in the 

solution (e.g. molecules, particles, aggregates) are subjected to this electric field, their 

charges experience a force, are accelerated and scatter the light.62 The total scattered 

electric field corresponds to the sum of the electric fields coming from all the scatterers 

illuminated by the laser beam. It thus depends on the relative arrangement of the scatterers 

in the sample. The óobjectsô in the solution are constantly moving because of thermally 

driven fluctuations. The position of the scatterers thus changes over time. This also makes 

the scattered electric field fluctuate over time.62 Such fluctuations contain information 

related to both solution structure and dynamics. The present Section aims to show how 

the information related to the electric field is obtained from the experiments. 

Description of a Light Scattering (LS) spectrometer 

Figure 2-8 shows a schematic of a LS spectrometer. The sample, contained in a glass vial, 

is inserted in the measurement cell. The outer part of the measurement cell is filled in 

with decalin. The refraction index of decalin is indeed very close to the one of the glass 

to reduce stray light.63 
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Figure 2-8: Schematic of a LS spectrometer. Black elements: belong to the LS spectrometer; Blue 

element: computer; ð: laser beam; - -: signal; ƴ: sample; - -: glass index matching liquid; 

ɗ: scattering angle. 

The laser beam goes through the sample. A fraction of the laser beam is scattered by the 

sample in all directions and gives rise to scattered light, while the rest of the laser beam 

simply goes through the sample and gives rise to the transmitted beam. The scattered light 

at angle ɗ reaches the photon detector. If a screen would be placed in front of the photon 

detector, a speckle pattern would be seen (see left-hand side of Figure 2-9).63,64 As the 

óobjectsô move in the sample, this speckle pattern would change: some previously dark 

speckles would become bright while some previously bright speckles would become 

dark.63,64 Depending on the LS spectrometers, the photon detector records the fluctuations 

over time of the intensity of either one speckle or several speckles. The instrument used 

for the experiments reported in Chapters 3 and 4 records the intensity fluctuations of a 

single speckle as illustrated in Figure 2-9. The curve of the intensity of the light I(t) over 

time is commonly called count trace (right-hand side of Figure 2-9). 

 

Figure 2-9: Example of a speckle pattern (left-hand side) and time-evolution of the intensity of 

one speckle (right-hand side; data collected with the instrument used to collect the LS data for 

this thesis). I(t): scattering intensity at time t; ộὍὸỚ: scattering intensity averaged over time. 
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As seen from Figure 2-9, the count trace looks like a noisy signal.62 Indeed, as the motion 

of the óobjectsô present in solution is erratic, the signal collected by the detector varies 

randomly over time. This noisy signal can be analysed using two approaches: (i) looking 

at the fluctuations of the scattering intensity over time (Dynamic Light Scattering), or (ii) 

looking at the time-average intensity (Static Light Scattering) 

Dynamic Light Scattering (DLS) 

To be able to analyse the data, a mathematical function called óintensity auto-correlation 

functionô needs to be computed. It is a way to measure the characteristic time(s) of the 

fluctuations of the signal.62 The intensity auto-correlation function is defined by Eq. 2-5:64 

ộὍὸὍὸ †Ớ ὰὭά
ᴼ

᷿ὍὸὍὸ †Ὠὸ (2-5) 

It can be approximated by Eq. 2-6:62,64 

ộὍὸὍὸ †Ớ ὰὭά
ᴼ

В ὍὸὍὸ † (2-6) 

Figure 2-10 illustrates the way the intensity auto-correlation function is computed. When 

t approaches 0 (t = tô in Figure 2-10), Ὅὸ and Ὅὸ † are very close to each other: they 

are correlated.62 From a mathematical point-of-view, ộὍὸὍὸ †Ớ tends towards 

ộὍὸỚ.64 When t is very long compared to the characteristic time scale of the motions 

(t = tò in Figure 2-10), Ὅὸ and Ὅὸ † are uncorrelated,62 and ộὍὸὍὸ †Ớ

ộὍὸỚ.64 

 

Figure 2-10: Illustration of the process used to compute the intensity auto-correlation function. 

t short (t = tô): the values of I(t) (pink) and I(t+Űô) (light blue) are very close to each other: they 

are correlated; t long (t = tò): the values of I(t) (pink) and I(t+Űò) (green) are very different from 

each other: they are uncorrelated. 
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Figure 2-11 shows different representations of the Intensity Auto-Correlation (IAC) 

function. The IAC function has its maximum value ộὍὸỚ for Ű = 0, and decreases over 

time towards ộὍὸỚ as shown in Figures 2-11.A and B.62,64 In the simplest cases (e.g. a 

particle undergoing Brownian diffusion), the intensity auto-correlation function decays 

in an exponential way. It is thus often represented on a semi-log graph as illustrated in 

Figure 2-11.B.64 

 

Figure 2-11: Intensity Auto-Correlation (IAC) function decaying in an exponential way with a 

relaxation time ŰR. A. Lin-lin representation of the IAC function. B. Semi-log representation of 

the IAC function. C. Semi-log representation of the normalised IAC function g(2)(Ű). D. Typical 

representation of the normalised IAC function g(2)(Ű) ï 1. 

The time at which the decay occurs is the relaxation time ŰR.62 It is the characteristic time 

of the fluctuations of the signal. When the IAC function exhibits several decays, the 

characteristic times are called correlation times and noted Űc.
62 The intensity auto-

correlation function is then normalised by <I> 2 (see Eq. 2-7).62-64 It can be demonstrated 

that the normalised IAC functions g(2)(Ű) ranges from a value above 1 as illustrated in 

Figure 2-11.C. Figure 2-11.D shows a more common way of representing the normalised 

IAC, where 1 is subtracted from the previously described normalised IAC g(2)(Ű). 

Ὣ †
ộ Ớ

ộ Ớ
 (2-7) 

It is now possible to access the field correlation function g(1)(Ű) with the help of Siegert 

equation (Eq. 2-8; valid if the scattered light follows a Gaussian distribution and only 
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comes from the sample), where ů is a coherence length and relates to the number of 

speckles that are detected.62-64 For instruments performing LS measurements over one 

speckle, ů should be close to 1, while ů is smaller than 1 for instruments performing LS 

measurements across several speckles. 

Ὣ † ρ „Ὣ †  (2-8) 

As previously mentioned, in the simplest cases, the decay is exponential. The field 

correlation function g(1)(Ű) can therefore be fitted by Eq. 2-9.64 

Ὣ † Ὡ Ⱦ  (2-9) 

Eq. 2-10 combines Eqs 2-8 and 2-9. The parameter ů can thus be easily determined from 

the intercept of the curve ÌÎὫς † ρ Ὢ† as shown in Figure 2-12.64 

ὰὲὫ † ρ ὰὲ„  (2-10) 

 

Figure 2-12: Determination of the instrumental parameter ů. The data shown here was collected 

with the instrument used to collect the LS data for this thesis. 

Figure 2-13 illustrates a couple of more complex cases, where the experimental data 

cannot be fitted by an exponential decay as discussed hereafter. 

The IAC data are sometimes fitted by a stretched exponential function (Eq. 2-11) as 

illustrated in Figure 2-13.A, ɓ is the stretching parameter.64 

Ὣ † Ὡ  (2-11) 

These cases corresponds to cases where there is not a single relaxation time ŰR but a 

distribution of relaxation times. The lower the stretching exponent ɓ, the broader the 
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distribution of relaxation times. The average relaxation time ộ†Ớ of the distribution is 

given by Eq. 2-12.13,38 In the rest of the thesis, the ộ Ớ notation will be omitted. 

ộ†Ớ ῲ  (2-12) 

where ũ is the gamma function. 

The IAC data can exhibit several decays as shown in (see Figure 2-13.B. In such a case, 

the data are fitted by a sum of i exponentials (Eq. 2-13).64 

Ὣ † Вὃ Ὡ Ⱦ ȟ (2-13) 

where i corresponds to the number of relaxation modes, Ai and Űc,i are the amplitude and 

the correlation time of the mode i, respectively. Such cases correspond, for example, to 

samples containing particles whose distribution size is multimodal where i would be the 

number of populations in the sample. 

The IAC data can exhibit both trends. In such a case, they are fitted by a sum of stretched 

exponentials (Eq. 2-14).64 

Ὣ † Вὃ Ὡ ȟ  (2-14) 

where ɓi is the stretching exponent associated with the mode i. 

 
Figure 2-13: Examples of different shapes of field correlation functions g(1)(Ű). A. Examples 

correlation functions described by stretched exponentials having different values of the stretching 

exponent ɓ. The example with ɓ = 1 (black curve) corresponds to a single non-stretched 

exponential. B. Example of a field correlation function described by a sum of two single 

exponentials. 

The field correlation function is then used to obtain information about the dynamics of 

the studied solution, as shown in Section 2-2.3.2 for polyelectrolyte solutions. 

It can be deduced from the explanations above that the duration of the measurements has 

to be long enough to obtain reliable data. Furthermore, the longer the relaxation (or 
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correlation) times, the longer the measurements should be.63 From a practical point-of-

view, DLS measurements are very sensitive to dust and bubbles. As dust and bubbles 

scatter a lot, the count trace exhibits high intensity peaks when they enter the scattering 

volume and the intercept of the intensity auto-correlation functions becomes very high.63 

Such data have to be discarded. It is worth noting that these last statements are valid for 

both SLS and DLS measurements. 

Static Light Scattering (SLS) 

Contrary to DLS which considers the fluctuations of the scattering intensity over time, 

SLS considers the time-averaged scattering intensity, as represented by the pink dashed 

line on the right-hand side of Figure 2-9. This time-averaged scattering intensity, provided 

by the LS device as a count rate, is normalised according to Eq. 2-15: 

Ὅ
    

 
 (2-15) 

with Inorm the normalised scattering intensity and ɗ the scattering angle. The term sin(ɗ) 

corrects for the angular dependence of the scattering volume. The normalised intensity 

Inorm is then used to calculate the excess Rayleigh ratio ȹR (Eq. 2-16),65 where the 

scattering contribution of the solvent is subtracted from the one of the solution, and 

normalised to the scattering of a reference solvent (e.g. toluene, benzene). 

ЎὙ— ȟ ȟ

ȟ
Ὑ  (2-16) 

where nc and nref are the continuous phase refractive index and the toluene refractive index 

respectively, and Rref is the Rayleigh ratio of the reference solvent at the laser excitation 

wavelength ɚ. The angular-dependence of the excess Rayleigh ratio ȹR can then be used 

to determine the size and the shape of the scatterers in solution. Section 2-2.3.3 

summarises the information that can be obtained from ȹR to understand the behaviour of 

polyelectrolytes in solution. 

2-2.3.2. Dynamic Light Scattering (DLS) of polyelectrolyte solutions 

For low polyelectrolyte concentrations in the dilute regime, polyelectrolyte chains 

interact with one another throughout their counterion clouds, and in absence of added salt, 

chains are extended to minimise intra-chain repulsion between similarly charged chain 

sections (see Section 2-2.1.1); thus occupying a much larger volume than a non-charged 

polymer chain of similar length.32,33 
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DLS performed in such solutions probes a single relaxation mode.32,66,67 This is illustrated 

by the field correlation data of the 0.01 g.L-1 quaternized poly(vinyl pyridine) solution 

seen in Figure 2-14, showing field correlation data for quaternized poly(vinyl pyridine) 

solutions at different concentrations. 

 

Figure 2-14: Field correlation data collected at 90° scattering angle for salt-free solutions at 

different concentrations of 65% quaternized poly(vinyl pyridine) in water. Polymer 

characteristics: Mw = 109,000 g/mol; Mw/Mn = 1.04. Adapted from Förster et al,32 Copyright © 

1990 Elsevier Ltd, with permission from Elsevier. 

The relaxation time Ű of this single relaxation mode is obtained by fitting the field 

correlation data to Eq. 2-11. ɓ is typically found to be around 1; meaning that Eq 2-10 

can actually be used to determine the relaxation time of this mode.21,32 The obtained 

relaxation time follows a q2-dependence, characteristic for diffusive behaviour.32,66,67 

q (Eq. 2-17) is the scattering vector defined as: 

ή
Ⱦ

 (2-17) 

with ɚ the laser excitation wavelength, n the refractive index, and ɗ the scattering angle. 

The diffusion coefficient D (Eq. 2-18) associated with the relaxation time t is defined 

as:33,66,67 

† Ὀή (2-18) 

D characterises the coupled diffusion between polyions and counterions.33,66,67 

Counterions form clouds around the polyions to screen the charges. Due to their small 

size, they diffuse quickly in solution, dragging the polyions with them.33,66,67 At low 

polyelectrolyte concentrations, D is independent of polyelectrolyte Mw and 

concentration,32 as seen in Figure 2-15.A for polyelectrolyte concentrations below ca. 
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When salt is added, the charges on the polyions get screened. Intra-chain repulsion 

decreases and the polymer chains coil.32 Moreover, the coupling between the less charged 

polyions and the counterions thus weakens, generally leading to a decrease in D,32,67 as 

shown in Figure 2-15.B for polyelectrolyte concentrations below cb. Exceptions to this 

behaviour have been reported for polyelectrolytes such as hyaluronan, whose diffusion 

coefficient remains constant when small amounts of salt are added; no explanation has 

yet been found to explain this behaviour.67 

 

Figure 2-15: Influence of polyelectrolyte concentration c, molecular weight Mw and added salt 

concentration on the diffusion coefficients D observed by DLS in quaternized poly(vinyl 

pyridine) solutions. Adapted from Förster et al,32 Copyright © 1990 Elsevier Ltd, with permission 

from Elsevier. Coloured elements were added by the present author to the original Figures. A. 

Influence of polyelectrolyte concentration and molecular weight on D. Mw values are given below 

the graph together with the degree of quaternization (in %). Blue dashed line: crossover 

concentration ca between the dilute regime and a transition regime marked with a green question 

mark as it has not been fully assigned yet and could either correspond to the beginning of the 

semi-dilute regime or the end of the dilute regime. Orange dashed-and-dotted line: crossover 

concentration cb between the transition regime and the semi-dilute regime. The notations ca and 

cb for both crossover concentrations were added by the present author to facilitate discussion. B. 

Influence of salt and polyelectrolyte concentrations on D. The blue vertical lines correspond to ca 

for each salt concentration. The polyelectrolyte used to collect this series of data has a molecular 

weight of 200,000 g/mol and a quaternization degree of 98%. 

When the added salt concentration is high enough to screen all the charges along the 

polyions, polymer chains behave like neutral polymers, and the single relaxation mode 

probed by DLS corresponds to the diffusion of the screened polyion chains in solutions.32 

Their hydrodynamic radius RH can be determined using the Stokes-Einstein equation35,37 

(Eq. 2-19) defined as: 

Ὑ  (2-19) 

Dilute ? Semi-dilute
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where k is the Boltzmann constant, T is the temperature, and ɖc the viscosity of the 

continuous phase. As the salt concentration increases, D becomes dependent on Mw.
32,68 

and when full screening is achieved, it follows an Mw
-ɡ-dependence (ɡ = 0.5-0.6) like 

neutral polymers.32 

When the polymer concentration reaches a characteristic value, here called ca and 

highlighted by the dashed blue line in Figure 2-15.A, inter-chain interactions start to 

become stronger. Counterions get closer to the polyions to screen charges and minimise 

repulsive interactions. They also have less space to diffuse away from polyions. All these 

phenomena induce an increase in coupled diffusion between polyions and counterions; 

leading to an increase in D (see upper curve in Figure 2-15.A). The variation of D with 

polyelectrolyte concentration is Mw-independent.32,33,68 Meanwhile, a second relaxation 

mode is probed with DLS, as seen from the field correlation data shown in Figure 2-14 

for polyelectrolyte concentrations of 1 g/L and above, as well as from Figure 2-15.A 

where the lower curves correspond to the diffusion coefficient of this second mode. 

Because its relaxation time is about two orders of magnitude larger than the other 

relaxation time, this relaxation mode is here called óslow relaxation modeô while the 

previously discussed relaxation mode is called ófast relaxation modeô; subscripts ósô and 

ófô are used to differentiate them. 

The relaxation times of both modes are obtained from fitting the field correlation data to 

Eq. 2-14 with the number of exponential functions i equal to 2. The stretching exponent 

ɓf of the fast relaxation mode is typically found to be 1 as for the single relaxation mode 

observed below ca, and is thus usually set to 1 for fitting. The stretching exponent ɓs of 

the slow mode has been found to be 1 for systems such as salt-free sodium poly(styrene 

sulfonate)33 and quaternized poly(vinyl pyridine)32 solutions, as well as chitosan35 

solutions with added salt. For systems such as salt-free dextran solutions, as well as 

Na CMC, hyaluronan and xanthan solutions in presence of a background electrolyte, ɓs 

has been found to be around 0.7; its value decreasing as the scattering angle ɗ (or 

scattering vector q) increases.13,37,38 In such cases, the mean value of the distribution of 

relaxation times is obtained using Eq. 2-12 as explained in Section 2-2.3.1. 

This slow relaxation mode is typically attributed to the formation of polyion clusters 

called ódomainsô and is not predicted by polyelectrolyte theories. At very low 

polyelectrolyte concentrations, polyions are far from each other and each of them has its 

own counterion cloud.32 The formation and the existence of these domains is still subject 
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to hypotheses. One of them is that, at higher polyelectrolyte concentrations, counterion 

clouds start overlapping, and that this mechanism of sharing counterions would provide 

the cohesive interactions required for the domains to exist.32,36 The domains are thought 

to be temporal.32,36 As seen in Figure 2-15.A, Ds depends on the molecular weight of the 

polyectrolyte: the higher Mw, the lower Ds.
32,33,68 Addition of salt delays the appearance 

of the slow mode as seen in Figure 2-16 showing the field correation data obtained for 

quaternized poly(vinyl pyridine) solutions with and without added salt, as well as in 

Figure 2-15.B. Indeed, more oppositely charged ions surround each polyion32 so that 

higher polyelectrolyte concentrations are needed for polyions to be close enough to each 

other to form domains. 

 

Figure 2-16: Field correlation data collected at 90° scattering angle for 0.03 g.L-1 75% quaternized 

poly(vinyl pyridine) solutions with and without added KBr. Polymer characteristics: 

Mw = 780,000 g/mol; Mw/Mn = 1.10. Adapted from Förster et al,32 Copyright © 1990 Elsevier Ltd, 

with permission from Elsevier. 

When the polyelectrolyte concentration is further increased, the fast relaxation mode no 

longer varies with the polyelectrolyte concentration32,33,66,68 and remains Mw-independent 

(see Figure 2-15.A).32,33,68 As above ca, the fast relaxation mode is associated with 

coupled diffusion between the counterions and the polyions or segments of the polyions 

for low and high Mw polyelectrolyte, respectively.32 Meanwhile, when the polyelectrolyte 

concentration is increased, Ds keeps decreasing32,33,66,68 and is Mw-dependent (see Figure 

2-15.A).33 It is worth noting that, for high Mw polyelectrolytes, its dependence upon 

polyelectrolyte concentration changes for the same concentration as the one where Df 

plateaus.32,33,66 It is not clear whether it is this crossover concentration, noted cb here, or 

the one associated with the appearance of the slow relaxation-mode previously noted ca, 

which corresponds to the beginning of the semi-dilute regime. Förster et al.32 assigned 

the beginning of the semi-dilute to cb while Tanahatoe and Kuil68 assigned it to ca after 

0.01 M KBrĬ
0.1 M KBr+

0.001 M KBr

Salt-free
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showing that Df followed a c0.72-dependence between ca and cb, comparable to the 

c0.75-dependence predicted by Odijk for the concentration-dependence of the 

polyelectrolyte diffusion coefficient in the semi-dilute regime. Odijkôs theory did 

however not predict the presence of a second relaxation mode. It is worth noting that 

Förster et al.32 questioned the appropriateness of a power law to describe the behaviour 

of Df, highlighting that the increase in Df between ca and cb resembles more a sigmoid 

than a power law. Interestingly, the theory predicts that the overlap concentration c* 

marking the transition between the dilute and the semi-dilute regimes (see Sections 2-2.1 

and 2-2.2) is Mw-dependent while neither ca nor cb seems to be Mw-dependent. Hence, c* 

may even be different from both ca and cb. It would be interesting to combine both 

viscosity and LS measurements on such systems to determine c* with the help of the 

polyelectrolyte scaling laws (see Section 2-2.2), and compare it with ca and cb. 

When salt is added, coupling is weakened and Df decreases,32,35 while Ds remains 

constant23 or increases,23,32 and may eventually disappear (see Figures 2-15.B and 

2.16).23,32 For polyelectrolytes such as hyaluronan (Mw = 8.5 × 104 ï 2 × 10 g/mol),37 

xanthan (4.2 × 106 g/mol),37 sodium poly(styrene sulfonate) (Mw = 7.8 × 105 ï 1.2 × 

106 g/mol)23 and chitosan (1.9 × 105 g/mol),35 the slow relaxation mode does not 

disappear, even when the amount of added salt is expected to screen all the charges. 

Sedl§kôs investigations23 showed that the slow relaxation mode is less likely to disappear 

when both the polyelectrolyte concentration and Mw are high. The disappearance of the 

slow mode upon salt addition could be due to the fact that adding salt brings the solution 

back to the dilute regime. Indeed, as explained at the end of Section 2-2.2, the overlap 

concentration c* is shifted towards higher polyelectrolyte concentrations as the charges 

on polyelectrolyte chains are screened by added salts. Similarly, ca, which corresponds to 

the appearance of the slow mode, is also shifted towards higher polyelectrolyte 

concentrations upon salt addition (see previous discussion and Figure 2-15.B). If the 

polyelectrolyte concentration is high enough so that the solution remains above ca when 

salt has been added, the slow mode should still be observed. Also, as seen in Figure 2-17, 

where the influence of Mw on the polyelectrolyte concentration dependence of the 

diffusion coefficients is shown for sodium poly(styrene sulfonate) solutions in a low 

background electrolyte solutions, ca is Mw-dependent in presence of added-salt, and is 

lower for higher Mw polyelectrolytes. So, following a similar reasoning as for the 

polyelectrolyte concentration, in presence of salt, the concentration from which the slow 
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mode would be observed would be lower for high Mw polyelectrolytes than for low Mw 

ones. Here too, a combined viscosity/LS study would help understanding this behaviour. 

It is worth noting that the slow relaxation mode is not always purely diffusive. Indeed, 

sizes associated with the domains can be as large as a few hundreds of nanometers,33,37,68 

in which cases internal relaxation modes are probed too. More explanations are given in 

Section 2-2.3.4, which provides more details about the characteristics of the slow 

relaxation mode. 

 

Figure 2-17: Influence of the polyelectrolyte concentration and Mw on the diffusion coefficients 

observed using DLS for poly(styrene sulfonate) solutions in 0.01 M NaCl. Adapted with 

permission from Tanahatoe and Kuil,68 Copyright © 1997 American Chemical Society. The 

crossover concentration ca was added by the present author. 

Another change in the concentration-dependence of the slow mode relaxation, yet 

unexplained, has been observed for high Mw polyelectrolytes such as sodium poly(styrene 

sulfonate).66 A low and high Mw sodium poly(styrene sulfonate) samples are compared in 

Figures 2-18.A and 2-18.B, respectively. The additional concentration crossover is 

highlighted using a grey dashed-dotted-dotted line and noted cc. 

ca

77,400 g/mol

350,000 g/mol

168,000 g/mol

ca ca
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Figure 2-18: Diffusion coefficients observed using DLS for both a 5,000 g/mol (A) and a 

1,200,000 g/mol (B) sodium poly(styrene sulfonate) sample in salt-free water. Squares and circles 

represent the fast and the slow mode diffusion coefficients, respectively. Coloured (see caption 

of Figure 2-15 for explanations) and grey elements were added by the present author to the 

original Figures. The grey dashed-dotted-dotted line represents the third crossover concentration, 

noted cc, observed for high Mw polyelectrolytes. Adapted from from Sedlák and Amis,66 with the 

permission of AIP Publishing, Copyright © 1992 American Institute of Physics. 

At even higher polyelectrolyte concentrations, the value of Df may decrease as local 

friction is high due to the high viscosity of the solution (see Figure 2-15).32 

A third mode has been observed for some polyelectrolyte solutions. Its relaxation time is 

either between the one of the fast and the slow modes,69-71 or longer than the slow 

mode.72,73 Examples are given in Table 2-2, where the origins of the third mode suggested 

by the authors of the studies are also provided. 

Dilute ? Semi-dilute

ca cb cc

Dilute ? Semi-dilute

ca cb

A BLow Mw High Mw
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Table 2-2: Examples of polyelectrolyte systems where a 3rd relaxation mode is observed. 

Ű3 Suggested origin Polyelectrolyte system Comment(s) Ref 

Űf < Ű3 < Űs 

Motion of the 

polyion chain 

segments which 

are not in the 

domains 

PDADMAC in 

aqueous or aqueous 

alcoholic solutions 

with added NaCl or 

Na2SO4 

 69 

Űf < Ű3 < Űs n/a Na PSS in water 

The author says that he 

does not have enough 

information to 

determine whether the 

3rd mode was real or 

came from an artefact. 

70 

Űf < Ű3 < Űs 

Caused by 

intramolecular 

hydrophobic 

regions 

Quaternized P2VP in 

KBr aqueous solutions 
 71 

Űs < Ű3 

óLoose 

aggregates of 

DNA globulesô 

DNA in salt-free 

water or in 1 M NaCl 

aqueous solutions 

The 3rd mode amplitude 

can represent up to 70% 

of the total amplitude. 

72 

Űs < Ű3 n/a 

Na PSS in NaN3 or 

NaCl aqueous 

solutions 

Only observed for a few 

solutions at low ionic 

strengths. Measurement 

durations were not long 

enough to investigate 

this mode. 

73 

Űf, Űs and Ű3: relaxation times of the fast, slow and 3rd mode, respectively. 

PDADMAC: poly(diallyl-N,N-dimethylammonium chloride); P2VP: poly(2-vinyl pyridine) ; 

Na PSS: sodium poly(styrene sulfonate). Ref: reference. 

To conclude this Section, at low polyelectrolyte concentrations, a single relaxation mode, 

diffusive, is typically observed and corresponds either to the coupled diffusion between 

counterions and polyions, or to the diffusion of screened polyion chains when the amount 

of added salt is high enough to screen all the charges along polyion chains. From a 

characteristic concentration, here termed ca, a second relaxation mode with a slower 

relaxation time appears while the diffusion coefficient associated with the other relaxation 

mode, referred as fast mode, increases as the hydrodynamic coupling between 

counterions and polyions becomes stronger. Above another characteristic concentration 

cb, the fast relaxation mode coefficient remains constant while the slow relaxation mode 
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keeps decreasing. A third crossover concentration cc, where the concentration dependence 

of the slow relaxation mode changes, is observed for high Mw polyelectrolytes only. 

Though it has been suggested that either ca or cb could correspond to the overlap 

concentration c* predicted by the polyelectrolyte scaling laws, such an assignment has 

not been confirmed. The physical meaning of cc also has yet to be understood. It is worth 

noting that all these characteristic concentrations seem to be below c** , characteristic for 

the transition between the semi-dilute and the concentrated regimes, thus where the 

polyelectrolyte scaling laws only predict two crossover concentrations. It would be 

interesting to combine both rheology and DLS measurements to understand what these 

crossover concentrations corresponds to, and possibly assign them. 

2-2.3.3. Static Light Scattering (SLS) of polyelectrolytes solutions 

As discussed in Section 2-2.3.2 just above, DLS allows the investigation of 

polyelectrolyte solution dynamics. SLS measurements are complementary and provide 

information about the polyelectrolyte solution structure as well as about the interactions 

occurring between the scatterers present in such solutions. Figure 2-19 shows the 

concentration-dependence of the excess Rayleigh ratio ȹR as a function of the 

polyelectrolyte concentration for two different Mw sodium poly(styrene sulfonate) sample 

in salt-free solution (see Figure 2-19.A) as well as for a sodium poly(styrene sulfonate) 

samples in 0.05 M NaCl (see Figure 2-19.B). As seen in Figure 2-19, the excess Rayleigh 

ratio increases with polyelectrolyte concentration, and the two transition concentrations 

ca and cb determined with DLS measurements are observed,33,34,68 while the transition 

concentration cc observed in DLS for high Mw polyelectrolytes is not observed;33 

suggesting that this transition concentration is linked to changes in solution dynamics 

rather than in solution structure. Owing to the facts that this transition at cc (i) corresponds 

to a dynamical rather than a structural transition and (ii)  is only probed for high Mw 

polyelectrolytes, I suggest that it could be related to the entanglement concentration ce 

(see Section 2-2.1 where both the solution structure and dynamics are described). 
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Figure 2-19: Excess Rayleigh ratio ȹR as a function of the polyelectrolyte concentration for 

different Mw sodium poly(styrene sulfonate) (Na PSS) samples with and without added salt. A 

and B were replotted by the present author from Sedlák and Amis,66 and Tanahatoe and Kuil,34 

respectively. Numbers are exponents of the power law models describing the different regions. 

The exponent values provided in A are the ones given by Sedlák and Amis66, while the ones 

provided in B were calculated by the present author. In A, regular red numbers correspond to the 

5,000 g/mol sample, whereas italic blue numbers correspond to the 1,200,000 g/mol sample. 

Vertical lines correspond to the same concentration transitions as the ones shown in Figure 2-17 

were more details are provided. cc is only shown in A for the 1,200,000 g/mol sample because it 

has not been observed for the 5,000 g/mol sample shown in A and no information is available to 

determine whether it would be observed for the 77,400 g/mol sample shown in B. In A, the 

meaning of the data green-filled data points having a symbol with a different shape is related to 

Figure 2-20 and explained in its caption. It is of no importance for the present Figure. 

As seen in Figure 2-19, the excess Rayleigh ratio ȹR is only slightly Mw-dependent above 

cb where the exponent of the power law describing this region is around 133,68 and 

increases with Mw.66 Sedlák and Amis66 say that such an exponent is expected for 

scatterers which do not interact with each other. Moreover, DLS results suggest that, in 

salt-free solutions above cb, large domains are present in solution (Section 2-2.3.2) and 

are most likely to be responsible for most of the scattering (this is further discussed in 

Section 2-2.3.4 dedicated to the slow mode). Therefore, Sedlák and Amis66 conclude that 

the domains can be viewed as non-interacting scatterers. It may not be that 

straightforward, though, as the linear concentration dependence of ȹR has been 

established for the polyelectrolyte concentration rather than the domain concentration 

which is not known. As seen in Figure 2-19.B, the linear relationship between ȹR and the 

polyelectrolyte is also valid in presence of added salt. 

In salt-free solutions, the excess Rayleigh ratio ȹR is more Mw-dependent between ca and 

cb (compared to solutions containing added salt; see Figure 2-19), where the power law 

exponent describing ȹR = f(cpolylectrolyte) varies from 0.26 to 0.57 for sodium poly(styrene 
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sulfonate) with Mw varying from 5,000 g/mol to 1,200,000 g/mol. Sedlák and Amis66 

suggest that power law exponents significantly below 1 are characteristic for strong 

repulsive interactions between scatterers. However, as seen from the field correlation data 

in Figure 2-14, as the polyelectrolyte concentration decreases, the amplitude of the slow 

mode decreases and the one of the fast mode increases. It is thus likely that, in this 

concentration range, neither the slow relaxation mode nor the fast relaxation mode 

dominates the total excess Rayleigh ratio, and it would most probably be better to examine 

the contributions of each mode to conclude on the presence of possible interactions 

between scatterers (Section 2-2.3.4 provides details about how to determine such 

contributions). As shown in Figure 2-19.B, the power law exponent found for this region 

when salt is added to the solution is similar to the ones found for salt-free solutions. 

I have not found any study investigating ȹR below ca for salt-free polyelectrolyte 

solutions. This is most probably due to the fact that the low scattering from such solutions 

is too low to collect reliable data. Indeed, polyelectrolyte concentrations are very low, 

meaning that there are only a few scatterers in solution (see Section 2-2.1.1). These 

scatterers are also expected to have an extended conformation (see Section 2-2.1.1), and 

would thus scatter less than coiled polymer chains. In presence of excess salt, polymer 

chains are expected to behave like neutral polymer chains, as explained at the end of 

Section 2-2.2. In this dilute regime of concentrations, for neutral or screened polymer 

chains, Eq. 2-20 applies.40,74 

ὑὧ

ЎὙ—

ρ

ὓύὖή
ςὃςὧ é (2-20) 

where K is an optical constant (see Eq. AI-3), c the polymer concentration, q the scattering 

vector related to the scattering angle ɗ through Eq. 2-17, P(q) the particle form factor 

given approximated by ὖή ρ Ὑ ή é at low q values, Rg is the radius of 

gyration of the polymer chains, and A2 is the second virial coefficient. Eq. 2-20 shows 

that the scattering intensity is proportional to the polymer concentration. An exponent 

of 1 would thus be expected for this concentration regime. The value calculated from the 

data published by Tanahatoe and Kuil34 is slightly lower than 1. This could come from 

the fact that the amount of added salt is not high enough to screen all the charges along 

the chains. It can also be deduced from Eq. 2-20 that the scattering intensity increases 

with Mw. 
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The q2-dependence of ȹR(q=0)/ȹR(q) obtained for salt-free sodium poly(styrene 

sulfonate and quaternized poly(vinyl pyridine) solutions with added KBr shown in Figure 

2-20 provides information about the solution structure. In absence of added salt, at low 

polyelectrolyte concentrations, the initial slope of ȹR(q=0)/ȹR(q) = f(q2) is negative and 

a minimum is observed as seen in Figure 2-20.A for the lowest polyelectrolyte 

concentration.32,33 This behaviour is characteristic for systems where repulsive 

interactions occur between scatterers32,33 and supports the previous description of these 

systems at these low concentrations. When cpolyelectrolyte increases and is around cb, 

ȹR(q=0)/ȹR(q) becomes independent from q2. Finally, at concentrations above cb, 

ȹR(q=0)/ȹR(q) varies linearly with q2, and the apparent radius of gyration Rg,app can be 

calculated32,33,66 using Eq. 2-21.33,34 The obtained sizes are much larger than the ones 

expected for single polymer chains and are attributed to the domains.31-33,66 

Ў

Ў
ḙρ Ὑȟ ή (2-21) 

 

Figure 2-20: q2- (or sin2ɗ/2-) dependence of the scattering intensity of salt-free sodium 

poly(styrene sulfonate) solutions (A) and quaternized poly(vinyl pyridine) solutions in KBr (B). 

I(0) and I(ɗ) correspond to the excess Rayleigh ratio at ɗ = 0 scattering angle and ɗ, respectively. 

A. Polyelectrolyte concentrations correspond to the green data points in Figure 2-19.A. 

Mw(polyelectrolyte) = 1,200,000 g/mol. Adapted from from Sedlák and Amis,66 with the 

permission of AIP Publishing, Copyright © 1992 American Institute of Physics. 

B. Polyelectrolyte concentration is 0.33 g/L. Polyelectrolyte Mw, Mw/Mn and quaternization 

degrees are 780,000 g/mol, 1.10 and 75%, respectively. Adapted from Förster et al,32 Copyright 

© 1990 Elsevier Ltd, with permission from Elsevier. 
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The influence of the polyelectrolyte concentration on Rg,app seems to vary from one study 

to another. Indeed, in salt-free solutions, Sedlák and Amis66 showed that Rg,app increases 

with cpolyelectrolyte for sodium poly(styrene sulfonate), while Ermi and Amis75 showed that 

it does not for poly(N-methyl-2-vinylpyridinium chloride) and suggested that the number 

of polyelectrolyte chains in the domains increases with cpolyelectrolyte while the domain size 

remains constant. Rg,app is found to be Mw-independent for low Mw polyelectrolytes33 and 

Mw-dependent for high Mw polyelectrolytes.32,33 Sedlák and Amis66 investigations suggest 

that the molecular weight from which Rg,app becomes Mw-dependent is similar to the one 

from which the transition at cc is probed by DLS (see Section 2-2.3.2). They suggested 

that polyions would belong to one domain only below the critical Mw, while they would 

belong to several domains above it.66 

Upon salt addition, the excess Rayleigh ratio typically increases23,74 apart for the low Mw 

sodium poly(stryrene sulfonate) sample (i.e. Mw = 5,000 g/mol) studied by Sedlák.23 As 

shown in Figure 2-20.B, the q2-dependence is modified. At low cpolyelectrolyte and as the salt 

concentration is increased, the behaviour characteristic for repulsive interactions 

disappears and is replaced by a linear q2-dependence (see Figure 2-20.B).32 If enough salt 

is added to screen all the charges, the value of Rg,app corresponds to the radius of gyration 

of the screened polyions.32 E.g. Förster et al.32 showed that the value they calculated for 

their fully screened quaternized poly(2-vinylpyridine) sample matched the same 

unquaternized (i.e. neutral) poly(2-vinylpyridine) in tetrahydrofuran (THF).32 At high 

cpolyelectrolyte, the slope of ȹR(q=0)/ȹR(q) = f(q2) decreases upon salt addition, meaning 

that the size of the domains, characterised by Rg,app, decreases (see Figure 2-20.B).32,68 

In conclusion of this Section, SLS measurements probe the same characteristic crossover 

concentrations ca and cb as DLS measurements, but not the third crossover concentration 

cc probed by DLS. This suggests that cc is related to dynamical rather than structural 

changes. As it is only observed for high Mw polyelectrolytes, which can get entangled 

contrary to low Mw polyelectrolytes, it is suggested that this crossover concentration cc 

corresponds to the entanglement concentration ce. Here too, rheology measurements 

would help confirming this suggested assignment of cc. 

2-2.3.4. Slow mode 

Though the origin of the slow mode and its nature have still not been fully elucidated yet, 

its characteristics and properties have been extensively studied in both salt-free and 
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background electrolyte solutions by varying the polyelectrolyte intrinsic properties 

(e.g. Mw,32,33,37,66,68 degree of ionisation32,71,76,77), the environmental conditions 

(e.g. polyelectrolyte concentration,22,31,33,34,37,66,68 addition of salt,23,32,34-36,76,78 pH,13,76 

solvent allowing better solvation of the polyelectrolyte backbone71,75,78), the solution 

preparation process (e.g. filtration,76,79,80 centrifugation,36,69,80 dialysis73,76,79), and 

ageing.70 They are reviewed in this Section to provide a better picture of what the 

domains, thought to be responsible for the slow relaxation mode, are. 

Polyelectrolyte molecular weight Mw 

For a polyelectrolyte concentration above cb (i.e. well in the semi-dilute regime), Sedlák 

and Amis33 have shown that the apparent radius of gyration Rg,app of the domains 

determined with SLS (see Section 2-2.3.3) for salt-free poly(styrene sulfonate) solutions 

is not Mw-dependent below a value of about 70,000 g/mol and increases slightly with Mw 

above this value as seen in Figure 2-21, where Sedl§k and Amisô data were plotted 

together with the data reported for other polymers in the literature in presence or in 

absence of added salt. The three other data sets show that Rg,app(domains) increases with 

Mw.32,37,68 It is worth noting that all the Mw investigated in the other studies were above 

the critical value of 70,000 g/mol found by Sedlák and Amis. 

 

Figure 2-21: Influence of polyelectrolyte Mw on the apparent radius of gyration of the domains 

Rg,app. Empty black circles: sodium poly(styrene sulfonate) (Na PSS); cpolyelectrolyte = 45.6 g/L; 

black dashed lines are from the original Figure; from Sedlák and Amis.33 Empty red squares: 

quaternized poly(vinyl pyridine) (PVP); cpolyelectrolyte = 100 g/L; quaternization degrees (for 

increasing values of Mw): 65%, 75% and 100%; from Förster et al.32 Blue triangles: hyaluronan 

(HA); cpolyelectrolyte unknown; from Esquenet and Buhler.37 Full black circles: Na PSS; 

cpolyelectrolyte = 16 g/L; from Tanahatoe and Kuil.68 Vertical grey dashed line: crossover Mw 

determined by Sedlák and Amis.33 Rg,app values were calculated from the scattering intensity from 

the solutions for all data sets apart for Esquenet and Buhlerôs37 who calculated Rg,app values from 

the contribution of the slow relaxation mode only as explained in the main text. 
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The values of Rg,app were calculated from the total scattering intensity for all data sets 

apart from the one of Esquenet and Buhler37 who calculated Rg,app from the contribution 

of the slow relaxation mode to the total scattering intensity. Indeed, when fitting the field 

correlation data to Eqs. 2-13 or 2-14, the relative amplitudes of both the fast and the slow 

modes, Af and As respectively, are obtained and can be used to calculate the contribution 

of each relaxation mode to the total scattering of the solution defined as:23,37,70 

ЎὙὭ
ὃὭ

В ὃὮ
ὔ
Ὦρ

ЎὙ (2-22) 

where N the number of relaxation modes in the field correlation data, Ai and Aj are the 

relative amplitudes of the modes i and j obtained from Eqs. 2-13 or 2-14, and ȹRi is the 

contribution of the mode i to the total excess Rayleigh ratio ȹR. At high polyelectrolyte 

concentrations, the domains are mainly responsible for the scattering of the 

polyelectrolyte solutions as As/Af >> 1.33,37,66 Hence, the contribution of the fast mode to 

the total excess Rayleigh ratio ȹRf is negligible, and the error on Rg,app(domains) when 

calculated from ȹR rather than ȹRs is small. When the polyelectrolyte concentration is 

smaller, the error on Rg,app(domains) becomes larger (see further evidence for this in the 

up-coming Section about the influence of the polyelectrolyte concentration and in Figure 

2-23). The fact that the values of Rg,app(domains) provided by Tanahatoe and Kuil68 are 

larger than the ones obtained by Sedlák and Amis33 could, for example, come from 

differences in their sodium poly(styrene sulfonate) samples or the way they have prepared 

their solutions, but also from the fact that the polyelectrolyte at which Tanahatoe and 

Kuil 68 measured Rg,app(domains) (i.e. 16 g/L) was below cb as seen from Figure 2-17. In 

such a case, the size of the domains, calculated from the total scattering intensity of the 

solutions, has been overestimated. 

Using optical microscopy, Tanahatoe and Kuil68 observed the presence of some structures 

in their sodium poly(styrene sulfonate) solutions. The diameter of these structures was 

about twice the value of Rg,app(domains) reported above. They thus assigned these 

structures to the domains. Most of these structures were immobile, but a few of them were 

moving. 

Regarding DLS measurements, it has been previously mentioned (see Section 2-2.3.2) 

that the q-dependence of the slow relaxation mode is not always q2. Indeed, for sodium 

poly(styrene sulfonate),33 hyaluronan,37 xanthan,37 dextran35 and Na CMC13 solutions, 

either salt-free or with added salt, deviations from this behaviour have been observed. 
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They are reported in Table 2-3. Such deviations are attributed to the large size of the 

domains. Indeed, when q.Rg(scatterers) > 1, internal relaxation modes (i.e. relaxation 

modes corresponding to dynamics inside the scatterers) are also probed.33,37 It is worth 

noting that a q2-dependence of the relaxation time of the slow mode was observed for the 

lower Mw hyaluronan samples investigated;37 suggesting that deviations from purely 

q2-dependence is more likely to happen for higher Mw polyelectrolytes. This is consistent 

with the larger size of the domains reported for higher Mw polyelectrolytes (see above 

discussion and Figure 2-21). 

Table 2-3: Examples of polyelectrolyte systems where the slow relaxation mode is not 

q2-dependent. 

q-dependence System Mw(polyelectrolyte) (g/mol) Ref 

Űs
-1 ~ q2.5 

Dextran in 0.3 M 

CH3COOH and various 

amounts of CH3COONa 

194,000 ± 5,000 35 

Űs
-1 ~ q3 Hyaluronan in 0.1 M NaCl 2,000,000 37 

Űs
-1 ~ q3 Xanthan in 0.1 M NaCl 4,200,000 37 

Űs
-1 ~ q3 

Na CMC in .0.1 M 

NaCl/HCl 
90,000 13 

Űs
-1 = aq2 + bq4 

Salt-free sodium 

poly(styrene sulfonate) 

It is not clear whether this 

applies to all the investigated Mw 

in the article. It applies at least 

for the 1,200,000 g/mol sample. 

33 

At a given polyelectrolyte concentration around or above cb, the diffusion coefficient of 

the slow mode Ds has been found to decrease with Mw
33,68 as illustrated in Figures 2-15 

and 2-22 for salt-free poly(styrene sulfonate) solutions. When Mw increases, the decrease 

in Ds as the polyelectrolyte concentration increases is stronger (see Figure 2-32).33 
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Figure 2-22: Influence of Mw on the concentration dependence of the slow relaxation mode of the 

diffusion coefficient Ds. The investigated polyelectrolyte systems are salt-free sodium 

poly(styrene sulfonate) solutions. Adapted from Sedlák and Amis,33 with the permission of AIP 

Publishing, Copyright © 1992 American Institute of Physics. 

Polyelectrolyte degree of ionisation 

The ionisation degree has been varied using different methods: (i) addition of NaOH or 

HCl for polyelectrolytes whose charges are born by acid or basic groups,13,76 (ii) control 

of the degree of quaternization when neutral poly(vinyl pyridine) is quaternized,71 and 

(iii) synthesis of new polymers that can be triggered to switch from their neutral to their 

charged forms.77 This list does not pretend to be exhaustive. 

When polymer chains are ionised, the following changes are observed: an increase in 

Df
76,77 (or a decrease in Űf

13) as the coupled diffusion between counterions and polyions 

appears and becomes stronger when polymer chains get charged (see Section 2-2.3.2), a 

decrease in Ds as the slow mode appears,76,77 and a decrease in the total scattering intensity 

of the solutions.13,76,77 

Sedlák76 observed that the formation of the domains upon addition of NaOH in 

poly(acrylic acid) solutions was not instantaneous. Indeed, both Df and ȹRf increased 

immediately after the addition of each NaOH drop, while the domains could only be 

observed after 72 h when some small domains were already present in the initial solution, 

and after several months when the initial solution was domain-free. Sedlák76 suggested 

that some critical conditions should be met for the formation of the domains to start such 

as achieving a certain arrangement of polyelectrolyte chains. Owing to the abrupt 
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appearance of the domains in solution, Sedlák76 concluded that they should be due to óreal 

associates of macroionsô, by opposition to the domains being long-range concentration 

fluctuations in solution, as it would be unlikely that these fluctuations suddenly appear in 

solution. 

Method (ii) allows the synthesis of polyelectrolytes with ionisation degrees as low as 

9%.71 At low ionisation degrees, only one relaxation mode is observed. At higher 

ionisation degrees, the fast and slow relaxation modes typically reported for 

polyelectrolytes are observed. At high enough ionisation degrees to observe both 

relaxation modes, but low enough ionisation degrees so that there are at least 12 carbon 

atoms between two carbon atoms bearing a charged group, a third relaxation mode was 

observed for quaternized poly(2-vinyl pyridine) in KBr aqueous solutions.71 The 

relaxation of this third relaxation time is between the one of the slow and the fast modes. 

Combining these results with viscosity and surface tension measurements, the authors 

suggest that this third mode, diffusive, is related to the diffusion of the uncharged, 

hydrophobic, chain segments.71 At higher ionisation degrees, the third relaxation mode 

disappears and only the fast and the slow modes are observed.71 

Polyelectrolyte concentration 

The influence of polyelectrolyte concentration on the outcomes of LS measurements is 

discussed in Sections 2-2.3.2 and 2-2.3.3, where it is shown that results depend on the 

studies. Indeed, upon increasing the polyelectrolyte concentration, Rg,app(domains) has 

either been found to remain constant for quaternized poly(vinyl pyridine) in D2O
31 and 

chitosan in 0.3 M CH3COOH + 0.05 M CH3COONa,35 or to increase for sodium 

poly(styrene sulfonate) in H2O
22 and in 0.01 M NaCl.68 In the study about quaternized 

poly(vinyl pyridine) in D2O, the authors suggested that the number of chains in the 

domains was increasing while the size of the domains remained unchanged. In the study 

about chitosan, the authors provided a relationship (Eq. 2-23) linking the real radius of 

gyration Rg,real(domains) of the domains to the apparent one Rg,app(domains):35 

Ὑȟ ὨέάὥὭὲί
σ

ЎὙίήπȟὧὨέάὥὭὲί
ЎὙίπȟὧὨέάὥὭὲί

ής
ȟ

ρὃςὓύȟὨέάὥὭὲίὧὨέάὥὭὲί
 (2-23) 

where A2 is the second virial coefficient. For the apparent radius of gyration of the 

domains to be equal to the real one, ὃὓ ȟ ὧ  should be significantly 

smaller than 1. As they had previously determined that A2 was not negligible, they 
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concluded that despite Rg,app(domains) being constant when the polyelectrolyte 

concentration increases, the size of the domains actually increases. 

Moreover, as mentioned in the above Section about the influence of polyelectrolyte Mw, 

care must to be exercised when calculating Rg,app(domains) from the total excess 

scattering of the solution ȹR. Indeed, the relative amplitudes of the fast and the slow mode 

vary with the polyelectrolyte concentration as already seen from the field correlation data 

in Figure 2-14, as well as from the ratio of both amplitudes shown in Figure 2-23.A for 

dextran solutions with added salts. Just above ca, the amplitude of the fast mode is not 

negligible, so that both relaxation modes contribute to the total excess Rayleigh ratio to a 

similar extent as illustrated in Figure 2-23.B. Hence, at these polyelectrolyte 

concentrations, Rg,app(domains) calculated from the total excess Rayleigh ratio ȹR would 

be overestimated, and should be calculated from the contribution of the slow relaxation 

mode to the total excess Rayleigh ratio ȹRs using Eq. 2-22 instead. 

 

Figure 2-23: Polyelectrolyte-concentration dependence of the ratio Aslow/Afast between the 

amplitudes of the slow and the fast mode at zero scattering vector (A) and of contributions of the 

whole solution, the fast relaxation mode and the slow relaxation mode to the excess Rayleigh ratio  

at zero scattering vector (B). The studied system is dextran in 0.3 M CH3COOH + 0.05 M 

CH3COONa. The concentration c*, defined as the overlap concentration by the authors, 

corresponds to the previously defined concentration ca which has been defined as the 

concentration from which the slow relaxation mode is observed. ca was added to the Figure by 

the present author as well as c* in A. Adapted with permission from Buhler and Rinaudo,35 

Copyright © 1997 American Chemical Society. 

Salt addition 

The influence of salt addition has already been lengthily discussed in the previous sections 

about DLS and SLS (see Sections 2-2.3.2 and 2-2.3.3, respectively). Additional elements 

are added here to complete the pictures. 

A B

c* = ca

c* = ca
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Sedlák23 performed an extensive combined DLS and SLS study about the influence of 

salt addition on sodium poly(styrene sulfonate) solutions. Figure 2-24 shows some of his 

findings for both a low and a high Mw sample. As seen from Figures 2-24.A and B and 

explained in Section 2-2.3.2, the decrease in the fast mode coefficient Df upon salt 

addition can be attributed to the weakening of the coupled diffusion between counterions 

and polyions as charges on polyions get screened by the added electrolyte ions. Ds does 

not vary upon salt addition for the low Mw sample while it increases slightly for the high 

Mw sample. Sedlák23 suggested that this could be due to the presence of entanglements in 

the high Mw solution as the Mw of the polymer is high enough for entanglements to be 

present (if the polymer concentration is high enough, of course). Considering the relative 

amplitudes of the fast and the slow modes obtained from fitting the correlation data and 

the excess Rayleigh ratio ȹR of the solutions (the ratio of the both relative amplitudes and 

ȹR are plotted in Figures 2-24.C and D), Sedlák23 calculated their contribution to the 

excess Rayleigh ratio using Eq. 2-22 as described in the previous Section about the 

influence of polyelectrolyte Mw. These contributions are displayed in Figures 2-24.E and 

F. 

For the low Mw sample, when the added salt concentration is above 10-3 M, ȹRs decreases 

upon salt addition, and eventually disappears. Indeed, below 10-3 M, the amount of added 

ions would be too small to have an influence on the solution behaviour. The decrease in 

ȹRs is, according to Sedlák,23 the proof that the slow mode disappears upon salt addition 

and that electrostatic interactions are responsible for the existence of the domains. This 

was confirmed by the calculation of Rg,app(domains) from ȹRs, which was found to 

decrease upon salt addition. Such a result was also found for poly(diallyl-N,N-

dimethylammonium chloride) in presence of NaCl.69 It is worth noting that, here too, it is 

important to use ȹRs rather than ȹR to estimate Rg,app(domains) as the ratio of the relative 

amplitudes of both relaxation modes changes upon salt addition (see Figures 2-24.C and 

D), and the contribution of the fast mode to the excess Rayleigh ratio becomes significant. 

The increase in ȹRs for the high Mw sample is explained by the competing effects of the 

disappearance of the domains leading to a decrease in ȹRs, and the greater flexibility of 

the chains as the charges are getting screened, which allows them to get more coiled and 

to scatter more.23 When the added salt concentration is low, it seems that the second effect 

is stronger than the first one. As discussed in Section 2-2.3.2, there are cases where the 

slow relaxation mode does not disappear. The increase in ȹRf, though not visible at low 
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salt concentrations because of the log scale, starts as soon as salt is added to the 

polyelectrolyte solution. 

 

Figure 2-24: Influence of salt addition on the behaviour probed with both DLS and SLS 

measurements. Grey elements were added by the present author to harmonise notations with the 

ones adopted in the present thesis. Arrows as well as Df and Ds notations were also added by the 

present author. cs: NaCl concentration; f and s refer to the fast and the slow mode, respectively; 

Na PSS: sodium poly(styrene sulfonate). Na PSS concentration was 5 g/L for both polymers. Data 

were collected at 90° scattering angle. The graphs on the left have been replotted using data from 

Sedlák,23 while those on the right have been adapted from Sedlák,23 with the permission of AIP 

Publishing, Copyright © 1996 American Institute of Physics. 

Nierling and Nordmeier69 compared the influence of the addition of a monovalent salt 

(Na+; Cl-) to the one of a divalent salt (2 Na+; SO4
2-) on solutions of positively charged 

poly(diallyl-N,N-dimethylammonium chloride). When the salts were added to aqueous 

solutions, they observed that the diffusion coefficients of both the fast and the slow mode 

were smaller for the divalent salt compared to the monovalent salt. They explained this 

by the fact that the diffusion coefficient of SO4
2- which is larger than Cl-, is smaller than 

the one of Cl-; hence the coupled diffusion mechanism would be slower when the divalent 
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salt would be added.69 This observed difference could also come from the fact that the 

effective charge of the polyions is lower in presence of SO4
2- compared to Cl-, which 

would also weaken the coupled diffusion mechanism as the polyions would be effectively 

less charged in presence of SO4
2-.69 As it has been previously shown that electrostatic 

interactions control the formation of the domains, polyions which are less charged in 

presence of SO4
2- would thus form smaller domains than in presence of Cl-. 

Interestingly, when Nierling and Nordmeier69 repeated the experiments in a 25% 

methanol/75% water solvent, they found that the domains were larger in presence of SO4
2- 

compared to Cl-, and explained this by the ability of SO4
2- to form bridges between 

polyions because of its divalent nature. 25% methanol/75% water is a poor solvent for 

the investigated polyelectrolyte.69 Polyions would thus be closer to each other than in a 

good solvent so that the chains would be close enough for the suggesting bridging 

mechanism to occur compared to water where the chains would be too far from each 

other. 

pH 

Changes in pH lead to a change in the polyelectrolyte behaviour if they bear acid or basic 

function groups. For example, upon HCl addition, the ïCH3COO- groups born by 

Na CMC chains would adopt their acid form ïCH3COOH which is no longer charged. In 

other words, for such polyelectrolytes, a change in pH leads to a change in their ionisation 

degree.13,76 The effect of changes in the polyelectrolyte ionisation degree have been 

described in the corresponding Section above. For some polymers such as Na CMC, 

whose solubility in water is due to the presence of its charged groups, the polymer is no 

longer soluble in the solvent when too many of the charges are neutralised (see discussion 

about Na CMC substitution in Section 2-3.1).13,29,81-83 In the case of Na CMC, the 

behaviour of H-CMC then resembles the one of cellulose in water, which is in a swollen 

state rather than a dissolved one.13,81 

Solvation of the polyelectrolyte backbone 

As mentioned for Na CMC in the previous Section about the influence of the pH on the 

behaviour of polyelectrolytes in solution, the backbone of most polyelectrolytes is poorly 

or non-soluble in water, and it is the presence of charges on the polymer chains that makes 

them solubilise in water.29,82-84 It has thus been suggested that the slow relaxation mode 

could come from the poor solubility of polyelectrolyte backbones.84 To investigate this 
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matter, Sehgal and Seery78 studied the behaviour of sodium poly(styrene sulfonate) in N-

methylformamide, while Ermi and Amis84 studied the behaviour two quaternized 

poly(vinyl pyridine) polymers in ethylene glycol. In both cases, the selected solvent was 

a good solvent for both the neutral polymer (i.e. the backbone) and the charged 

polymer.78,84 The results obtained from LS measurements were identical to the ones 

typically obtained for polyelectrolytes in water: (i) two diffusive relaxation modes were 

observed, and (ii) the slow relaxation mode faded upon salt addition.78,84 Interestingly, 

the results obtained by Ermi and Amis84 showed that the neutral poly(vinyl pyridine) also 

exhibited two relaxation modes in ethylene glycol, suggesting that the slow relaxation 

mode, often defined as a polyelectrolyte specificity, is more common. 

Topp et al.ôs71 study of the influence of the ionisation degree of quaternized poly(vinyl 

pyridine) in KBr solutions, already mentioned in the above Section related to the 

polyelectrolyte ionisation degree, showed that the two typically reported relaxation 

modes were observed for an ionisation degree as low as 9%. At such a low ionisation 

degree, a third relaxation mode was also observed and attributed to the hydrophobicity of 

the polymer chain backbone. 

Filtration 

Filtration is widely used prior to LS measurements to remove dust or large particles, as 

they scatter significantly and bring an additional contribution to the scattering of the 

investigated samples.39 For polyelectrolytes, filtration has not only been used to remove 

dust or particles, but also to remove the slow relaxation mode contribution, especially at 

low polyelectrolyte concentrations, or to study the nature of this relaxation mode. 

Ghosh et al.79 used a wide range of filters with different membranes and pore sizes 

ranging from 0.1 ɛm to 0.45 ɛm on polyelectrolyte solutions prepared with different 

polyelectrolytes. For each of them, they found a filter with a pore size and a membrane 

that could remove the slow relaxation mode. After a week, the slow relaxation mode had 

not reappeared in the solutions. It is worth noting that it could be that the domains have 

not disappeared but that their size is too small to be probed by LS.85 

Sedlák80 performed extensive studies to investigate the influence of filtration on the slow 

relaxation mode. He found that it was not always possible to remove the slow relaxation 

mode. Figure 2-25 displays some DLS and SLS results from two of his studies of 

poly(styrene sulfonate) solutions. Figure 2-25.A shows that the diffusion coefficient of 
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the slow mode increases upon filtration. Figure 2-25.B shows that filtration usually leads 

to a lower value and a less pronounced angular dependence of ȹRs; suggesting that the 

size of the domains decreases upon filtration. This is confirmed by the decrease in the 

values of Rg,app(domains). The 0.8-ɛm pore size filter however shows the reverse trend. 

It is thought that the size of the 0.8-ɛm pores is just about right to allow the domains to 

coalesce during filtration. Meanwhile, ȹRf was not modified upon filtration. 

ȹRs of the sample filtered through the 0.1-ɛm pore size filter was monitored during 24 h 

after filtration. It was observed that ȹRs increased over time, but the angular-dependence 

remained the same as the one observed just after filtration; suggesting that the size of the 

domains remained constant after filtration. It was thus proposed that the domains had 

been loosened by filtration and they would become denser afterwards as the number of 

polyions they contain would increase.80 

 

Figure 2-25: Influence of filtration on the slow relaxation mode. A. Influence of filtration on the 

slow mode diffusion coefficient. The investigated polymer was a 5,000 g/mol sodium 

poly(styrene sulfonate). Adapted with permission from Sedlák,22 Copyright © 1993 American 

Chemical Society. B. Influence of filtration on the contribution of the slow mode to the excess 

Rayleigh ratio and its angular dependence. The investigated sample was a 710,000 g/mol sodium 

poly(styrene sulfonate) solution at 5 g/L. The non-filtered solution was centrifuged to remove 

dust and possible impurities. Adapted from Sedlák,80 with the permission of AIP Publishing, 

Copyright © 1992 American Institute of Physics. 

To determine whether the filtration process is based on size-exclusion (i.e. domains 

retained by the membrane filter because of their size being larger than the pores) or 

strength-exclusion (i.e. domains not strong enough to resist filtration and getting broken 

during the process), both resulting in the disappearance of the larger domains, Sedlák80 

compared the behaviour of solutions filtered several times through the same filter to 

solutions filtered several times through different filters. He found that the size of the 
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obtained domains was smaller when new filters were used every time; leading to the 

conclusion that the main mechanism occurring during filtration is strength-exclusion. 

Indeed, if it had been size-exclusion, the re-used filter would have become clogged and 

the size of the domains would have been smaller at the end of the successive filtrations 

than when new filters are used. The proposed mechanism is that the filter membrane is 

getting wetter and wetter when re-used so that the forces applied on the domains are 

becoming weaker and the domains have a larger size at the end than when new filters are 

used as they always apply the same and stronger force on the domains.80 

Relatively concentrated solutions of high Mw polyelectrolytes have proved to be difficult 

to filter because of the high viscosity of the solutions. Larger pore sizes were thus used 

such as 1.2-ɛm and 3-ɛm pore size filters for hyaluronan and xanthan solutions,37 or even 

5-ɛm pore size filters for dextran solutions.38 For hyaluronan and xanthan solutions, the 

authors said that no ageing effect was observed after filtration.37 

Centrifugation 

Centrifugation is another technique that allows removal of dust and impurities. Under 

mild conditions (i.e. relatively low centrifugal forces, low acceleration and deceleration 

rates, short durations), centrifugation has been shown to help preparing solutions that are 

suitable for LS without modifying them, as shown in Figure 2-26, where contribution of 

the slow relaxation mode to the excess Rayleigh ratio was measured after centrifugation 

at different centrifugation speeds for salt-free poly(styrene sulfonate solutions).80 

Sedlák80 said that stronger centrifugation conditions significantly affected the slow mode 

relaxation. Such a behaviour was also found by Nierling and Nordmeier,69 who found that 

the slow relaxation mode temporarily disappeared from their solution of poly(diallyl-N,N-

dimethylammonium chloride) in a 25% n-propanol/75% water solvent. The recovery of 

the slow relaxation mode was noticeable after 4 days but took about 21 days to be 

completed.69 Cao and Zhang36 showed that the unique relaxation time they observed 

during their ultracentrifugation experiments was similar to the fast mode relaxation time 

probed by DLS and that the slow relaxation mode was absent. Hence, they also concluded 

that centrifugal forces could be strong enough to overcome the interactions responsible 

for the cohesion of the domains.36 



Chapter 2: Literature review 

49 

 

Figure 2-26: Influence of centrifugation on the slow relaxation mode. Centrifugation duration and 

speed are indicated in the legend directly in the Figure. The investigated sample is a 50,000 g/mol 

sodium poly(styrene sulfonate) solution at 5 g/L. Adapted from Sedlák,80 with the permission of 

AIP Publishing, Copyright © 1992 American Institute of Physics. 

Dialysis 

Dialyses of either salt-free polyelectrolyte solutions against salt solutions or 

polyelectrolyte solutions in presence of salts against water were performed to investigate 

the appearance and the disappearance of the slow relaxation mode.73,76,79 It has been 

reported that the slow relaxation mode disappeared from salt-free polyelectrolyte 

solutions dialysed against salt solutions and reappeared when the obtained solutions were 

dialysed against pure water,73,76,79 as illustrated in Figure 2-27.A, which shows the 

evolution of the slow mode diffusion coefficient across successive dialysis cycles for 

poly(styrene sulfonate) solutions. In early studies such as the one Ghosh et al.,79 these 

experiments allowed checking that the slow relaxation mode was real and was not coming 

from impurities present in the initial solutions. 

40 min; 8,000 g

200 min; 8,000 g

20 min; 8,000 g
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Figure 2-27: Influence dialysis on polyelectrolyte solutions. A. Evolution of the slow mode 

diffusion coefficient over time under successive dialysis cycles. The sample was a 70,000 g/mol 

fluoresceinamine-labelled sodium poly(styrene sulfonate) at 1.54 mg/mL. Reprinted with 

permission from Cong et al,73 Copyright © 2006 American Chemical Society. B. Evolution of the 

slow relaxation mode to the excess Rayleigh ratio of a sodium poly(styrene sulfonate) solution in 

3 M NaCl after dialysis and comparison with a directly prepared salt-free solution. Studied 

samples were 50,000 g/mol sodium poly(styrene sulfonate) solution at 5 g/L. Adapted from 

Sedlák,76 with the permission of AIP Publishing, Copyright © 2002 American Institute of Physics. 

As seen in Figure 2-27.B, Sedlák76 showed that the recovery of the slow relaxation mode 

after dialysis may require long periods of time to be complete in poly(styrene sulfonate) 

solutions. Indeed, the slow mode contribution to the excess Rayleigh ratio after 6 days of 

dialysis needed 45 days to reach the same level as the one observed for a directly prepared 

salt-free solution. 

Ageing 

Some ageing effects have already been reported in the three previous sections such as the 

possible reappearance of the slow relaxation mode or its strengthening after filtration,80 

centrifugation69 or salt removal using dialysis.76 Time-scales depend on the studied 

systems. Some studies have explicitly reported the absence of ageing.35,37,79 However, 

Sedl§kôs70 investigations of polyelectrolyte solution ageing showed that ageing may only 

be detectable using LS after tens of days. Figure 2-26 shows the time evolution of ȹRs for 

a salt-free sodium poly(styrene sulfonate) solution. It can be seen in Figure 2-26.A that 

ȹRs decreases over time until it reaches a plateau. The angular-dependence of ȹRs does 

however not vary over time; suggesting that Rg,app(domains) does not vary upon ageing. 

Using DLS data collected on the same solutions and the Stokes-Einstein equation (Eq. 2-

19), Sedlák70 found that the apparent hydrodynamic radius of the domains 

RH,app(domains) decreased upon ageing. Combining both results, he suggested that 

polyion chains would escape the domains over time. Their arrangement in the domains 

Dialysed solution after 45 days

Solution initially containing 3 M NaCl

after 6 days dialysis against water

Directly prepared salt-fre solution

A B
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would be such that the domain size would not vary. The fact that there would be fewer 

polymer chains in the domains would allow water molecules to go through the domains 

more easily and lead to the observed decrease in RH,app(domains), corresponding to a 

facilitated draining process. The small increase in the local viscosity due to the higher 

concentration of polyions outside of the domains would not be high enough to compete 

against draining. Sedlák70 showed that the fast relaxation mode was not modified upon 

ageing. Ageing was different from one investigated system to another. 

 

Figure 2-28: Influence of ageing on the slow relaxation mode contribution to the excess Rayleigh 

ratio ȹRs. A. Time-dependence of ȹRs. B. Angular-dependence of ȹRs for all the time points 

shown in A. The dashed-line represents an example of expected angular-dependence if 

Rg,app(domains) were to decrease over time. The studied sample was a salt-free 710,000 g/mol 

sodium poly(styrene sulfonate) solution at 10 g/L. Adapted from Sedlák,70 with the permission of 

AIP Publishing, Copyright © 2002 American Institute of Physics. 

In this Section investigating the current knowledge about the slow relaxation mode, it has 

been shown that, despite the origin of the domains attributed to the slow relaxation mode 

still being unknown, and some discrepancies observed between the studied systems, such 

as whether the size of the domains depends on the polyelectrolyte concentration, whether 

the domains can be fully removed by filtration or would simply be reduced to a size 

smaller than what can be probed by LS, and whether the domains always evolve over 

time until they reach an equilibrium state in all polyelectrolyte systems, some typical 

properties of the domains can be established. Indeed, it has been established that they are 

not due to the presence of impurities as they can reform in solutions that have been 

carefully purified. High forces such as the ones applied during centrifugation and 

ultracentrifugation seem to be strong enough to break them. They may reappear 

afterwards; which further supports the fact that they correspond to a metastable 

A B
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equilibrium in solution. Salt addition leads to a decrease in their size, and domains may 

even fully disappear for low Mw polyelectrolytes and concentrations. A rheological study 

allowing the determination of the crossover concentration regimes as defined by the 

scaling laws would be helpful to assess whether the cases for which the slow mode 

disappears upon salt addition correspond to cases where salt addition takes the solution 

from the salt-free semi-dilute concentration regime to the screened dilute concentration 

regime where only one relaxation mode is expected. Investigating other techniques that 

could weaken the slow relaxation mode, or even make it disappear, could bring more 

information about its characteristics; getting closer to understand the origin and the nature 

of this slow relaxation mode. 

2-2.4. Attempts to describe the concentration regimes with Mw-c maps 

In 1980, Graessley86 established Mw-c maps describing the concentration regimes for two 

neutral polymers in good solvents (i.e. polysterene in toluene and polybutadiene in 

tetrahydrofuran) using viscosity measurements. The map they obtained for polystyrene in 

toluene is shown in Figure 2-29.A. In 1992, Sedlák and Amis66 attempted to establish a 

similar map for polyelectrolyte sodium polystyrene sulfonate in water using their light 

scattering data. This map is depicted in in Figure 2-29.B. Contrary to the maps established 

for neutral polymers, it does not cover all the concentration regimes predicted by the 

scaling theory as solutions of both very low and very high polyelectrolyte concentrations 

are difficult to investigate using light scattering. Moreover, as already discussed in 

Section 2-2.3, light scattering allows the definition of more concentration regimes than 

those predicted by the scaling theory in the low concentration region. On the map 

displayed in Figure 2-29.B, it even seems that the transition concentrations ca, cb and cd 

probed by LS (the latter is defined by Sedlák and Amis66 as the concentration below which 

a peak is observed in the SLS profile, which would correspond to the form factor) could 

all be different from the ones both predicted by the scaling theory and determined using 

viscosity measurements. It is worth noting that the line representing cc, suggested to be ce 

by the present author, is vertical and does not meet the line representing ce. This is likely 

to be due to the fact that Sedlák and Amisô experiments66 seems to include only one 

polymer exhibiting this behaviour so that the line they have plotted would be an 

extrapolation. To my knowledge, no other attempt has been made to complete this map 
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for polyelectrolytes nor to solve the apparent disagreements between the scaling theory 

and the concentration regimes probed by light scattering. 

 

Figure 2-29: Mw-c maps of the concentration regimes for salt-free solutions of a neutral polymer 

(polystyrene in toluene; A) and a polyelectrolyte (sodium polystyrene sulfonate in water; B). Both 

maps, originally presented as ccopolymer vs Mw,polymer, have been replotted as N = f(cmonomer) with N 

the degree of polymerisation. The original scales are also shown. Black and grey lines correspond 

to the transition concentrations; they are labelled in italic in the Figure. Grey areas correspond to 

areas where no experiment was performed, while the dashed area in B corresponds to an area 

where the original authors have not been able to carry out experiments as the collected data were 

below the sensitivity of the instrument. A was established with viscosity measurements. The 

concentration regimes are identified in the Figure as D (dilute), SD NE (Semi-dilute Non-

Entangled), SD E (Semi-dilute Entangled), C E (Concentrated Entangled) and C NE 

(Concentrated Non-Entangled). c*: overlap concentration; ce: entanglement concentration; 

c** : transition concentration between the semi-dilute and the concentrated regimes. B was 
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established with light scattering measurements. Areas I, II and III correspond to the 

experimentally determined concentration regions. Area I corresponds to the high concentration 

region where the fast relaxation mode is concentration-independent. The dashed line represents 

the concentration cc which I have suggested to be ce and was only observed for the highest 

investigated Mw polyelectrolyte (hence the horizontal dashed-dotted grey line added here 

compared to the original map). Area II corresponds to the intermediate concentration region 

between cd and cb where the two relaxation modes are probed by DLS and are c-dependent. Below 

cd (i.e. area III), a peak is observed in the SLS profile. ca has been added in the Figure by the 

present author and corresponds to the transition concentration below which only the fast 

relaxation time is probed by DLS. The overlap concentration c* plotted by the original authors 

was calculated rather than experimentally determined, and defines the transition between the 

dilute and the semi-dilute regimes. A and B have been replotted and adapted from Graessley86 

and Sedlák and Amis, respectively. 

2-3. Sodium Carboxymethyl Cellulose (Na CMC) 

Now that some general features about the behaviour of polyelectrolytes in solution have 

been explained, the present Section focuses on Sodium Carboxymethyl Cellulose 

(Na CMC), which is a linear semi-flexible polyelectrolyte,1,14,15 and is the subject of this 

thesis. The main characteristics of Na CMC are first discussed. Then, its overall 

behaviour in solution is described and compared to the behaviour typically observed for 

polyelectrolyte solutions as detailed in Section 2-2 above. Finally, the influence of some 

key Na CMC characteristics as well as some key external parameters is reviewed. 

2-3.1. Structure, characteristics and synthesis 

Na CMC is a cellulose derivative. As illustrated in Figure 2-30, it consists of cellulose 

(i.e. D-glucose monomers linked by ɓ-1,4 glucosidic bonds) whose hydroxyl groups have 

been substituted by carboxymethyl groups.18,26,87-93 From a theoretical point-of-view, all 

the hydroxyl groups can be substituted, but full substitution is rarely achieved. 

Commercial Na CMCs usually have an average of 0.4 to 1.4 substituted hydroxyl groups 

per monomer referred as the absolute degree of substitution (DS).18 It is worth noting that 

the term absolute is usually omitted. Na CMC batches of DS around 2.3-2.5 were 

synthesised for research purposes by some authors like Barba et al.,28 Heinze et al.,94 

Käuper et al.,95 and Kulicke et al.96 DSs as high as 2.9 and 2.96 were obtained by Rinaudo 

et al.97 and Kulicke et al.,30 respectively. 
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Figure 2-30: Chemical structure of Na CMC. R = H or CH2COO-, Na+. N.B: R = H for cellulose. 

Eight different types of monomers can be found depending on the number and the location 

of the substituted groups they bear.95,98,99 However, this diversity is not reflected by the 

absolute DS. To describe more precisely the substitution along Na CMC chains, other 

parameters have thus been defined, including: 

- The partial degrees of substitution: they represent the average number of glucose 

monomers whose C2, C3 and C6 are substituted. 

- The proportion of un-, mono-, di- and tri-substituted glucose monomers. 

- The proportion of each of the eight monomers. 

- The distribution of the substituted glucose monomers along the polymer chains 

(i.e. are the substituted monomers homogeneously distributed along Na CMC 

chains?). 

The negative charges of the substituted groups allow Na CMC to solubilise in water 

provided their number is high enough (N.B: the insolubility of cellulose in water is 

discussed at the end of this Section). The lower boundary is around DS 0.5-0.6.26,28,29 It 

also depends on the distribution of the substituted monomers along the chains. Indeed, 

large poorly or non-substituted segments are not water-soluble for the same reason (see 

Section 2-3.3.2 where more details about these poorly substituted segments and their 

influence on Na CMC behaviour in water are provided). As Na CMC is a charged 

polymer, it is a polyelectrolyte. 

Na CMC is obtained from cellulose through a two-step reaction, which is depicted in 

Figure 2-31: 

- Mercerisation in presence of NaOH: the cellulose swells and reacts with NaOH to 

give the alkali cellulose (also called mercerised cellulose)26; 

- Carboxymethylation of the alkali cellulose by reaction with monochloroacetic 

acid. 

n/2
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Figure 2-31: Na CMC synthesis. (i): mercerisation with NaOH; (ii) carboxymethylation with 

monochloroacetic acid. R = H or CH2COO-, Na+ as the carboxymethylation (i.e. (i) + (ii)) goes 

ahead. Adapted from Silva et al,100 Copyright © 2004 Elsevier Ltd, with permission from 

Elsevier. 

Traditional cellulose sources used for Na CMC synthesis are cotton linters and wood 

pulp.26,27,94,101 The reaction medium is a heterogeneous slurry as the solvent swells but 

does not dissolve the polymer.101 To get an homogenous distribution of the components 

in the reactor, an alcohol is usually used as co-solvent.26 Heinze et al.94 have synthesised 

Na CMC under homogeneous reaction conditions using LiCl/N,N-dimethylaetamide as 

solvent. Recent studies have been looking at ways of performing greener syntheses such 

as the use of microwaves as a heating source,102 the use of water as a solvent,103 or the 

extraction of cellulose from waste or by-products from the industry, e.g. recycled 

paper,103 banana pseudo stem,104 sugar beet pulp,105 pomegranate seeds18 or orange peel.93 

The substitution pattern along the chains is usually not controlled during the synthesis.87 

However, it has been shown that each absolute DS corresponds to a triplet of partial DSs. 

Moreover, the most substituted carbon is C2, while the least substituted one is C3.87,99 

Synthesis pathways involving protective groups in non-aqueous solvents have made it 

possible to get Na CMCs whose substituted groups are on C2 and C3 only.87,106 

Na CMC is a polymer; its chain length can thus vary. The length of the cellulose raw 

material used for Na CMC synthesis mostly defines the length of Na CMC chains. They 

can be shortened by acid hydrolysis,24 oxidation in presence of H2O2
107 or sonication95 

R R

1R

R

1R
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(see Section 2-3.4.2 for more details about the influence of sonication on polymer 

solutions in general and Na CMC solutions in particular). Kulicke et al.30 have also 

reported that obtaining Na CMCs with high DSs leads to shorter polymer chains 

compared to Na CMCs of lower DS obtained from the same raw material. Both the 

molecular weight Mw and the degree of polymerisation (i.e. number of monomer per 

polymer chains) reflect the length of the chains; the higher they are, the longer the chains. 

Na CMCs of very different molecular weights are found in the literature. Most of them 

are around 104-105 g/mol, but values as small as 9,000 g/mol81 or as high as 

5,278,000 g/mol24 can be found. Furthermore, because the cellulose from which Na CMC 

is produced comes from natural sources, there is a great variability in the molecular 

weight of the polymer chains in Na CMC batches, as characterised by large polydispersity 

indices Mw/Mn.
1,3,24,25 Typical values of Mw/Mn are around 1.7-3.6,1,3,24,25 but higher 

values such as 8.5 and 8.7 have also been reported.24 

Cellulose usually contains crystalline fragments.108 The crystalline structures that can be 

found in Na CMC are celluloses I and II,26,27 whose structural differences are illustrated 

in Figure 2-32. The crystallographic repetitive unit is cellobiose, which consists of two 

consecutive glucose monomers as shown in Figure 2-32.A.109,110 It is worth noting that 

the two ends of a cellulose chain are not identical: the reducing end is in equilibrium with 

a cyclic hemiacetal, while the non-reducing end is not involved in any equilibrium (see 

Figure 2-32.A).110 

Cellulose I is the crystalline structure present in native cellulose, and can be found under 

two forms: celluloses IŬ and Iɓ.
108,109 Cellulose Iɓ has a monoclinic structure where 

consecutive parallel cellobiose units are shifted by a quarter of their size along the c axis, 

while cellulose IŬ has a triclinic structure where consecutive cellobiose units are shifted 

diagonally by the same distance as illustrated at the bottom of Figure 2-32.B.110 As shown 

at the top of Figure 2-32.B, both cellulose IŬ and Iɓ chains are aligned towards the same 

direction, i.e. with all reducing end-groups together, and consequently all non-reducing 

end-groups together, while consecutive cellulose II chains are aligned in opposite 

directions.108 Hence, as illustrated in the middle of Figure 2-32.B, the intra- and inter-

chain H bonds are different for both cellulose structures.109 
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Figure 2-32: Illustration of the differences between celluloses I and II. A. Cellulose molecular 

structure. Blue: non-reducing end-group. Red: reducing end group (i.e. in equilibrium with a 

cyclic hemiacetal). B. Structural differences between celluloses IŬ & Iɓ, and II. At the bottom, the 

distances and angles which are provided refer to faces (100) [normal] and (010) [italic] of the 

triclinic structure, respectively. The schematics representing the hydrogen interactions and the 

crystallographic structures were adapted by permission from Springer Nature, Cellulose, 

OôSullivan,109 Copyright © Chapman and Hall 1997, and adapted from Baker et al.,110 Copyright 

© 1997 Academic Press, with permission from Elsevier, respectively. 

Cellulose II does not exist in native cellulose and is formed by mercerisation, which is 

the first step of Na CMC cellulose (see above discussion and Figure 2-31), regeneration 

(i.e. solubilisation and recrystallisation of cellulose) or ball-milling.108,109 It is more stable 

than the cellulose I and is therefore less reactive, while the amorphous cellulose is the 

most reactive cellulose form. It can be easily understood that the crystallinity pattern of 
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the final Na CMC depends on the cellulose used for the synthesis.26,27 Kamide et al.27 

indicated that the initial crystalline pattern of the cellulose remains visible in the final 

Na CMC. More recently, Almlöf Ambjörnsson26 showed that the reaction conditions 

could also play an important role in controlling the crystalline pattern of the synthesised 

Na CMC. Kamide et al.27 reported crystallinity values ranging between 0 and 57.8%. 

Often, X-ray,27,104,111,112 Raman26 or Infrared (IR)82,94,101 spectra, which all allow to 

differentiate the different crystalline structures, are used to identify the crystalline 

structure(s) present in the batches and compare them qualitatively. 

Na CMC batches can contain different types of impurities such as non-reacted materials 

from the initial cellulose29,30,82,83,113 (see Section 2-3.3.2 where more details about these 

non-reacted materials and their influence on Na CMC solution behaviour are provided), 

as well as glycolic acid HOCH2COOH and NaCl produced by a side reaction displayed 

in Figure 2-33.26,30 

 

Figure 2-33: Main (top) and side (bottom) reactions occurring during Na CMC synthesis. R = H 

or CH2COO-, Na+. The two products obtained from the side-reaction are glycolic acid 

HOCH2COOH and NaCl. After Kulicke et al.30 

Before concluding this Section, and as it is important to important to understand Na CMC 

aqueous solubility, I would like to discuss the insolubility of cellulose in water. Until very 

recently, cellulose insolubility in water has mainly been explained by the high number of 

cellulose-cellulose hydrogen bonds (see Figure 2-32).114,115 Crystallinity has also 

sometimes been cited as a factor responsible for cellulose aqueous insolubility.114,115 

Lindman and co-workers114-117 have however highlighted some striking discrepancies in 

the reasoning attributing cellulose insolubility to hydrogen bonding. Indeed, water itself 

contains a high number of H bonds and it is commonly accepted that compounds that can 

form H bonds should be soluble in water.114 Hence, glucose, the monomer cellulose is 

made of, is highly soluble in water.114,115 Furthermore, other glucose derivatives such as 

alkylpolyglucosides, dextran (another polyglucose) or cellulose derivatives like methyl 

and hydroxyethyl cellulose are also water soluble.114,115 When studying cellulose 

solubility in water, one should consider all possible H-bonds, i.e. carbohydrate-
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carbohydrate, water-water and carbohydrate-water. Lindman and co-workers114-117 have 

shown that the magnitude of these interactions is very similar and is about 5 kcal/mol. 

According to all these arguments, cellulose should thus be water-soluble.114-117 A last yet 

striking fact is that there does not seem to be any common point between the few solvents 

capable of solubilising cellulose.114,115,117 

The new model proposed by Lindman and co-workers114-117 to explain cellulose aqueous 

insolubility and overcome these discrepancies is based on cellulose amphiphilicity. 

Indeed, as illustrated in Figure 2-34, the hydroxyl groups, all located on the equatorial 

positions of the glucopyranose rings, form the hydrophilic region, while the C-H bonds 

located on the axial direction of the rings forms the hydrophobic region.117 Cellulose 

chains can thus be seen as thick ribbons with two opposite hydrophobic sides; the two 

other opposite sides being hydrophilic.117 It is the presence of these hydrophobic regions 

that would make cellulose water-insoluble.114-117 Furthermore, Lindman and 

co-workers114-117 have suggested that solvents efficient at dissolving cellulose should be 

amphiphilic like cellulose, and/or have an intermediate polarity so that they reduce or 

eliminate hydrophobic interactions. Addition of urea facilitates cellulose dissolution in 

water as it decreases hydrophobic associations.115,116 

 

Figure 2-34: Illustration of cellulose amphiphilicity. The molecular structures on the left-hand 

side (reprinted from Medronho and Lindman,117 Copyright © 2013 Elsevier Ltd, with permission 

from Elsevier) are Van der Waals surface representations of a cellulose chain seen from óaboveô 

and from the ósideô. Black and shaded grey atoms are oxygen and non-polar carbon atoms, 

respectively (N.B: the aliphatic protons, all in axial positions and perpendicular to the rings, are 

not represented for clarity). The hydrophobic and hydrophilic areas are shown by the dashed 

ellipses. On the right-hand side, a cellulose chain is represented as a flat ribbon to illustrate the 

model proposed by Medronho and Lindman.117 Opposite sides of the ribbons exhibit similar 

hydrophilic/hydrophobic properties. 
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In conclusion of this Section, despite having a unique name, Na CMC can be very 

different from one batch to another. Substitution (i.e. DS and substitution homogeneity 

along the polymer chains) and crystallinity are key to determine the solubility of a 

Na CMC batch in water. Moreover, due to the natural origin of Na CMC, the Mw 

distribution is expected to be broad. One thus needs to be careful when comparing 

investigations of Na CMC behaviour with literature about synthetic monodisperse 

polyelectrolytes. 

2-3.2. Measurement techniques to investigate the behaviour of Na CMC in 

solution 

In this Section, scattering and rheological investigations of Na CMC behaviour in salt-

free solutions is reviewed as these two techniques are the two main techniques used in 

the present thesis. When possible, the behaviour reported for Na CMC is compared to the 

one typically reported for polyelectrolytes and previously discussed in Section 2-2. 

2-3.2.1. Scattering 

The following scattering techniques have been used to characterise the behaviour of 

Na CMC in solution: SLS, DLS, Small Angle X-ray Scattering (SAXS) and Small Angle 

Neutron Scattering (SANS). In LS experiments, a laser beam goes through the sample, 

which scatters the light, and the resulting scattering intensity collected at different angles 

is studied. Similarly, in X-ray (or neutron) scattering measurements, an X-ray (or neutron 

beam) goes through the sample, and the resulting scattering intensity is collected at 

different angles and studied. X-ray and neutron scattering experiments allow to 

investigate lower length-scales than LS experiments.39 Hence, length-scales as small as 

the correlation length ɝ representing the distance between two polymer chains in the semi-

dilute concentration regime (see Section 2-2.1) can be studied.14 

The studies using scattering techniques to investigate the behaviour of Na CMC solutions 

are compiled in Table 2-4. A couple of straightforward remarks can be made. The number 

of relevant research papers is very small. Moreover, I have only found three previous 

studies dealing with measurements performed on Na CMC solutions in pure water: two 

Small Angle Neutron Scattering (SANS) studies and a SLS study. Indeed, as the 

polyelectrolyte chains are expended in dilute solutions (see Section 2-2), the scattering 

intensity is often below the sensitivity of the instruments.51 The addition of salts brings 
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additional counterions which screen the charges on the polymer chains. The less charged 

polymer chains thus adopt a more coiled conformation and, as they are more packed, they 

scatter light more strongly.13 However, as the conformation of the polymer chains is 

modified by the addition of salts, the studied systems cannot be considered as Na CMC 

in pure water.51 

Table 2-4: Scattering techniques used to study Na CMC. 

Technique(s) Salt Variable(s) Ref 

DLS, SLS DTAB DTAB concentration 118 

DLS, SLS, 

SAXS 

0.1 M electrolyte 

(NaCl/HCl) 
pH (1.6-7.0) 13 

LALLS*  0.1 M NH4NO3 DS, Mw 97 

MALLS*  NaNO3 NaNO3 concentration, DS, Mw 107 

SANS None Na CMC concentration 1 

SANS None Na CMC concentration, DS 14 

SLS NaCl NaCl concentration, Mw 
119,

120 

SLS NaCl Na CMC and NaCl concentrations 121 

SLS None, NaCl Na CMC and NaCl concentrations 122 
*: coupled to a Size Exclusion Chromatograph (SEC); SLS: Static Light Scattering; SAXS: Small 

Angle X-ray Scattering; DLS: Dynamic Light Scattering; MALLS: Multi-Angle Laser Light 

Scattering; SANS: Small Angle Neutron Scattering; LALLS: Low Angle Laser Light Scattering. 

DTAB: dodecyltrimethylammonium bromide; Ref: reference. 

For easier comparison with the polyelectrolyte SLS data discussed in Section 2-2.3.3, I 

have replotted the ὑὧȾὙ ЈὪὧ data collected in water by Trap and Hermans122 as 

ЎὙωπЈȾὑ Ὢὧ. Both data sets are shown in Figure 2-35 (K is an optical constant 

obtained with Eq. AI-3). The excess Rayleigh ratio increases with Na CMC 

concentration. This increase can be described by a power law of exponent 0.79 in pure 

water. As discussed for other polyelectrolytes (see Section 2-2.3.3 and Figure 2-19), an 

exponent below 1 is related to repulsive interactions between scatterers as expected in 

this low Na CMC concentration range. The data obtained in presence of NaCl are 

discussed in Section 2-3.4.1. 
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Figure 2-35: SLS data collected on Na CMC solutions of various concentrations with and without 

added salt. A. Original Figure reprinted with permission from Trap and Hermans,122 Copyright © 

1954 American Chemical Society. B. SLS data replotted by the present author. Dashed lines are 

fits of the data to power laws. The power law exponents are provided next to each curve. R90° and 

ȹR(90Á) are the excess Rayleigh ratio in A and B, respectively. K is an optical constant calculated 

with Eq. AI-3. The average molecular weight of the studied sample is about 86,000 g/mol. 

The Small Angle Neutron Scattering (SANS) measurements performed by Lopez and co-

workers on salt-free Na CMC solutions were performed in D2O to increase the contrast 

between Na CMC and water as Na CMC scattering is very weak.1,14 Even in these 

conditions, it was not possible to collect data at low Na CMC concentrations and the data 

were collected above the overlap concentration c*. The curves Ὅ Ὢή obtained by 

Small Angle Neutron Scattering (SANS) at different Na CMC concentrations displayed 

in Figure 2-36 exhibit a correlation peak whose position q* is shifted towards higher 

values with Na CMC concentration, and a characteristic low q upturn, as usually observed 

for polyelectrolytes.1,14 
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Figure 2-36: SANS profiles of salt-free Na CMC solutions in D2O at different concentrations 

(indicated in bold next to each curve) for three Na CMC samples of similar Mw and different DS 

values. DS values are indicated at the top of each curve. A. The values shown into brackets and 

in italic correspond to the vertical shift factor applied for each data set. The characteristics of the 

three Na CMC samples can be found in the 2nd, 3rd and 4th columns of Table 2-6. The lines are 

descriptive fits. See original paper for more details. Adapted from Lopez et al.14 B. Non-vertically 

shifted SANS profiles at large q values collected on the Na CMC sample with DS 1.2. Black lines 

correspond to the fits of the data at large q values. Adapted from Lopez et al.1 

Figure 2-37 shows the concentration dependence of the value of the scattering vector q* 

corresponding to the peak maximum. q* is proportional to the correlation length ɝ (‚

ς“ήᶻϳ ) and follows the expected ήᶻ ὧͯȢ  ͯ‚  relationship predicted by the 

polyelectrolyte scaling laws.1,14 As explained in Section 2-2.1 and depicted in the 

schematic shown in bottom right corner of Figure 2-37, ɝ characterises the distance 

between Na CMC chains. When cNa CMC increases, ήᶻ  ͯ‚  is shifted towards higher q 

values (see Figures 2-36 and 2-37), indicative of a decrease in the distance between 

polymer chains.1,14 Meanwhile, the scattering intensity in the high q region probing 

length-scales below ɝ increases (see Figure 2-36.B), which indicates an increase in the 

number of chains involved in the network of mesh-size ɝ.1 Furthermore, the determination 

of the multiplying factor between ɝ and c0.5 allowed Lopez et al.1,14 to conclude that 

Na CMC chains adopt a stiff conformation at length-scales below ɝ. 

The Ὅήᶻ ὧͯȢ dependence in the semi-dilute regime is in agreement with the scaling 

law too (data not shown here).1 However, the change in the Na CMC concentration 
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dependence of both q* and I(q*)  expected at the crossover concentration c**  between the 

semi-dilute and the concentrated regimes was not observed.1,14 The authors concluded 

that the electrostatic blob ɝe and the correlation length ɝ concepts (see Section 2-2.1 for 

the definition of ɝe and ɝ) failed at describing the Na CMC at these high concentrations. 

This is further discussed in relation to the rheological behaviour of Na CMC solutions in 

Section 2-3.2.2, while the differences in the scattering behaviour due to the difference in 

DS are discussed in Section 2-3.3.2. 

 

Figure 2-37: Correlation peak position q* as a function of Na CMC concentration for the same 

three Na CMC samples as the ones shown in Figure 2-36. The slope obtained for the best fit single 

power law is indicated on the graph. From Lopez et al.14 

2-3.2.2. Rheology measurements 

This Section is divided in two sub-sections. The first sub-section examines the flow 

behaviour of salt-free Na CMC solutions, while the second one uses the zero-shear 

viscosity obtained from the flow curves to establish the concentration dependence of the 

specific viscosity and determine the concentration regimes as defined by the 

polyelectrolyte scaling laws in Section 2-2.2. 

Flow curves 

Examples of flow curves collected on Na CMC solutions prepared at different 

concentrations are shown in Figure 2-38. As for other polyelectrolytes (see Section 2-2.2 

and Figure 2-7), a Newtonian and a shear-thinning behaviour are observed at low and 
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high Na CMC concentration, respectively.87,123-127 In the example provided, the 

Newtonian behaviour is however still observed at low concentrations in the semi-dilute 

regime as all the data shown in Figure 2-38 were collected in the semi-dilute regime (see 

Figure 2-42). Castelain et al.123 suggested that interpenetrated polymer chains would 

indeed get aligned along the direction of flow, but that the shear-rate would be low enough 

to allow other polymer chains to interpenetrate each other at the same time elsewhere in 

the solution. Hence, simultaneous entanglement and disentanglement of polymer chains 

would compensate each other. The viscosity of the solution would thus remain the same. 

It is worth noting that Castelain et al.123 do not actually talk about interpenetrated chains 

but about entangled chains instead. Most of the literature about the rheological behaviour 

of Na CMC solutions has been published in hydrocolloid or food-related journals rather 

than in polymer physics journals,123,124,127 and the word óentanglementô is often used to 

talk about polymer chains above the overlap concentration c*, where the polymer chains 

interpenetrate each other, rather than above the entanglement concentration ce where the 

chains are indeed entangled. In this thesis, the word óentanglementô is used to refer to the 

entanglements as described by polymer physicists and explained in Sections 2-2.1 and 2-

2.2. It is most unlikely that the behaviour of the solutions is Newtonian above ce.
56 In fact, 

the authors of Figure 2-38 determined the entanglement concentration ce (see next sub-

section and Table 2-6) and the behaviour of the solutions whose concentration is above 

ce is always shear-thinning.1 This is confirmed by the behaviour of two other Na CMC 

samples for which both c* and ce were determined.14,15 Other explanations for Na CMC 

solution shear-thinning behaviour found in Na CMC literature include the breakage of 

hydrogen bonds between polymer chains by high-shear rates,126 or the breakage of some 

polymer aggregates present in solution.105 
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Figure 2-38: Flow curves of salt-free Na CMC solutions at different concentrations. Black lines 

represent fits to the Carreau model (Eq. 2-3). Na CMC characteristics (from the supplier): 

Mw = 250,000 g/mol; DS = 1.15-1.45; supplier: Sigma Aldrich. Adapted from Lopez et al.1 

Another difference compared to the typical flow behaviour of polyelectrolytes described 

in Section 2-2.2 is the fact that the onset of the shear-thinning behaviour decreases with 

Na CMC concentration, while it has been shown that it usually increases with 

polyelectrolyte concentration.50,56 This feature of Na CMC solutions123,124,126,127 is 

common for polysaccharide solutions.57 The onset of the shear-thinning behaviour is 

indeed not only related to the polyelectrolyte concentration but also to its Mw and Mw 

distribution.57,87 When Mw increases, the onset of the shear-thinning behaviour is shifted 

towards lower values of shear-rates, while an increase in the Mw distribution leads to a 

broadening of the transition from the Newtonian to the shear-thinning behaviour as well 

as a decrease in the onset of the shear-thinning behaviour.57,87 Polysaccharides, including 

Na CMC, are known to have a broad polydispersity (see Section 2-3.1);57 which could 

explain the observed decrease in the onset of shear-thinning as Na CMC concentration is 

increased. 

For high Na CMC concentrations and/or high Mw Na CMC samples, the Newtonian 

plateau is not always observed as typically investigated shear-rates/shear-stresses are 

above the shear-rate marking the onset of the shear-thinning behaviour.57,125,128 This is 

illustrated in Figure 2-39. Although not commented by the authors,128 it may be suggested 

that the end of the Newtonian plateau could be noticeable at low shear-rates for the 

5% Na CMC solution. 
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Figure 2-39: Flow curves of salt-free solutions at different Na CMC concentrations. Na CMC 

characteristics (from the supplier): Medium viscosity (reference: C4888); DS = 0.7; supplier: 

Sigma Chemical. From Edali et al,128 Copyright © 2001 John Wiley & Sons, Inc. Reprinted by 

permission of John Wiley & Sons, Inc. 

A couple of reported behaviours, though, stand out from the typical behaviour of Na CMC 

solutions discussed above. Benchabane and Bekkour127 identified two different 

behaviours when Na CMC concentration increases: (i) a shear-thinning, Newtonian, 

shear-thinning behaviour at low Na CMC concentrations, and (ii) a shear-thickening, 

shear-thinning behaviour at high concentrations, as shown in Figure 2-40. They first 

identified the concentration at which the change in behaviour occurs (around 

1% Na CMC) as the overlap concentration, which seems quite high compared to the other 

values reported in the literature (see next sub-section and Table 2-6). Their later analysis 

of this characteristic concentration as the transition between the semi-dilute non-

entangled and entangled regimes seems more realistic. They interpret the shear-

thickening behaviour of the most concentrated solutions with the building-up of a stiffer 

structure in the solution as new entanglements and molecular interactions would form at 

low shear-rates. They do however not provide any explanation about the behaviour 

observed for the less concentrated solutions. 
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Figure 2-40: Flow curves of salt-free Na CMC solutions at different concentrations collected with 

a stress ramp. Na CMC characteristics (from the supplier): Mw = 700,000 g/mol; DS = 0.65-0.85; 

supplier: Sigma Aldrich. Reprinted by permission from Springer Nature, Colloid and Polymer 

Science, Benchabane and Bekkour,127 Copyright © Springer-Verlag 2008. 

It is worth noting, though, that the flow data were collected using a stress ramp rather 

than the usual sweep. Hence, if a steady-state flow was not achieved instantaneously upon 

increasing the stress, the presented data do not correspond to steady-state flow data as 

usually reported. For high Mw and/or concentrations, it has been observed that the 

viscosity increases over time under constant shear-rate or stress. An example is shown in 

Figure 2-41.A. 

 

Figure 2-41: Illustration of the viscosity time-dependence of some salt-free Na CMC solutions. 

A. Time-evolution of the shear-stress collected under constant shear-rates. Data are from Edali et 

al.128 The values of the viscosity were calculated by the present author as explained in the main 

text. B. Flow curves with the values of the viscosity after 60 s and 300 s shearing. 
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The viscosity h was calculated by the present author as – „‎ϳ  where s is the 

shear-stress and ‎ the shear-rate. It can be seen from Figure 2-41.A that, at low shear-

rates, the viscosity first increases over time, before it reaches a constant value when a 

steady-state flow has been established in the rheometer. When the shear-rate is increased, 

the time to achieve a steady-state decreases and becomes very close to 0. The values of 

the viscosity calculated at early times (i.e. 60 s) and after the steady-state flow has been 

achieved (i.e. 300 s) were plotted by the present author as a function of the shear-rate and 

are displayed in Figure 2-41.B. The flow curve of the steady-state values of the viscosity 

(i.e. h(300 s)) exhibits the expected shear-thinning behaviour (see discussion above), 

while the flow curve of h(60 s) exhibits a shear-thickening behaviour at low shear-rates 

and a shear-thinning behaviour at high shear-rates, as reported by Benchabane and 

Bekkour127 and seen in Figure 2-40. Thus, the hypothesis that the unusual behaviour 

observed by Benchabane and Bekkour127 comes from the flow curves representing the 

instantaneous viscosity rather than the steady-state viscosity seems to be confirmed. This 

also explains why the overlap concentration c* is higher than the usually reported values 

(see next sub-section and Table 2-6). c* indeed needs to be determined from steady-state 

flow data. 

The results reported by Balmaceda et al.129 show an opposite behaviour to the ones of 

Benchabane and Bekkour127 as the shear-thinning behaviour was observed at high 

Na CMC concentrations while the shear-thickening behaviour was observed at low 

Na CMC concentrations. 

The models used in the literature to fit Na CMC solution flow curves are reported in Table 

2-5. The equations of the models have been harmonised with the help of Lapasin and 

Priclôs book57 to enable an easier comparison. The reader should therefore not be 

surprised if the notations and the way the equations are presented in the cited articles vary 

from the ones given in the Table. The list does not pretend to be exhaustive. In fact, the 

papers from Lopez and co-workers,1,14,15 where Na CMC solution flow curves are fitted 

to the Carreau model as discussed for polyelectrolytes in Section 2-2.2 (Eq. 2-3) and 

illustrated in Figure 2-38 are not listed in the Table. 

It is not very surprising that the use of the Newtonian model is limited as it has previously 

been shown that most of the Na CMC solutions are shear-thinning. Moreover, the 

Newtonian model is anyway included in all the models which establish a relationship 
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between the shear-stress s and the shear-rate ‎. When the models s = f(‎) were compared 

with each other, the power law was often found to be the most appropriate as the 

parameter sy (yield stress) was very close to 0. 

Table 2-5: Models used in the literature to fit Na CMC solution flow curves. 

Model Equation Ref Best fit 
Selected 

model 

Newtonian „ –‎ 105 Power law Power law 

Bingham 

or 

linear 

„ „ –‎ 

130 
Power law (high c) 

Bingham (low c) 
Power law 

131 
Power law (high c) 

Bingham (low c) 
Power law 

93 Power law Power law 
105 Power law Power law 

Hershley-Bukley „ „ ὑ‎  131 
Power law (high c) 

Bingham (low c) 
Power law 

Casson „Ⱦ „
Ⱦ

–
Ⱦ
‎ 
Ⱦ

 
131 

Power law (high c) 

Bingham (low c) 
Power law 

93 Power law Power law 

Ostwald de Waele 

or 

power law 
„ ὑ‎  

131 
Power law (high c) 

Bingham (low c) 
Power law 

130 
Power law (high c) 

Bingham (low c) 
Power law 

127 Cross Cross 
132 n/a n/a 
124 n/a n/a 
128 n/a n/a 
125 n/a n/a 
133 n/a n/a 
92 n/a n/a 
93 Power law Power law 
134 n/a n/a 
19 n/a n/a 
135 *  *  
105 Power law Power law 

Cross 

– –

– –

ρ

ρ ‗‎
 127 Cross Cross 

– –

– –

ρ

ὑ‎
 ᶻz 136 **  **  

Cross with only 3 

parameters 
See article 136 **  **  

Adapted Cross 

model 

–

–

ρ

ρ ‗‎
 123 n/a n/a 

Carreau-Yasuda 
– –

– –

ρ

ρ ‗‎ Ⱦ
 137 n/a n/a 

Adapted Carreau-

Yasuda (cited as 

–

–

ρ

ρ ‗‎ Ⱦ
 30 n/a n/a 
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« modified 

Carreau model ») 

Adapted Carreau 

(cited as « Carreau 

model ») 

–

–

ρ

ρ ‗‎ Ⱦ
 

1 n/a n/a 

138 n/a n/a 

Equations derived 

from the 

relaxation theory 

of pseudoplastic 

fluids 

„ –‎
ρ

ὦ
ÓÉÎÈ

‎

ὃ 

„ –‎
ρ

ὦ
ÌÎ
ρ

ὃ
‎ ‎ Ὡ  

„ –‎
ρ

ὦ
ÌÎ
ς

ὃ
‎ 

139 

The two first 

equations fit well 

the data over the 

whole range of 

shear-rates while 

the third one does 

not work at low 

shear-rates. 

The two 

first 

equations 

*Although the authors seem to be satisfied with their fit, it is obvious that their experimental data 

are not well fitted by the power law. **The equation of the original Cross model is rather unusual. 

Moreover, although the Cross model with only 3 parameters seems more efficient than the 

original Cross model as it has one less parameter, the authors precise that their new model requires 

data over a wide range of shear stresses to be applied. ɖ: viscosity; ů: shear-stress; ‎: shear-rate; 

n: power law exponent; ó0ô and óÐô subscripts refer to values extrapolated to zero and infinite 

shear-rates, respectively; Ref: reference. 

In a few studies and at low Na CMC concentrations, the Bingham model was more 

appropriate than the power law,130,131 which is rather unexpected as solutions at low 

Na CMC concentrations usually exhibit a Newtonian behaviour. It may be compared with 

the previously discussed unusual results of Benchabane and Bekkour.127 Benchabane and 

Bekkour127 indeed found a shear-thinning behaviour at low shear-rates, attributed to the 

fact that the data were collected when the steady-state flow condition was not realised. It 

means that the viscosity tends to infinity at low shear-rates which could come from the 

presence of a yield stress; which is unexpected for solutions at such low Na CMC 

concentrations. However, the authors anyway selected the power law to go further in their 

analysis as it is a very simple model with only two parameters: the consistency parameter 

K and the flow behaviour index n. Flow indexes of 1 correspond to a Newtonian 

behaviour while flow indexes below and above 1 correspond to shear-thinning and shear-

thickening behaviours, respectively. It is usually found that the shear-thinning behaviour 

strengthens when the Na CMC concentration increases, characterised by the decrease in 

the flow behaviour index with Na CMC concentration.124,125,128,133,140-142 

The other models are now discussed. Contrary to the power law, they enable the fitting 

of the Newtonian plateau observed prior to the shear-thinning behaviour with the 

parameter ɖ0 (zero-shear viscosity). The shear-rate at which the shear-thinning behaviour 

starts corresponds to the inverse of the parameter ɚ (also noted Ű and called relaxation 

time).1,30 In most cases, the Newtonian plateau at high shear-rates described by the 
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viscosity at infinite shear-rate ɖÐ in the models is not reached at the highest shear-rates 

used in the experiments. As ɖÐ would be very low compared to ɖ0, it is neglected and 

leads to the adapted models.138 In a similar way as for the power law, a flow behaviour 

index can be defined. The way the equations are presented here leads to the same 

interpretation of the values of n about the shear-thinning behaviour of the solutions as for 

the flow behaviour index n obtained using the power law model. The differences in the 

power index used in the different models enable to fit diverse shapes of decays in 

viscosity. Kulicke et al.30 underlines that the coefficient a of the Carreau-Yasuda model 

enables to fit the transition between the Newtonian and the shear-thinning regimes in an 

appropriate way. 

The models are often validated by looking at the value of the squared regression 

coefficient. However, this coefficient is not always a good indicator of the reliability of 

the model used to fit the data and it is worth looking at plots showing both experimental 

data and their fit(s) to the selected model(s) to double-check the reliability of the model. 

Hence, it is obvious from the graph shown by Yaseen et al.135 (Figure 9 of Yaseen et al.ôs 

paper135) that the power law model is not well suited. One can also guess from Figure 

2-39 that the power law may not be the most appropriate model at the lowest studied 

concentrations as the flow curves exhibit a Newtonian behaviour at low shear-rates. The 

authors however unfortunately neither plotted the fitting curves nor provided the squared 

regression coefficients. 

To conclude this Section, Na CMC solution overall flow behaviour is similar to the one 

reported for polyelectrolyte solutions: at low concentrations, Na CMC solutions exhibit a 

Newtonian behaviour while they exhibit a shear-thinning behaviour at high 

concentrations. Contrary to typical polyelectrolyte behaviour, though, the shear-rate 

characteristic for the onset of the shear-thinning behaviour decreases upon increasing 

Na CMC concentration. This behaviour, common for polysaccharides, may come from 

the typically large polydispersity of Na CMC samples. 

Concentration-dependence of the zero-shear viscosity 

As discussed for polyelectrolytes in Section 2-2.2, the zero-shear viscosity corresponding 

to the Newtonian plateau of the flow curves can be used to calculate the specific viscosity 

hsp and plotted as a function of the polyelectrolyte concentration. Such a graph obtained 

for three Na CMC samples is shown in Figure 2-42. The investigated concentration range 
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does not cover the dilute regime. The three other regimes typically reported for 

polyelectrolytes (i.e. semi-dilute non-entangled, semi-dilute entangled and concentrated) 

can be observed. The exponents of the best power law fits to the data as well as the 

crossover concentrations are shown in Table 2-6, together with the data reported from 

other studies about salt-free Na CMC solutions. The exponent value obtained for the 

semi-dilute non-entangled regime is usually around 0.7 instead of the value of 0.5 

predicted by the polyelectrolyte scaling laws. Lopez and co-workers1,15 suggested that 

this deviation from the predicted behaviour could come from the semi-flexible nature of 

Na CMC and/or its polydispersity. 

The values of the crossover concentrations found using either the exponent values from 

the scaling laws or from the best fits to the data are usually very close to one another, 

apart for the overlap concentration c* for high Mw Na CMC samples. The value of the 

overlap concentration found by Truzzolillo et al.143 for their 700,000 g/mol Na CMC 

sample seems anomalously high, especially compared to the values found by Lopez and 

co-workers.1,14,15 This could be due to the presence of residual salt in the Na CMC sample, 

and in the resulting Na CMC solutions, as further explained in Section 2-3.3.4 about the 

influence of impurities on Na CMC solution behaviour. 

 

Figure 2-42: Salt-free Na CMC solution concentration-dependence of the specific viscosity hsp 

for three different Na CMC samples. The characteristics of the Na CMC samples are given in the 

2nd (black squares), 3rd (blue triangles) and 4th (red circles) columns of Table 2-6. Dashed and full 

lines represent the theoretical and best power law fits, respectively. Exponent values are provided 

next to each line. From Lopez et al.14 
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Lopez et al.15 investigated the applicability of the polyelectrolyte scaling laws to 

Na CMC. For this purpose, they not only studied the power law relationships between the 

solution specific viscosity and Na CMC concentration, but also compared the power law 

dependences of the crossover concentrations and the specific viscosity on Na CMC 

polymerisation degree to the ones predicted by the scaling laws. They found that c**  did 

not follow the behaviour predicted by the scaling laws.15 Interestingly, the concentration-

dependence of the correlation peak observed in the SANS profile (see Section 2-3.2.1 and 

Figure 2-37) did not follow the expected concentration dependence above c** . Moreover, 

a study of quaternized poly(vinyl pyridine) carried out by Dou and Colby50 showed that 

the concentration dependence of the terminal modulus above c**  did not follow the 

predictions from the scaling laws either. Lopez et al.15 thus concluded that the current 

description of such polyelectrolyte systems based on the electrostatic blobs and the 

correlation length is not sufficient to describe them in that concentration range. It is worth 

reminding here that the polyelectrolyte scaling laws do not predict the presence of the 

slow relaxation mode observed in DLS above c* (see Section 2-2.3) and attributed to the 

presence of some polyelectrolyte chain clusters. Hence, the fact that the electrostatic blobs 

and the correlation length are not sufficient to describe the polyelectrolyte solutions at 

concentrations where the unpredicted slow relaxation mode exists may not be that 

surprising. 
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Table 2-6: Values of the crossover concentrations and the power law exponents obtained from the 

polyelectrolyte scaling laws applied to salt-free Na CMC solutions. 

Ref 15 14 14 1,14,15 15 118 143 143 

Mw 

(g/mol) 

90,000 

(70,000) 

250,000 

(210,000) 

250,000 

(310,000) 

250,000 

(320,000) 

700,000 

(1,200,000) 

Blanose 

13M31P 

90,000 700,000 

DS 0.7 0.65-0.9 0.8-0.95 1.15-1.35 0.8-0.95 1.23 0.7 0.8-0.95 

Supplier Sigma Sigma Sigma Sigma Sigma Aqualon 

Hercules 

Sigma Sigma 

cSL*  (g/L) 0.73 0.059 0.036 0.031 0.00069  0.6 0.15 

cBF*  (g/L) 0.92   0.07 0.0061    

ɜ(SD NE) 0.65 0.68 ± 0.05 0.68 ± 0.05 0.68 ± 0.02 0.74 0.54   

ce,SL (g/L) 4.0 1.5 1.7 2.9 0.95  5.5 2 

ce,BF (g/L) 4.5   4 1.1    

ɜ(SD E) 1.5 1.5 1.5 1.7 ± 0.2 1.5 1.55   

cSL**  (g/L) 21 9.8 8.8 14.4 4.4  40 15 

cBF**  

(g/L) 

18   14.3 3.9    

ɜ(conc) 3.4 5.5 5.5 3.4 ± 0.3 3.4    

Ref: reference; SD NE: semi-dilute non-entangled; SD E: semi-dilute entangled; 

conc: concentrated; ɜ: exponent of the power law – ὧͯ  . Subscripts SL and BF refer to 

crossover concentrations obtained using the power law fits with the Scaling Law exponents (SL) 

and the Best Fit (BF) exponents, respectively. Crossover concentrations in italic were calculated 

by the present author from the data provided in the corresponding papers. The values predicted 

by the scaling laws are: 1, 0.5, 1.5 and 3.75 for the dilute, SD NE, SD E and concentrated regimes, 

respectively. Values of Mw into brackets are the ones measured by the authors while the other 

values are the ones provided by the manufacturers. For the data collected by Lopez and co-

workers, c* was obtained by extrapolating the power law describing the SD NE regime to 

hsp(c*) = 1. 

After establishing that c**  does not follow the predictions of the scaling laws, 

Lopez et al.15 successfully fitted their hsp = f(cNa CMC) data using Eq. 2-24 which contains 

only one characteristic concentration within the fitting regime, chosen as the previously 

determined entanglement concentration ce. Eq. 2-2415 is a simple parameterisation of the 

ɖsp vs cNa CMC data above c*, which uses a single characteristic concentration ce outside 

the dilute regime and includes two parameters ɔ and q to describe the power law exponents 
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in the non-entangled and entangled regimes. To account for variations in the shape of ɖsp 

vs cNa CMC as the behaviour changes from the low to the high concentration power law 

behaviour, a last parameter Q is added. 

– – ὧᶻϽὧ  ὧᶻϳ Ͻρ ὗὧ  ὧϳ  (2-24) 

Kästner et al.81 have reported the presence of another concentration regime that they refer 

to as ógelô. Such ógelsô are only observed for high Mw Na CMC samples (i.e. above 

70,000 g/mol), as lower Mw Na CMC samples become insoluble before Na CMC 

concentration is high enough to reach this state.81 It is worth noting that though Kästner 

et al.81 refer to this state as a ógelô because of the solid-like macroscopic behaviour of the 

Na CMC formulations, these formulations could simply be networks of entangled 

polymer chains which are dense enough to trap and immobilise the water molecules. 

Indeed, Na+ ions cannot act as cross-linkers to form physical gels as multivalent ions 

would be able to, and there has not been any chemical crosslinking to form chemical 

gels.57 Another hypothesis to explain the formation of these gel-like structures would be 

the presence of inter-chain hydrogen bonds as reported when Na CMC films are 

prepared.91,144 

2-3.3. Influence of Na CMC characteristics on its behaviour in solution 

Now that the behaviour of Na CMC in salt-free solutions has been reported from a general 

perspective, the influence of Na CMC characteristics defined in Section 2-3.1 on the 

behaviour of Na CMC solutions is reviewed. Here too, the focus is on scattering and 

rheological investigations. 

2-3.3.1. Molecular weight Mw and Mw distribution 

Brown et al.120 used SLS to study the influence of Na CMC molecular weight on the 

radius of gyration of the chains in the dilute regime in presence of various amounts of 

NaCl. As illustrated in Figure 2-43 and expected (see Sections 2-2.1 and 2-2.3.3), the 

radius of gyration increases with Na CMC molecular weight. The influence of the amount 

of added salt is discussed in Section 2-3.4.1. 
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Figure 2-43: Squared end-to-end distance Rg
2 of Na CMC chains as a function of the reciprocal 

of the Debye screening length rD (see Eq. 2-2) for Na CMC samples of various Mw (indicated in 

the legend). Data reported by Brown et al.120, and Schneider and Doty121 are highlighted with * 

and **, respectively. Investigated NaCl concentrations are 0.005, 0.01, 0.05 and 0.2 M NaCl. 

Replotted and adapted from Brown et al.120 

Figure 2-44 illustrates the influence of Na CMC Mw and concentration on both the zero-

shear viscosity and the viscosity measured at a shear-rate of 5 s-1. An increase in Na CMC 

Mw generally leads to an increase in the viscosity of the solution.30,81,87,94,137,143,145 A 

strengthening of the shear-thinning behaviour with the molecular weight was also 

observed by a couple of authors.123,141 The fact that the difference between the zero-shear 

viscosity and the viscosity at 5 s-1 increases with Mw in Figure 2-44 can be a consequence 

of this strengthening of the shear-thinning behaviour and/or the smaller shear-rate at 

which the shear-thinning behaviour is expected to start for higher Mw Na CMC 

samples.57,87 The crossover concentrations between the different concentration regimes 

(see Table 2-6) are shifted towards lower values as the molecular weight increases.81,143 



Chapter 2: Literature review 

79 

 

Figure 2-44: Solution viscosity as a function of Na CMC molecular weight. Coloured curves 

indeed represent the solution viscosity as a function of Na CMC molecular weight. The curve 

starts at Mw = 0.5 × 106 g/mol. The two other curves correspond to the solution viscosity as a 

function of Na CMC concentration. Temperature: 25°C. Adapted from Kulicke et al,30 Copyright 

© 1996 Elsevier Ltd, with permission from Elsevier. 

As reported at the end of Section 2-3.2.2, Kästner et al.81 found that their low Mw Na CMC 

samples became insoluble beyond a critical concentration, while their higher Mw Na CMC 

samples could form gel-like structures at high concentrations. Furthermore, as mentioned 

in Section 2-3.2.2, a broadening in the Mw distribution (characterised by an increase in 

the polydispersity index Mw/Mn) leads to a broadening of the shear-rate region where the 

solution behaviour transitions from the Newtonian to the shear-thinning behaviour.57,87 

2-3.3.2. Substitution 

As shortly mentioned in Section 2-3.1, the DS strongly influences Na CMC solubility in 

water as the carboxymethyl groups are responsible for Na CMC solubility in water. Non-

substituted (i.e. cellulose) or poorly-substituted Na CMC fibres are therefore not at all or 

only partially solubilised. A decrease in the DS is thus often linked with an increase in 

the amount of undissolved particles.28,82,124 Several authors have observed these óobjectsô 

with optical microscopes and have shown that they were Na CMC fibres at different 

swelling stages as described by Stawitz and Kage in 1959,29,83 whose schematics are 

displayed in Figure 2-45.A. Höppler113 already reported the presence of such óobjectsô in 

Na CMC solutions in 1942 as seen in Figure 2-45.B. Other more recent examples of 

micrographs showing different swelling stages found in a Na CMC solution are displayed 

in Figure 2-45.C. 
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Figure 2-45: Different swelling stages of Na CMC. A. Swelling stages described by Stawitz and 

Kage.29 Reprinted by permission from Springer Nature, Cellulose, Jardeby et al,29 Copyright © 

Springer 2005. B. Micrographs of different swelling stages. From the left to the right: more 

advanced swollen stages. Reprinted by permission from Springer Nature, Kolloid-Zeitschrift, 

Höppler,113 Copyright © Verlag von Theodor Steinkopff 1942. C. Micrographs of different 

swelling stages present in a Na CMC solution (obtained with a microscope equipped with phase 

contrast). Reprinted by permission from Springer Nature, Cellulose, Jardeby et al,83 Copyright © 

Springer 2005. 

The first swelling stage corresponds to non-swollen Na CMC fibres. Na CMC fibres are 

then ballooned (ballooned fibres are defined as ófibres with an unrolled primary wall and 

a swollen secondary wallô29). At more advanced swelling stages, swollen rings can be 

seen. According to Stawitz and Kage, these swollen rings would be residuals from the 

cell walls separated into discs.29 Jardeby et al.29 rather think that they would come from 

the ballooned fibres. Then, the fibres become very swollen (see Figure 2-45.C). When 

fully dissolved (i.e. molecularly dispersed), they can no longer be seen by optical 

microscopy. Fully soluble Na CMC fibres undergo all these stages when put into water, 

while non-fully soluble fibres (i.e. whose DS is too low) are not able to go up to the final 

stage and remain at some intermediate swelling stage in solution. Jardeby et al.29 gave 

some rough correspondences between DS values and swelling stages, provided in Figure 

2-46. 

Fibres

0.1 mm

A

C

B
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Figure 2-46: Correspondences between the swelling stage of Na CMC fibres and their DS. 

Adapted by permission from Springer Nature, Cellulose, Jardeby et al,29 Copyright © Springer 

2005. 

It is worth noting that the substitution pattern also influences the dissolution of Na CMC 

fibres. Indeed, low substituted Na CMC samples which are homogeneously substituted 

are able to undergo advanced swelling stages as they do not contain long non-substituted 

segments responsible for poor Na CMC solubility.1 This explains why the DS value 

corresponding to the lower solubility boundary varies from one article to another.26,28,29 

Non-fully dissolved fibres can still be found in solutions prepared from Na CMC samples 

whose DS is as high as 0.95.28,91 As the substitution becomes more random for DS above 

1,1 such Na CMC samples are expected to be fully soluble. Lopez et al.1 showed with 

SANS measurements that their DS 1.2 Na CMC sample was fully soluble in water. 

It can be expected from the above discussion that solutions containing non-swollen 

Na CMC fibres, swollen Na CMC fibres or molecularly dispersed Na CMC behave 

differently. It is indeed generally observed that an increase in the DS first leads to an 

increase in the solution viscosity,18,30,112 as seen in Figure 2-47, where the DS-dependence 

of Na CMC solution viscosity is shown. From DS values around 0.9-1, a further increase 

in the DS leads to a decrease in the solution viscosity.30 

Low substituted fibres
DS = 0.1

Ballooned fibres
DS = 0.3-0.5

Gel particles
DS = 0.5-0.6

Dissolved Na CMC
DS > 0.6

Clear solution
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Figure 2-47: Viscosity as a function of DS. The graph also displays the storage modulus at a 

frequency of 1.0 rad/s as a function of the DS. Characteristics of Na CMC samples: Mw varies 

from 1,170,000 g/mol to 1,740,000 g/mol. Reprinted from Kulicke et al,30 Copyright © 1996 

Elsevier Ltd, with permission from Elsevier. 

The evolution of the solution viscosity with the DS can be explained by Na CMC 

dissolution stages. As the DS increases, Na CMC becomes more and more swollen. The 

viscosity of the solution, initially driven by insoluble Na CMC particles is then driven by 

microgel-like particles and the solution viscosity increases.30,41 The demonstration based 

on model equations can be found in Francisô article.41 The decrease in solution viscosity 

observed at high DS is more complex to explain. It should first be noted that the molecular 

weight of these samples decreases with DS; which, itself, could explain the decrease in 

the solution viscosity (see Section 2-3.3.1 about the influence of Mw on Na CMC solution 

behaviour). Kulicke et al.30 suggested it could also be due to the formation of aggregates. 

A study involving both flow field flow fractionation and birefringence measurements 

published a couple of years later seems to support this second hypothesis.146 

The substitution pattern influences the viscosity of the solution. Enebro et al.88 and Heinze 

et al.94 showed that solutions made with more heterogeneously substituted Na CMC 

samples exhibit a higher viscosity than solutions made with more homogeneously 

substituted Na CMC samples. It is worth noting that low substituted regions or chains are 

more likely to be crystalline.27,112,147-149 The influence of crystallinity on Na CMC 

behaviour in solution is reviewed in Section 2-3.3.3. 

As mentioned in Section 2-3.2.1, Lopez et al.14 investigated three Na CMC samples of 

similar Mw but different DSs using SANS. The SANS profiles in Figure 2-36 show that 
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the low q-upturn depends on DS. For all studied solutions, it can be described by a power 

law. The power law exponent value is maximum (i.e. 3.6) for DS = 1.2, where it is also 

independent of Na CMC concentration. For DS = 0.7 and DS = 0.8, the power law 

exponent absolute value is 3.4 at low Na CMC concentrations, similarly to the higher DS 

sample, and decreases to 1 at high Na CMC concentrations. Lopez et al.14 suggested that 

the low q-upturn could be related to the domains typically reported for DLS 

measurements on polyelectrolyte solutions (see Section 2-2.3.2). They also suggested that 

Na CMC solutions whose q-upturn is described by a power law exponent of 1 could 

contain fringed micelle aggregates, which have been reported for other cellulose 

derivatives. Fringed micelles can be described as a body of aggregated parallel chains 

with dangling ends.14 From the Na CMC concentration dependence of q* shown in Figure 

2-37, Lopez et al.14 found that Na CMC chains are more extended when DS = 1.2 than 

when DS = 0.7 or 0.8. This is consistent with the fact that the chains are expected to be 

more stretched when their charge density is higher (see Sections 2-2.1 and 2-2.2).14 

2-3.3.3. Crystallinity 

As mentioned at the end of Section 2-3.1, DS and crystallinity are usually correlated; 

Na CMC samples of low DS also having a higher crystallinity degree.112 More 

undissolved matters are typically found in solutions made from Na CMC of higher 

crystallinity degrees,104,111,124 though the absence of undissolved fragments in solutions 

made from crystalline Na CMC was reported by Dürig and Banderet.111 Na CMC 

solutions prepared with more crystalline Na CMC samples usually have a higher 

viscosity.111,124,147 This higher viscosity is often explained by the fact that crystalline 

Na CMC could associate in solution via hydrogen bonds, thus forming some 

structure.111,112 DeButts et al.147 also suggested an association of the crystalline parts in 

solution but via electrostatic or Van der Waals interactions. They observed that the 

viscosity of the solutions decreased upon shear and that the solution viscosity recovered 

after a resting period. They thus suggested that shear could break these associations, 

leading to the observed decrease in the viscosity, and that these associations would reform 

at rest. 

2-3.3.4. Presence of impurities 

The influence of the presence of residual salts in Na CMC solutions, such as NaCl from 

Na CMC synthesis (see Section 2-3.1), has been extensively discussed by Lopez et al.15 
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Similarly to Boris and Colbyôs60 study of sodium poly(styrene sulfonate), they have 

shown that the presence of residual salts in Na CMC solutions can lead to an anomalously 

high value of the power law exponent characteristic for the concentration-dependence of 

hsp in the semi-dilute non-entangled regime. Indeed, instead of the predicted value of 0.5 

for polyelectrolytes (~ 0.7 for Na CMC1,14,15; see Section 2-3.2.2), values of the power 

law exponent close to 1, as predicted for the dilute concentration regime, are found. This 

may explain why the overlap concentration c* determined by Truzzolillo et al.143 for their 

700,000 g/mol Na CMC sample is significantly higher than the one found by Lopez et 

al.15 for a similar sample. As a rule of thumb, Lopez et al.15 proposed that Na CMC 

solutions characterised by a power law exponent of 0.68 ± 0.02 in the semi-dilute non-

entangled regime could be considered as salt-free. The behaviour in presence of higher 

salt concentrations is detailed in Section 2-3.4.1. 

2-3.3.5. Simultaneous variation of Mw and substitution 

Kästner et al.81 showed that the viscosity of the solution is determined by the molecular 

weight when both Mw and DS are varied together. However, it is worth paying attention 

to the DS as the behaviour of Na CMC samples with different DS values and/or 

substitution patterns can differ from one another as discussed in Section 2-3.3.2. 

In this Section, it has been shown that the variability that often exists within Na CMC 

samples makes the investigation of Na CMC behaviour in solution difficult. Indeed, the 

variability in terms of substitution and crystallinity may lead to the presence of non- or 

poorly dissolved fragments, making the solution heterogeneous, and would lead to 

additional difficulties when performing light scattering measurements. The presence of 

salt impurities from Na CMC synthesis can also significantly modify the behaviour of 

Na CMC in solution. 

2-3.4. Influence of some external factors on Na CMC solution behaviour 

After having reviewed the influence of Na CMC sample intrinsic characteristic on its 

behaviour in solution, the influence of two external factors which are key for this thesis 

is investigated: salt addition and sonication. 
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2-3.4.1. Salt addition 

NaCl is the salt whose influence on Na CMC solutions has been studied the most. It is 

thus used here to explain the most common mechanisms occurring when salts are added 

into Na CMC solutions. The behaviour of other salts is then compared to the one of NaCl. 

Figure 2-48 shows the influence of Na CMC and NaCl concentrations on Na CMC 

solution flow behaviour. When NaCl is added to solutions of low Na CMC concentration, 

the viscosity of the solutions decreases.19,30,41,87,119,126,150 This is commonly explained by 

the fact that the Na+ ions brought by NaCl screen the negative charges of the COO- groups 

on Na CMC chains. As the number of charges on Na CMC chains decreases, they become 

more coiled. As coiled chains show less resistance to flow than extended chains (i.e. 

polymer chains in absence of NaCl), the viscosity of the solution decreases. Thus, as NaCl 

concentration increases, the behaviour of the solution becomes closer to the one of neutral 

polymer chains.81,151,152 As seen from Figure 2-48, at high Na CMC concentrations, the 

addition of NaCl to the solution does not modify its flow behaviour. Indeed, at such high 

Na CMC concentrations, electrostatic interactions are expected to be screened (see 

Sections 2-2.1 and 2-2.2) so that salt-free Na CMC solutions behave like solutions of 

neutral polymers. 
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Figure 2-48: Influence of Na CMC and NaCl concentrations on Na CMC solution flow curves. 

The investigated Na CMC sample has a molecular weight of 2.09 × 106 g/mol and a DS of 0.99. 

Reprinted from Kulicke et al,30 Copyright © 1996 Elsevier Ltd, with permission from Elsevier. 

The influence of salt addition on hsp = f(cNa CMC) data is shown in Figure 2-49. As 

previously seen with the flow curves, at high Na CMC concentrations, salt addition has 

no effect on the observed rheological behaviour, where Na CMC solutions with and 

without added salt behave like neutral polymer solutions. At low Na CMC concentrations, 

Na CMC solution viscosity decreases upon NaCl addition. Above a critical NaCl 

concentration, all charges along Na CMC chains are screened and the Na CMC solutions 

behave like neutral polymer solutions. Hence, in Figure 2-49, a power law exponent 

of 1.3, characteristic for neutral polymer solutions in the semi-dilute non-entangled 

regime, is found for the semi-dilute non-entangled regime when NaCl concentration is 

above 0.05 M. 
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Figure 2-49: Na CMC and NaCl concentration dependence of the specific viscosity hsp. Na CMC 

characteristics (from the supplier): Mw = 250,000 g/mol; DS = 1.15-1.45; supplier: Sigma 

Aldrich. Reprinted with permission from Lopez et al,15 Copyright © 2017 American Chemical 

Society. 

A couple of articles107,119,153 mention that Na CMC becomes less soluble at high NaCl 

concentrations. Brown and Henley119 thus observed flocculation in their solutions when 

NaCl concentration was above 0.2 M, while Hoogendam et al.107 observed more óscaly 

particlesô upon increasing NaCl concentration, and Pals and Hermans153 obtained more 

turbid solutions at high NaCl concentrations. 

When other monovalent salts are added, the behaviour of Na CMC solutions is identical 

to the one observed in presence of the same concentration of NaCl.41,149-151 Studied 

monovalent salts include LiCl, KCl and CsCl. 

For multivalent salts, the outcomes are salt-dependent. They are summarised in Table 2-7. 

For the salts found in several articles, the outcomes are even source-dependent. This could 

either come from the fact that the studies were performed over different salt 

concentrations and/or at different Na CMC concentrations, or from the differences in the 

studied Na CMC samples. For example, Heinze et al.94 have shown that heterogeneously 

substituted Na CMC samples were much less influenced by the addition of salts than 

homogeneously substituted ones of similar DS. Indeed, such samples would contain more 

non-substituted monomer glucose units, which cannot interact with ions as they are not 

charged. 
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Table 2-7: Influence of the addition of multivalent salts on Na CMC solutions. 

Ion Salt 
Studied 

parameter(s) 

Main 

outcome(s) 

Comment(s) from the cited article/ 

from the present authors 
Ref 

CATIONS 

Al 3+ 

? 
Flow curve 

vs csalt 

ὧ  U –U  

Gelation 

at high csalt 

Data not shown. See Fe3+ from the same 

reference for detailed explanations. 
147 

Al 2(SO4)3 

h = f(csalt) ὧ  U –U   41 

hrel 

= 

f(Al3+/COO-) 

ὧ  U 

–  W

 

Gelation 

at high csalt 

 Win h: would be due to the shielding of 

COO- groups by Al3+ ions. The chains 

would then be less extended. The  Win h 

is stronger than for Ca2+ ions as the 

charge is higher for the same 

anion/cation ratio. 

Gelation: cross-linking of Na CMC 

chains by Ca2+ ions. 

94 

h = f(csalt) ὧ  U –U  

The aluminium salt would be 

successively hydrolysed and 

polymerised. The OH groups of the 

resulting polymer chains would then bind 

Na CMC chains through H bonds. See 

paper for further details. 

126 

Ba2+ BaCl2 h = f(csalt) ὧ  U –W  

The W  in h is much stronger than for 

NaCl, even if the comparison is made at 

identical ionic strengths. 

41 

Ca2+
 CaCl2 

h = f(csalt) 

ὧ  U 

–W  U W 

1st  Win h: Ca2+ ions screen the charges. 

Repulsive interactions are reduced, 

molecules shrink and h .W 

 Uin h: polymer coils would extend as 

there would be repulsive interactions 

between the excess of positive charges 

outside the polymer coils. It could also 

be due to the formation of 

superstructures via bridging Ca2+ ions. 

2nd  Win h: due to phase separation 

(flocculation occurs). Depending on the 

conditions, it can be reversible (i.e. 

precipitates can be dissolved again by 

adding some water) or irreversible. 

87 

ὧ  U –W  

The W  in h is much stronger than for 

NaCl, even if the comparison is made at 

identical ionic strengths. 

41 

hrel 

= 

f(Ca2+/COO-) 

ὧ  U 

–  W

 

Gelation 

 Win h: would be due to the shielding of 

COO- groups by Ca2+ ions. The chains 

would then be less extended. The W  in h 

is less strong than for Al3+ ions as the 

94 
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at high csalt charge is lower for the same anion/cation 

ratio. 

Gelation: cross-linking of Na CMC 

chains by Ca2+ ions. 

Co2+ Co(NO3)2 h = f(csalt) ὧ  U –W  

The W  in h is much stronger than for 

NaCl, even if the comparison is made at 

identical ionic strengths. 

41 

Cu2+ 

? 

Flow curve 

vs 

Cu2+/COO- 

ὧ  U –U  

Gelation 

at high Csalt 

Data not shown. See Fe3+ from the same 

reference for detailed explanations. 
147 

CuCl2 h = f(csalt) 

ὧ  U –W  

Gelation 

at high csalt 

 Win h: as COO- groups electrostatically 

shielded, Na CMC chains adopt a less 

expanded conformation. 

126 

Fe3+ 

? 

Flow curve 

vs 

Fe3+/COO- 

ὧ  U –U  

Gelation 

at high Csalt 

 Uin h: Fe3+ ions link Na CMC chains 

together but their concentration is not 

high enough to form a 3D-network. 

Gelation: formation of a strong 3D-

network due to the cross-linking action 

of Fe3+ ions. 

147 

FeCl3 h = f(csalt) 

ὧ  U –W  

Gelation 

at high Csalt 

 Win h: as COO- groups electrostatically 

shielded, Na CMC chains adopt a less 

expanded conformation. 

126 

Pb2+ ? h = f(csalt) 
Ã  U 

ʂW  U W 

Data not shown. See Ca2+ from the same 

reference for detailed explanations. 
87 

ANI ONS 

PO4
3- Na3PO4 J = (csalt) 

ὧ  U ὐW  

ᵼNa CMC gels 

more difficult 

to deform 

The studied Na CMC products were 

Na CMC gels in a Na3PO4/HCl buffer. 

These results should be taken carefully 

as the outcomes with NaCl presented in 

the article are opposite to the ones of 

other publications. 

154 

HPO4
2-

/PO4
3- 

KH2PO4/ 

Na2HPO4 
J = f(csalt) 

ὧ  U ὐW  

ᵼNa CMC gels 

more difficult 

to deform 

The studied Na CMC products were 

Na CMC gels in a KH2PO4/Na2HPO4 

buffers. 

These results should be taken carefully 

as the outcomes with NaCl presented in 

the article are opposite to the ones of 

other publications. 

154 

P2O7
4- Na4P2O7 h = f(csalt) ὧ  U –W  

The W  in h is identical to a similar 

solution of NaCl (pH around 10; 

identical concentration of Na+ ions). 

41 

?: data not provided in the paper; J: compliance (higher values of J correspond to more deformable 

materials) 

The SLS measurements performed by Trap and Hermans122 on Na CMC solutions 

containing different salt concentrations show that the excess Rayleigh ratio increases with 
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the amount of added salt (see Figure 2-35.B). This is consistent with the fact that polymer 

chains get more coiled as the salt concentration increases, and scatter more the light. The 

power law exponent describing the concentration-dependence of the excess Rayleigh 

ratio at the highest NaCl concentrations is around 0.7; which is consistent with the 

behaviour reported for sodium poly(styrene sulfonate) solutions in 0.05 M NaCl by 

Tanahatoe and Kuil,34 shown in Figure 2-19.B and discussed in Section 2-2.3.3, but 

different from the expected value of 1.40,74 

All the studies of Na CMC in presence of different amounts of added salt in the dilute 

regime show that the radius of gyration of the chains decreases when the amount of added 

salt increases.107,119-121 Such a decrease in the size of Na CMC chains upon salt addition 

is consistent with the coiling of the polymer chains as the charges on the polyions get 

screened by the added salt (see Section 2-2). 

Dogsa et al.13 studied the behaviour of 2% w/v Na CMC solutions in 0.1 M electrolyte 

using SAXS and LS. Compared to the SANS profiles obtained by Lopez and co-

workers1,14 (see Figure 2-36), Dogsa et al.ôs SAXS profiles13 do not exhibit any 

correlation peak. Indeed, the correlation peak characteristic for polyelectrolytes has been 

shown to disappear upon salt addition.72,155 

Regarding their DLS measurements, Dogsa et al.ôs reported the presence of both the fast 

and the slow relaxation modes typically observed for polyelectrolytes even if their 

Na CMC solutions contained 0.1 M electrolyte. This is consistent with the behaviour 

reported for polyelectrolytes (see Section 2-2.3.2). The IAC data were fitted using a sum 

of a single exponential and a stretched exponential to describe the fast and the slow 

relaxation modes, respectively. The fast mode was found to be diffusive, while the slow 

mode exhibited a q3-dependence; suggesting that the size of the domains was large and 

that internal relaxation modes were also probed (see Section 2-2.3.2). 

2-3.4.2. Sonication 

Sonication is used to break the chains of cellulose derivatives, including Na CMC, before 

NMR measurements to characterise the substitution along the chains.30,87,156 Indeed, 

contrary to chemical and enzymatic hydrolyses, no additional component is added to the 

Na CMC solutions which can then be directly analysed with NMR. It has been shown 

that the substitution pattern is not altered by sonication.30,87,156 Apart from this usage, to 

my knowledge, only two studies about the influence of sonication on Na CMC solutions 
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have been published.45,46 Hence, as sonication is an important technique used in 

Chapter 4, the present review has been extended to polymer solutions in general. 

Ultrasound is defined as high frequency sound-waves that are above ~ 20 kHz, which is 

beyond the human hearing perception.43,44,157,158 Depending on their frequencies, they can 

be divided into two main classes:43,44 (i) destructive ultrasound (also referred as power or 

high-intensity ultrasound) at low frequencies (20 kHz-2 MHz44 depending on references), 

and (ii) non-destructive ultrasound (also referred as diagnostic or low-intensity 

ultrasound) at high frequencies (above 5-10 MHz44). The former has been widely used to 

chemically and/or physically modify polymers.43,44,159 During sonication, cavitation 

occurs, which corresponds to the creation and the growth of bubbles in the liquid 

submitted to sonication. Bubble sizes increase in a sinusoidal way until a critical size is 

reached, whereupon the bubbles become unstable and collapse.44,159 At this stage, both 

the local temperature and the local pressure are extremely high (i.e. ~ 5,000°C and 

1,000 atm,157 respectively), and the cooling rate following the collapse is very quick 

(i.e. about 1010 K.s-1). These points are termed hot spots,44,159 and may damage the 

polymer chains, creating ions and radicals.44 The main mechanism attributed to polymer 

chain breakage is however not related to these hot spots, but to the high shear- and 

strain-rates created by cavitation over broader length-scales (i.e. micrometres) causing 

chain extension and scission.44,157,159,160 Breakage usually occurs in the middle of the 

polymer chains, which is a structurally weak point, and/or where chemical bonds are 

weaker.44-46,159,161 Mechanical-induced scission only occurs for polymer chains whose 

molecular weight Mw is high enough.43,159,160 A critical Mw of around 30,000-

40,000 g/mol has been determined.159,160 

Mechanical degradation of polymer chains has been reported for a wide range of both 

synthetic polymers and biopolymers.159,161 A number of different factors influencing the 

breakage of the chains and their effects are summarised in Table 2-8. When available, for 

each factor, outcomes of investigations on Na CMC are provided after the commonly 

reported effects have been described. 

Table 2-8: Example of factors influencing polymer chain mechanical breakage upon sonication. 

The results obtained from investigations on Na CMC are provided when available. 

Factor Influence on breakage 

Cavitation Cavitation is a necessary condition for breakage to occur.159 

Temperature Low temperatures (4-45°C43) favour breakage as cavitation 

bubbles collapse less violently at higher temperatures.43,159 
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Indeed, there is more vapour in the bubbles; which cushions 

their collapse.43,159 The lower the temperature, the more 

breakage and the faster it is.158,159 

Polymer concentration Low polymer concentrations favour breakage as the chains are 

more extended and possibly less or not entangled, and they can 

more freely move around the bubbles where the high shears and 

strains are located.159 A study on Na CMC reported similar 

results,46 while another showed the existence of an optimum 

concentration.45 The optimum was explained by the fact that low 

concentrated Na CMC solutions have a low viscosity inducing 

a decrease in the shear forces, while highly concentrated 

Na CMC solutions have a high viscosity which damps the 

collapse of bubbles.45 

Frequency Portenlªnger and Heusingerôs160 investigations on dextran 

solutions have shown that a frequency of 35 kHz induced 

significantly more mechanical breakage than frequencies 

between 500 kHz and 1.6 MHz, which gave comparable results 

as ɔ-radiations. The latter results suggests that higher 

frequencies induce reaction rather than mechanical 

degradation.160 Meanwhile, Koda et al.ôs161 investigations on 

five different aquasoluble polymers at 20 and 500 kHz and 

under constant delivered ultrasonic power (i.e. opposed to 

constant electrical or input powers; see paragraphs following 

this Table) have shown that higher frequencies led to more 

significant breakage. Using a radical scavenger, they showed 

that the significant increase in chain degradation at high 

frequencies was due to the increase in radical degradation at 

high frequencies. They also showed that radical degradation 

occurred at low frequencies, though to a much lower extent than 

at high frequencies. The apparent discrepancy with the results 

reported by Portenlänger and Heusinger160 on dextrans is likely 

to come from the fact that they did not keep the delivered 

ultrasonic power constant so that the delivered ultrasonic power 

was lower at higher frequencies.161 However, Mohod and 

Gogate46 found that the degradation was significantly more 

pronounced at 20 kHz than at 204 or 694 kHz for both Na CMC 

and polyvinyl alcohol (N.B: the ultrasonic dissipated powers 

were higher for the highest frequencies)46 So the influence of the 

frequency on the degradation may differ from one system to 

another. 

Solvent volatility Low solvent volatility favours breakage. In a similar way as for 

the temperature, cavitation bubbles in volatile solvents contain 

more vapour, leading to a weaker collapse of the bubbles.159 

Solvent surface tension Low surface tension solvents favour breakage.43 

Viscosity Low viscosity favours breakage.43,46 Indeed, if the viscosity is 

high, bubble explosion is damped. This has been demonstrated 

by independent studies of bubble dynamics, where an increase 



Chapter 2: Literature review 

93 

in the viscosity led to a decrease in the pressure when the 

bubbles collapse upon cavitation.46 In the context of this thesis, 

the viscosity is controlled by both the polymer Mw and 

concentration, so that determining the contribution of each of 

these factors on the overall behaviour of the studied systems is 

not trivial. 

Mw The higher Mw, the more significant and the faster the 

degradation.43,159,160 There is a critical Mw about 30,000-

40,000 g/mol under which no breakage occur.43,159,160 Above this 

critical value, higher Mw polymers are more broken than lower 

Mw ones. Under this value, polymer chains are small enough to 

follow the high elongational flows so that they do not undergo 

mechanical scission. They can still be broken by radical 

reactions.160 The results about mechanical degradation were 

confirmed for Na CMC.45 Experiments were even performed on 

solutions of identical viscosities made with different Mw 

Na CMC samples to exclude the effect of the solution 

viscosity.45 

Polymer conformation Linear polymers are more easily broken than linear ones as they 

are more easily extended upon elongational flows.43,161 

Polymer hydrophobicity 

(for aquasoluble polymer) 

Polymers which are more hydrophobic may be more easily 

degraded as they would tend to gather at the surface of the 

bubbles.161 

Sonication mean 

and ultrasonic intensity 

Ultrasound probes are more efficient at breaking the chains 

compared to ultrasound baths widely available in the 

laboratories and categorised as ócleaning bathsô, as ultrasound 

probe energy inputs are higher. Typical intensity values are 

5 W.cm-2 or below, and 14-500 W.cm-2 for probes and cleaning 

baths, respectively;159,162-164 further details about the 

determination of such values are provided below this Table. For 

pectins, it has been shown that the degradation increased with 

the energy input for intensities ranging from 121 to 302 W.cm-2 

and plateaued above 302 W.cm-2.158 For both Na CMC and 

polyvinyl alcohol solutions, a probe and a bath with similar 

dissipated ultrasound (frequency: 20 kHz) were compared. 

Results showed that degradation was more pronounced when 

the probe was used and attributed to a higher local activity of 

cavitation. It was however noted that the power density was 

30 times higher for the probe than for the bath.46 

Horn depth 

(for sonication probes) 

The horn depth influences both the rate and the extent of 

polymer chain degradation. Indeed, the flow patterns generated 

in the solution depends on the position of the horn in the 

solution, which needs to be optimised to obtain homogeneous 

degradation. This has been shown for both Na CMC and 

polyvinyl alcohol.46 

Air injection Upon air injection, the initial degradation rate of Na CMC 

chains is higher. This is thought to be due to the fact that the 
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injected air bubbles act as nuclei for the cavitation process. 

However, after long sonication times, chain degradation is more 

significant without air than upon air injection. Air injection may 

add too much gas in the systems which would reduce the 

intensity of cavitation at collapse and/or would affect the 

ultrasound wave propagation, thus decreasing the energy 

available for cavitation.46 

Salt addition Upon NaCl addition, degradation of Na CMC and polyvinyl 

alcohol is promoted. This is more significant for polyvinyl 

alcohol and explained by the fact that salt addition would push 

hydrophobic polyvinyl alcohol towards the bubble interfaces so 

that polyvinyl alcohol chains would experience more the high 

shear rates and strains.46 For the more hydrophilic Na CMC, it 

is suggested that NaCl addition could lower the attenuation of 

ultrasound waves.46 

Surfactant addition Addition of Sodium Lauryl Sulfate to Na CMC solutions led to 

a decrease in the degradation compared to surfactant-free 

solutions as the growth, the coalescence and the stability of the 

cavitation bubbles were modified.46 

Numerous ultrasonication studies report the sonication intensity either as the electrical 

consumption of the generator or as the electrical energy it provides.45,160,164 The 

ultrasound energy actually transferred to the medium I is however different than these 

values as it not only depends on the generator performance (energy input, frequency) but 

also on factors such as the size and the geometry of the sonication mean, the properties 

of the medium (surface tension, viscosity, vapour pressure, presence of solid particles 

and/or dissolved gas) and environmental conditions (temperature, pressure).164,165 Hence, 

to compare experiments, the sonication intensity I actually transferred to the medium 

should be estimated.162-165 Calorimetric methods are the most commonly used methods 

for this purpose.46,162-165 They are based on the assumption that all the mechanical energy 

is transferred into heat162,165 so that I can be determined by measuring the temperature 

increase dT/dt at the beginning of the sonication process using Eqs 2-25 and 2-26.162-165 

ὖ ά ὧ  (2-25) 

Ὅ
 

 (2-26) 

where P is the ultrasonic power (also termed acoustic power or power output), m is the 

mass of the sonicated medium, cP is its heat capacity and Semitting surface is the area of the 

emitting surface (e. g. Semitting area = ˊr² for a horn tip of radius r163).Examples of values 

found in the literature for various geometries and sizes of sonication means are provided 

in Table 2-9. 
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Table 2-9: Examples of values of sonication intensities I actually transferred to the sonication 

medium. 

Sonication 

mean 

Dimensions* Frequency 

 

(kHz) 

Electrical 

power 

(W) 

Model; 

manufacturer 

Sonicated 

system 

T 

 

(°C) 

I 

 

(W.cm²) 

Ref 

Probe 1.2 cm 20 600 

V1A; Sonics 

& Materials 

Inc. Danbury 

CT 

10% w/w soy 

protein aqueous 

suspensions 

n/a 

45-52 

162 Bath 
300 × 150 

× 150 mm 
40 300 

SO375T; 

Sonomatic 
2 

Bath n/a 100 
500 

(512§) 

ES01/06/92; 

Undatim 

Ultrasonics 

S.A. 

< 1 

Probe n/a n/a 20 

S3000; 

Misonix 

Incorporated 

Soybean 

suspensions in 

hexane, 

isopropanol or 

hexane:isopropanol 

25 
16.4-

47.6# 

163 

Bath n/a n/a 20 

Fungsonics 

mod. 28 L; 

Fungilab 

S.A. Pork loin in a 

saturated NaCl 

brine 

2 

5.2 

164 

Probe 

0.6 cm 

100 20 

n/a; Sonics 

& Materials 

Inc. 

Connecticut 

14.7-

21.3# 

1.3 cm 
29.2-

75.8# 

*Provided dimensions correspond to the internal dimensions and to the tip diameter for sonication 

baths and probes, respectively. §Effective frequency provided by the authors. #The different values 

of I were obtained by varying the electrical power of the transducer. n/a: non-available. 

Ref: reference. 

Investigations on carrageenan solutions at 48 kHz showed a significant decrease in the 

shear-viscosity.43 The decrease in the shear-viscosity was only temporary,43 and I propose 

that aggregates and/or polyion clusters usually observed in polyelectrolyte solutions could 
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have been physically broken and would build-up again at rest. Such changes, rather than 

chain breakage would be consistent with results obtained for walnut protein isolates, 

where sonication did not induce any change in Mw but broke down protein aggregates.157 

The sonicated samples were further characterised and it was shown that  the structure of 

the proteins had been modified; suggesting that physical bonds could have been 

broken.157 A LS study of hyaluronan solutions sonicated in a bath also suggested that 

polymer aggregates can be broken down upon sonication.166 

2-4. Conclusions 

Using the scaling law description of polyelectrolyte chains, three or four concentration 

regimes are predicted for low or high Mw polyelectrolyte solutions, which are the dilute 

regime, the semi-dilute regime (divided into a non-entangled and an entangled regime for 

high Mw polyelectrolytes) and the concentrated regime. The concentration dependence of 

the solution specific viscosity can be described by power laws whose exponents are 

characteristic for each concentration regime; thus allowing the determination of the 

concentration regimes and the associated crossover concentrations. The power law 

exponents obtained for salt-free Na CMC solutions are in agreement with the predicted 

values. The value obtained for the semi-dilute non-entangled regime is however slightly 

larger than the predicted value; which is thought to come from Na CMC semi-flexible 

nature and/or its polydispersity. It has also been found that the crossover concentration 

between the semi-dilute and the concentrated regimes, c** , does not follow the expected 

Mw dependence, suggesting that the model proposed by the scaling laws to describe the 

polyelectrolyte chains at this transition and above is not sufficient. This outcome is further 

supported by SANS experiments on Na CMC solutions and the anomalous concentration 

dependence of the terminal modulus reported for quaternized poly(vinyl pyridine) 

solutions. 

DLS experiments performed on polyelectrolyte solutions probe one relaxation mode at 

low concentrations, which is attributed to the coupled diffusion of counterions and 

polyions when polyion charges are not screened, and to the diffusion of screened polyions 

when charges are screened. When the polyelectrolyte concentration is increased, a second 

relaxation mode characterised by a longer relaxation time, hence called slow relaxation 

mode, appears. Its origin is still not understood, but it is commonly attributed to polyion 

clusters termed ódomainsô. The other relaxation mode, referred as fast relation mode, is 
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still attributed to the coupled diffusion between counterions and polyions. The fast 

relaxation mode diffusion coefficient increases as the polyelectrolyte concentration 

increases because polyion chains and counterions are getting closer to each other, and 

eventually reaches a plateau. The crossover concentrations marking the beginning of this 

plateau and the appearance of the slow relaxation mode are also probed by SLS and they 

have not been assigned yet. For high Mw polyelectrolytes, a third crossover concentration 

can be observed for the slow relaxation mode, but this crossover concentration is not 

probed by SLS; which suggests that this transition is related to changes in solution 

dynamics rather than structure, and I have suggested it may be assigned to the 

entanglement concentration. A combined rheology and light scattering study could help 

understanding what the crossover concentrations probed with LS correspond to. 

Despite the origin of the slow relaxation mode being unknown yet, and the discrepancies 

observed between the investigated polyelectrolyte systems, a few common features have 

been established. The slow relaxation mode is not due to the presence of impurities. An 

ageing study performed over a couple of years has shown that the slow relaxation mode 

could weaken over time until an equilibrium state is established. This weakening of the 

slow mode would be caused by polyions leaving the domains while the domain sizes 

remain constant; implying that the arrangement of the polyions in a domain is such that a 

decrease in the number of chains involved in a domain does not induce any change in the 

domain size. It would be interesting to investigate this ageing behaviour for other systems 

as the present studies which do not report any ageing behaviour may not have been 

performed over time-scale that are long enough to probe ageing. Filtration decreases the 

size of the domains, and can possibly remove them, or, at least, reduce their size below 

the lower limit that can be probed by LS. Forces applied during either centrifugation or 

ultracentrifugation seem to be high enough to break the interactions responsible for 

polyion cohesion in the domains. The domains may reappear after centrifugation, further 

supporting the fact that domains correspond to a metastable equilibrium in solution. Salt 

addition leads to a decrease in the size of the domains. At low polyelectrolyte 

concentrations and/or for low Mw polyelectrolytes, the domains even disappear upon salt 

addition. This disappearance of the domains could be due to a change in the concentration 

regime from a polyelectrolyte semi-dilute concentration regime to a screened dilute 

concentration regime, where only one relaxation mode is expected. A combined LS and 

rheological study could help answering this question too. It could be interesting to 
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investigate other techniques that could break the domains to collect more information 

about their properties and getting closer to understand their nature and origin. 

The review of Na CMC characteristics has highlighted that both batch inter- and intra-

variabilities can be significant. Such variabilities include differences in substitution 

(average DS and substitution homogeneity along polyion chains) and crystallinity, which 

are key to the behaviour of Na CMC in solution as non- or poorly substituted Na CMC 

fractions cannot undergo full dissolution, leading to more complex sample preparation 

for light scattering measurements. The presence of salt impurities coming from Na CMC 

synthesis has also been shown to significantly alter the rheological behaviour. Finally, the 

broad Mw distribution typically reported for Na CMC samples makes the comparison with 

monodisperse synthetic polyelectrolytes more complicated and could be at the origin of 

the opposite concentration dependence observed for the onset of the shear-thinning 

behaviour compared to monodisperse synthetic polyelectrolyte systems. 

The literature review has also demonstrated that no extensive LS investigation has been 

performed on salt-free Na CMC solutions in the semi-dilute regime. In fact, no extensive 

DLS study of Na CMC solutions has been carried out so far. The influence of sonication 

on Na CMC solutions under the polyelectrolyte perspective has not been studied either. 

The next two Chapters report two studies of Na CMC behaviour in water combining both 

LS and rheology. The first of them, Chapter 3, investigates the behaviour of salt-free 

semi-dilute Na CMC solutions, while the second one, Chapter 4, studies the influence of 

sonication on Na CMC solutions with and without added salt. 
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Chapter 3: Characterisation of Sodium Carboxymethyl 

Cellulose (Na CMC) aqueous solutions using rheology and 

light scattering 

The content of this Chapter has been submitted to ACS Applied Polymer Materials under 

the title óCharacterization of Sodium Carboxymethyl Cellulose (Na CMC) Aqueous 

Solutions to Support Complex Product Formulation ï a Rheology and Light Scattering 

Studyô, and is currently under review. 

3-1. Introduction  

Sodium Carboxymethyl Cellulose (Na CMC) is widely used in industry for its thickening 

and swelling properties.1,4,5 The Na CMC global market represented 1.2 billion USD in 

20144 and keeps expanding with a compounded annual growth rate around 4%.4,5 

Application areas include pharmaceutical, food, home and personal care products as well 

as those of the paper industry, paint, water treatment and mineral processing.1,4,5 

Na CMC is a linear, negatively charged, water-soluble, semi-flexible polymer derived 

from cellulose,1,15,28 which is the most abundant organic polymer on Earth.1,2 Na CMC 

has the same linear backbone as cellulose (i.e. D-glucose monomers linked by ɓ-1,4 

glucosidic bonds) with some of the hydroxyl groups of the raw material cellulose 

substituted by carboxymethyl groups.2,26,88 On each monomer, all three hydroxyl groups 

can, in principle, be substituted.26 However, full substitution is rarely achieved.26 

Commercial Na CMCs typically have an average of 0.4-1.5 substituted hydroxyl groups 

per monomer, which is referred to as its absolute Degree of Substitution (DS).18,26 It is 

the presence of these carboxymethyl groups that makes Na CMC soluble in water.28-

30,82,83 However, if the DS is too low, or if the substitution along the chains is not 

homogeneous so that large parts of the chains are poorly or non-substituted, Na CMC 

does not fully solubilise in water.26,29,30,82,83,88 Heterogeneously substituted (or blocky) 

Na CMCs are commonly used in laundry detergents as their low solubility facilitates 

deposition on fabric and enhances stain removal,16,167 while homogeneously substituted 

Na CMCs are commonly used in toothpaste.168 Because the raw material from which 

Na CMC is synthesised comes from natural sources, there is a great variability in the size 

of the polymer chains in Na CMC samples, as characterised by large polydispersity 
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indices Mw/Mn.
1,3,24,25 Common values of Mw/Mn are around 1.7-3.6,1,3,24,25 but values as 

high as 8.5 and 8.7 have been reported.24 

The influence of Na CMC characteristics on its rheological behaviour has been 

extensively studied in aqueous solutions. The rheological behaviour of Na CMC in water, 

with or without other compounds (e.g. salts,15,30,41,81,126 sugars,41,132 or surfactants81,118), 

or in solvents such glycerin/water mixtures,32 propylene glycol/water mixtures36 or 

cadoxen145 has been characterised. Studies investigating the swelling properties of 

Na CMC169 and its ability to form films on its own, or in association with other polymers, 

have also been performed. Only a few light scattering (LS) studies have been performed 

on Na CMC solutions, and none, to the best of my knowledge, have been performed on 

Na CMC solutions without added salt. Several Static Light Scattering (SLS) studies were 

performed in the 1950-1960s119,121,122 on Na CMC in the presence of NaCl and focused 

on the intrinsic properties of the Na CMC polymer without the effects of charge. Also, 

three recent light scattering studies that combine LS with other experimental techniques 

have been published: Dogsa et al.13 studied Na CMC chain conformation as a function of 

pH while keeping the ionic strength constant at 0.1 M, Guillot et al.118 investigated the 

behaviour of Na CMC in the presence of a surfactant, and Hoogendam et al.107 

characterised the conformation of Na CMC chains in the presence of an electrolyte, using 

Size Exclusion Chromatography (SEC) coupled to a Multiple Angle Laser Light 

Scattering (MALLS) detector. 

Generally, both SLS and Dynamic Light Scattering (DLS) have been widely used to 

characterise polyelectrolytes in aqueous solution. Synthetic polyelectrolytes such as 

sodium poly(styrene sulfonate) (Na PSS),66 poly(methacrylic acid) (PMA)170 or poly(N-

methyl-2-vinylpyridinium chloride) (PMPVP),31 as well as natural polyelectrolytes such 

as DNA,72,171 chitosan,35 xanthan36,37 or hyaluronan37 have been investigated. For 

polyelectrolyte solutions above their overlap concentrations, either without added salt or 

at relatively low salt concentrations so that charges along the chains are not fully screened, 

DLS typically reveals two relaxation modes. These modes include: (i) a fast mode which 

is usually attributed to the coupling between counterions and polyions31,36 (as the smaller 

counterions diffuse within the solution, they exert a drag on the oppositely charged 

polyions) and (ii) a slow mode, whose origin is not fully understood, but is usually 

attributed to the presence of aggregates or clusters of polyelectrolyte chains, commonly 

termed ódomainsô.31,36 
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The relaxation rate of the fast mode is usually q2-dependent (q is the scattering vector 

defined as ή
Ⱦ

, with n the refractive index, ɗ the scattering angle and ɚ the 

laser excitation wavelength); implying it has diffusive character.32,33,35,37,172 The fast 

mode relaxation time Űf is typically around a few ɛs and the corresponding diffusion 

coefficient Df ~ 10-6 cm2.s-1.22,69 The slow mode is characterised by significantly longer 

relaxation times Űs, that are typically in the range of 1 ms to 10 s.22,69 The slow mode has 

commonly been found to also exhibit a q2-dependence,32,33,35,37,172 for which a diffusion 

coefficient can be calculated35 and an apparent hydrodynamic radius of the domains can 

be estimated.35 However, other q-dependences have been observed for the slow mode,33,37 

where it has been suggested that the characteristic size of the domains, L, is large 

compared to the probed length-scale so that qL >> 1 and internal relaxations within the 

domains are also probed.22,69 

To understand the nature of the slow mode, the influence of both the polymer intrinsic 

properties (e.g. Mw,31,33,37 degree of ionisation71,76,77) and the experimental conditions 

(e.g. polyelectrolyte concentration,22,31,37 sample filtration,22,79 centrifugation,36,80 

dialysis,73,76 salt addition,32,76,78 backbone solvation,71,75,78 pH13,76) have been extensively 

studied. Nevertheless, there appears to be relatively few outcomes that can be generalised 

across all the investigated systems. For example, some studies show that, at a given 

polyelectrolyte concentration, the size of the domains does not vary with Mw
31,33 while 

another shows it does.37 In a similar way, a study shows that at a given Mw, 

Rg,app(domains) increases with the polyelectrolyte concentration,22 while others show that 

it does not31,37 (see Section 2-2.3.4 and Figure 2-21). However, there does seem to be an 

agreement on the fact that both filtration and centrifugation can modify the 

domains.22,36,79,80 Filtration using small pore size filters can even fully remove them79,80 

or, at least, reduce their size to a level that is below the length-scales probed by LS in the 

particular experiment.80 Ultracentrifugation has also recently been shown to remove the 

domains, suggesting that centrifugal forces can break the cohesive interactions in the 

domains.36 This observation was suggested to support the idea that the domains result 

from electrostatic forces and are formed by polyelectrolyte chains sharing counterions.36 

It has also been suggested that they are temporal, in that the polyelectrolyte chains of a 

domain are continually exchanged with polyelectrolyte chains present in the rest of the 

solution.32,36 In some cases, it has been reported that the number of chains forming a 

domain decreases over long periods of time.70 
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Finally, a third relaxation mode is sometimes observed in polyelectrolyte solutions,69-73 

which is generally either slower than the slow mode,71,72 or situated between the fast and 

the slow modes.69-71 The reported origin of this relaxation varies significantly between 

different systems.69-73 For example, as an intermediate mode, it has been attributed to the 

motion of polyelectrolyte chain sections that do not belong to the domains,69 or to the 

motion of hydrophobic domains formed by uncharged segments of the polyelectrolyte 

backbone,71 while as an óultra-slowô mode, it has been attributed to loose aggregates of 

polyelectrolyte chains.72 

The present work combines viscosity measurements with SLS and DLS over a wide range 

of polymer concentrations for salt-free aqueous Na CMC solutions. The solution viscosity 

is studied as a function of polymer concentration. The obtained results are compared to 

the predictions of the scaling theory for polyelectrolytes and to recent results from 

literature; leading to the identification of two concentration regimes and to their 

assignment to the semi-dilute non-entangled and entangled regimes. Moreover, a 

comprehensive SLS-DLS study is performed over a similar range of concentrations, 

where the properties of the excess Rayleigh ratio determined from SLS and the three 

relaxation modes observed in DLS are investigated. 

3-2. Materials and methods 

3-2.1. Materials 

Na CMC of average molecular weight 700,000 g/mol and DS 0.8-0.95 (supplier 

specification) was obtained from Sigma-Aldrich (product number: 419338; lot number: 

MKBR1032V). Using the acid wash method from the ASTM,173 the DS was found to be 

0.85 ± 0.03. The moisture content of the polymer powder was 8.4 ± 0.2%, which was 

taken into account for the preparation of the polyelectrolyte solutions.173 óUltrapureô 

water type I (called deionised DI water in the following) was obtained from either a 

Milli -Q® Advantage A10 ultrapure water station (Merck Millipore) or a PURELAB® 

Option Q station (Elga). Isopropanol from VWR® Chemicals (AnalaR NORMAPUR® 

ACS, Reag. Ph. Eur. analytical reagent; product number: 20842.323) and toluene from 

Fisher Chemical (analytical reagent; product number: T/2300/17) were used. 
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3-2.2. Methods 

3-2.2.1. Optical microscopy 

Optical microscopy was performed using a Zeiss LSM700 inverted confocal microscope 

(Carl Zeiss Microscopy) using both phase contrast and differential interference contrast 

(DIC) techniques. 

3-2.2.2. Rheology measurements 

Initially, stock solutions of 0.037, 0.18, 0.68 and 0.73% Na CMC (all concentrations 

quoted in this Chapter are in wt%) were prepared by adding the appropriate amounts of 

Na CMC powder to filtered DI water (using non-sterile Fisherbrand® syringe filters with 

0.2 ɛm pore-size nylon membranes) under stirring with the help of a magnetic stirrer at 

850 rpm. Stirring was pursued for 2 h. These initial solutions were diluted to 0.018-0.48% 

Na CMC and kept overnight before rheology measurements were carried out. 

All rheology measurements were performed at 25°C using a Discovery HR-2 rheometer 

(TA Instruments) equipped with a bob and cup geometry (bob with a conical end). 

Preliminary measurements of the time-evolution of the viscosity for different constant 

shear-stress values (data not shown) were performed to determine the most suitable 

shear-stress range and time parameters for flow curve acquisition; these include the 

equilibration time ȹteq, which is the time during which the shear-stress is applied before 

data acquisition to allow a steady flow to be achieved, and the averaging time ȹtav, which 

is the time during which data are taken and averaged. All viscosities were measured using 

the stress-controlled mode. ȹteq was set to 200 s for Na CMC concentrations up to 0.18% 

and to 30 s for all other concentrations. For each solution, flow curve data were collected 

using ȹtav = 200 s and ȹtav = 300 s to confirm that the value of ȹteq was adequate and a 

steady flow had indeed been achieved. 

3-2.2.3. Light scattering measurements 

To avoid dust contamination, all glassware were washed with filtered DI water (nylon-

membrane filters mentioned in Section 3-2.2.2) and filtered isopropanol (non-sterile 

Fisherbrand® syringe filters with 0.2 ɛm pore-size PTFE membranes) before being dried 

in a dust-free environment at ca. 50°C. Solutions ranging from 0.018 to 0.92% Na CMC 

were prepared directly by mixing the appropriate amounts of Na CMC powder and 

filtered DI water. The preparation procedure was the same as that used for the rheology 



Chapter 3: Characterisation of Na CMC aqueous solutions using rheology and light scattering 

104 

samples, except that the solutions prepared for LS were transferred into glass vials 

(rimless Pyrex® culture tubes 75 × 10 mm), suitable for LS, and then kept overnight 

before the measurements. During the sample preparation tests for the LS measurements, 

using filtration and/or centrifugation to try to remove contamination (e.g. dust), the 

solutions were filtered using a P5 (1.0-1.6 ɛm pore size) VitraPOR® Borosilicate 3.3 filter 

tunnel (ROBU®) before being transferred into LS tubes, and/or centrifuged directly in the 

LS tubes using a HeraeusÊ MegafugeÊ 16R Centrifuge (Thermo ScientificTM) equipped 

with a Rotor swing-out TX-400 4 × 400 mL (Thermo ScientificTM); both procedures are 

described in detail in Section 3-3.3. The reference (i.e. toluene) and solvent (i.e. water) 

samples required for excess Rayleigh ratio ȹR calculations were filtered through 

previously mentioned PTFE and nylon filters, respectively. 

LS measurements were performed at 25.0 ± 0.5°C using a 3D LS spectrometer (LS 

Instruments, Switzerland) equipped with a HeNe laser (ɚ = 632.8 nm, power: 21 mW), an 

automated laser attenuator and two avalanche photodiode (APD) detectors. All 

measurements were performed with vertically polarised incident and vertically polarised 

detected light and in pseudo-cross correlation mode, which removed after-pulsing effects 

and allowed the investigation of lag times Ű as low as 25 ns. All samples were transparent 

and it was confirmed that multiple scattering did not have to be taken into account; thus, 

all measurements were performed using a standard ó2D modeô. The measurements were 

performed within a few days following solution preparation and did not last more than a 

week, which is important since Na CMC solution properties such as the viscosity have 

been shown to change over time.12,41,42 Further details about the measurement process and 

data analysis are given in Section 3-3.3. 

3-2.2.4. Fitting of the data 

All fits were performed with Origin® and the Levenberg Marquardt algorithm with 

óinstrumental weightsô was used. 

3-3. Results and discussion 

3-3.1. Optical microscopy of Na CMC solutions 

It became evident upon the initial preparation of the Na CMC solutions that a very small 

proportion of non-dissolved cellulose residuals remained, even after extended mixing. 
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Microscopy was used to understand their nature and categorise them based upon different 

observed morphologies, with examples shown in Figure 3-1. The presence of similar 

residuals in Na CMC solutions was reported as early as 1942 by Höppler.113 Further 

investigations on Na CMC samples with a low DS (around 0.7) were performed more 

recently by Jardeby and co-workers,29,82,83 who concluded that these residuals were made 

of non- or poorly-substituted cellulose originating from less reactive cellulose fragments 

in the raw material used for Na CMC synthesis. Because of their lower DS, these residuals 

could not undergo full dissolution and would exist in solution as fibres (DSresiduals å 0.1), 

óballoonedô fibres (DSresiduals å 0.3-05) or gel particles (DSresiduals å 0.5-0.6).29 The 

presence of undissolved residuals in Na CMC solutions for samples with DS values as 

high as 0.95 has previously been reported.28,91 In the following, the term óparticulatesô 

will be used for the residuals observed in the studied samples. 

Consistent with Jardeby and co-workersôs observations29,82,83, microscopy reveals the 

existence of particulates as fibres (Figure 3-1.A), swollen and ballooned fibres (Figure 

3-1.B), or swollen ring-like fragments (Figure 3-1.C) at more advanced dissolution 

stages. It is worth noting that studying these particulates using optical microscopy can be 

difficult. As an example, Figure AI-1 shows the same particulates as in Figure 3-1.C for 

different foci. Moreover, similar morphologies to those shown in Figure 3-1.D were 

observed in microcrystalline cellulose suspensions, as shown in Figure AI-2; which 

supports assigning these to non- or poorly substituted cellulose fragments. 
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Figure 3-1: Examples of particulates observed in Na CMC solutions under the microscope. 

A. 0.18% solution; B. 1.8% solution; C, D. 0.018% solution (the black spot in D belongs to the 

background and not to the sample). 

3-3.2. Concentration dependence of Na CMC solution viscosity 

The scaling model for solutions of uncharged flexible polymers in good solvents classifies 

their behaviour into three concentration regimes: dilute, semi-dilute and concentrated.49,51 

In the dilute regime, the polymer chains are well separated and can be described as a 

sequence of thermal óblobsô of size ɝT: for length-scales smaller than ɝT (i.e. within the 

blobs), the excluded volume interactions are weaker than the thermal energy kT and 

chains adopt a nearly ideal chain conformation, while for length-scales larger than ɝT, the 

excluded volume interactions are stronger than kT and the chains can be viewed as self-

avoiding walks of thermal blobs.49 As the semi-dilute regime is entered at the overlap 

concentration c*, a new length-scale, the correlation length ɝ, approximately 

corresponding to the distance between polymer chains and defining so-called correlation 

blobs, is introduced.49 At length-scales smaller than ɝ, the chain conformations are the 

same as in the dilute regime, while for length-scales larger than ɝ, the excluded volume 

interactions are screened and each chain can be viewed as a random walk of correlation 

blobs.49 As the polymer concentration is further increased, the distance between polymer 

chains and correspondingly ɝ decrease,51,61 and when ɝ becomes smaller than ɝT, the 

polymer chains behave like ideal chains at all length-scales; this is called the concentrated 
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regime51,61 and the concentration at which it is entered is called c** . Moreover, if the 

polymer molecular weight is high enough, the chains in the semi-dilute and concentrated 

solutions can be entangled, and the crossover concentration between the semi-dilute non-

entangled and entangled regimes is then called the entanglement concentration ce. 

A common method to identify these concentration regimes is to plot the specific viscosity 

ɖsp (Eq. 3-1) as a function of the polymer concentration, where ɖsp is defined as: 

– – – –ϳ  (3-1) 

with ɖ0 the polymer solution zero-shear viscosity and ɖs the solvent viscosity. According 

to the scaling laws for polymer solutions,15,48 each concentration regime is characterised 

by a power law – ὧͯ, with a characteristic exponent b that depends not only on the 

concentration regime, but also on the solvent quality (e.g. theta solvent, good solvent).15,48 

For an uncharged flexible polymer in a good solvent, the predicted values of the 

exponent b for the dilute, the semi-dilute non-entangled, the semi-dilute entangled and 

the concentrated regimes are 1, 1.3, 3.9 and 3.75, respectively.15,48 

Importantly, similar concentration regimes have been observed for polyelectrolytes in 

salt-free solutions.15,48 The relevant length-scales are here defined by the effects of 

electrostatic interactions.20,51 The key length-scale of the polyelectrolyte scaling theory174 

is that characterising so called electrostatic blobs of size ɝe. Within these blobs, 

electrostatic interactions are screened and chains act as if they were uncharged, whereas 

on length-scales larger than ɝe, the chains adopt stretched directed random walk 

configurations in the dilute regime due to repulsive interactions between the electrostatic 

blobs.1,174 Within the semi-dilute regime, neighbouring chains screen electrostatic 

interactions on length-scales above the correlation length ɝ, where chains behave like 

random walks of correlation blobs.20,174 The power law exponent in the dilute regime is 

predicted to be 1 for salt-free polyelectrolyte solutions, as for neutral solutions, but c* is 

typically much lower for polyelectrolyte chains of similar molecular weight due to the 

significant charge-induced chain stretching.48 The power law exponents of the semi-dilute 

non-entangled and entangled regimes are predicted to be 0.5 and 1.5, respectively, while 

the power law exponent of the concentrated regime should be identical to that observed 

for neutral polymers (3.75) since the charges of the polyelectrolyte chains are fully 

screened in this regime.15,47,48 
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Examples of Na CMC solution flow curves spanning the full range of investigated 

concentrations are shown in Figure 3-2. Flow curves obtained with ȹtav = 200 s and 

ȹtav = 300 s superimposed well (data not shown); which confirms that the time parameters 

used for the measurements were appropriate, and the measured viscosities were at steady-

state. All solutions are shown to exhibit shear-thinning behaviour. The values of ɖ0 were 

obtained by fitting the flow curves with the Carreau model1 (also shown in Figure 3-2). 

The equation as well as the fitting parameters corresponding to the curves shown in Figure 

3-2 are provided in Section AI-2.1. The values of ɖ0 were combined with the 

experimentally determined solvent viscosity ɖs = 0.948 ± 0.002 mPa.s to calculate the 

specific viscosities ɖsp (Eq. 3-1), which are shown in Figure 3-3 as a function of the 

Na CMC concentration. 

 

Figure 3-2: Examples of viscosity curves across the studied range of concentrations. ȹtav = 200 s. 

The black lines are fits to the Carreau model, used to determine the values of the zero-shear 

viscosity ɖ0.1 

For the studied range of Na CMC concentrations, the increase in ɖsp with cNa CMC may be 

described using three different power laws (dashed lines in Figure 3-3). The determined 

power law exponents are shown below the fits in Figure 3-3 and were found to be 

consistent with those previously reported for other Na CMC solutions.1,15,143,175 However, 

a comparison to the exponents theoretically predicted by the scaling theory for 

polyelectrolytes14,15 (values in brackets in Figure 3-3) clearly shows that the exponent 

value found for the semi-dilute non-entangled regime is higher than the prediction from 

scaling theory. Lopez et al.15 highlighted that the presence of residual salts leads to higher 
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power law exponent values in this regime, which can be as high as 1. Their experiments 

were conducted on solutions prepared with purified Na CMC samples as well as Na CMC 

samples containing low amounts of residual salts, where the value of the power law 

exponent for the semi-dilute non-entangled regime was measured to be 0.68 ± 0.02. These 

authors argue that Na CMC samples characterised by similar exponents can effectively 

be considered as salt-free.15 The exponent of the present Na CMC sample in the semi-

dilute non-entangled regime is found to be 0.74 ± 0.04, thus similar to the value found by 

Lopez et al. within experimental error, and can therefore also be considered effectively 

salt-free. For salt-free Na CMC solutions, Lopez et al.15 also suggested that both 

polydispersity and chain rigidity could contribute to the discrepancy observed between 

experimental and predicted power law exponent values in the semi-dilute non-entangled 

regime. The scaling laws for polyelectrolytes have indeed been established for flexible 

polymer chains, while it is known that Na CMC polymer chains are semi-flexible.15,47 

 

Figure 3-3: Determination of the concentration regimes from the specific viscosity ɖsp vs Na CMC 

concentration cNa CMC data. Dashed lines: best power law fits; the corresponding power law 

exponents are provided below the fitting curves. Theoretical values from the polyelectrolyte 

scaling laws are given in brackets below the name of each concentration regime. The inset shows 

the same data set fitted using Eq. 3-2b where b = 0.74 and ce = 0.17 wt% (values obtained from 

the best power law fits). The fit with the power law exponent predicted by the scaling law is 

shown in Figure AI-3. 
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The crossover concentrations are shown in Table 3-1. It is worth noting that as non-

fractionated Na CMC samples are generally polydisperse,1 the transitions between 

different concentration regimes are expected to be characterised by a concentration range 

instead of a single characteristic concentration. Thus, the concentrations determined using 

the power law fitting approach should be viewed only as estimates. Because the exponents 

of the best power law fits are different from those predicted by the scaling laws, the 

crossover concentrations c*, ce, and c** , calculated as the intersections between the 

power law fits of two successive concentration regimes, differ depending on whether 

theoretical or best fit exponents are considered (i.e. upper and lower lines of Table 3-1 

respectively). The fits of the semi-dilute non-entangled concentration regime obtained 

with both theoretical and best fit exponents were extrapolated to ɖsp = 1 to obtain the 

values of the overlap concentrations. These processes are illustrated in Figure AI-3. 

Table 3-1: Crossover concentrations calculated with different methods. 

Calculation method c* (%) ce (%) c**  (%) 

Scaling law fits 7.7 × 10-5 0.10 0.46 

Best power law fits 5.2 × 10-4 0.17 0.45 

By studying how the crossover concentrations and the specific viscosity behave with 

Na CMC molecular weight, Lopez and co-workers1,15 concluded that the scaling laws of 

salt-free polyelectrolyte solutions may not be the most appropriate model to describe salt-

free Na CMC solutions above c*. Their study15 indicated that there may be only one 

crossover concentration, instead of the two separate concentrations, ce and c** . This 

hypothesis was reinforced by the absence of the expected change in the Small Angle 

Neutron Scattering (SANS) profile at c** , which suggests that the current description of 

such systems based on the electrostatic blobs and the correlation length is not sufficient 

to describe them,1 as well as by the fact that viscosity data could be successfully fitted 

outside the dilute regime using a simple expression (Eq. 3-2a) that contains only one 

characteristic concentration within the fitting regime, chosen as the entanglement 

concentration ce determined as discussed above. Eq. 3-2a15 is a simple parameterisation 

of the ɖsp vs cNa CMC data above c*, which uses a single characteristic concentration ce 

outside the dilute regime and includes two parameters ɔ and q to describe the power law 

exponents in the non-entangled and entangled regimes. To account for variations in the 

shape of ɖsp vs cNa CMC as the behaviour transitions from the low to high concentration 

power law behaviour, a final parameter Q is introduced. 
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– – ὧᶻϽὧ  ὧᶻϳ Ͻρ ὗὧ  ὧϳ  (3-2a) 

An attempt to fit the present data outside of the dilute regime with Eq. 3-2b, adapted from 

Eq. 3-2a to avoid any assumption on the values of ɖsp(c*) and c*, is shown in the inset to 

Figure 3-3. Here ɔ is the exponent of the best power law fit within the semi-dilute non-

entangled regime (i.e. ɔ = 0.74), ce is the entanglement concentration determined from the 

scaling law analysis described above (see value in Table 3-1), and A, Q and q are fitting 

parameters. 

– ὃϽὧ  Ͻρ ὗὧ  ὧϳ  (3-2b) 

The fit is also shown in Figure AI-3, where it is compared to that using the exponent 

predicted from scaling theory (i.e. ɔ = 0.5) and where all parameters are provided for both 

fits. Eq. 3-2b is found to fit the data well, which supports the possibility that there may 

be only one crossover concentration above the overlap concentration. It is worth noting 

that the existence of the concentrated regime has also been questioned for another 

polyelectrolyte system by Dou and Colby.174 While the graph of ɖsp vs cpolymer was 

consistent with the scaling law predictions, the concentration-dependence of the terminal 

modulus G did not show the expected inflection at c** . 

In summary, a detailed analysis of the concentration dependence of the specific viscosity 

has been performed above the overlap concentration. The present data can be described 

using a set of power laws as predicted from the scaling laws for polyelectrolytes. The 

determined power law exponents slightly differ from the theoretical predictions, but are 

consistent with those previously determined for Na CMC samples of varying Mw and 

DS.1,14,15 Importantly, the same data can be alternatively described using a simpler 

approach which interpolates between a low and a high concentration power law behaviour 

using only a single crossover concentration. This concentration is assigned to that 

characterising the onset of entanglements within the semi-dilute regime. 

3-3.3. Optimisation of light scattering measurements 

LS measurements are very difficult to perform for Na CMC concentrations below 0.018% 

due to the low scattering intensity. It was thus decided to limit the LS study to Na CMC 

concentrations starting from 0.018% and covering the concentration range investigated 

with viscosity measurements (see Section 3-3.2). 



Chapter 3: Characterisation of Na CMC aqueous solutions using rheology and light scattering 

112 

Sample preparation 

LS measurements ideally require samples free of dust and residual components.39,76 

Observations of the Na CMC solutions using optical microscopy, however, showed the 

presence of particulates (see Figure 3-1). Thus, the possibility of removing these 

particulates from the solutions prior to performing the LS measurements was investigated. 

Filtration and centrifugation are the two most commonly used techniques for this 

purpose.13,39,76 0.2 ɛm pore-size syringe filters were tried first. However, the scattering 

intensities of the Na CMC solutions after filtering using such filters were very close to 

those of pure water (data not shown). This result clearly demonstrated that these filters 

are not appropriate for sample preparation, which is consistent with the fact that the 

characteristic size of the ódomainsô responsible for the slow relaxation mode scattering 

contribution was determined to be around 400 nm (see Section 3-3.5 and Figure 3-15). 

Jardeby and co-workers have previously isolated particulates from Na CMC solutions 

(see Figure 3-1 and Jardeby and co-workersô papers29,82,83) using filters, and the same 

filter types (i.e. ROBU® VitraPOR® Borosilicate 3.3 filter tunnels) were thus tried in the 

present study, using the smallest available pore size (1.0-1.6 ɛm). Centrifugation tests 

were also carried out, and were performed directly in the LS cells to prevent any 

contamination of dust due to the sample transfer into the cells.76 The centrifugation 

acceleration and deceleration speeds were set to the lowest available values to minimise 

any modification of the solution structure.76,80 For the same reason, the Relative 

Centrifuge Force (RCF) and the centrifugation times were varied to ensure that none of 

the chosen values modified the solution behaviour significantly, as several studies have 

shown that centrifugation can alter the solution properties.36,69 Both the filtration and 

centrifugation trials were performed on 0.018% Na CMC solutions. The effectiveness of 

these preparation protocols to remove dust and residual components were evaluated using 

LS. The intensity auto-correlation data corresponding to a range of different preparation 

protocols are shown in Figure 3-4. 
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Figure 3-4: Normalised intensity auto-correlation data at 90° scattering angle collected during 

sample purification trials (i.e. centrifugation and/or filtration) for a 0.018% Na CMC solution. 

Each data series is an average of 30-s measurements (See details about normalisation and 

averaging in Section AI-3.2). 

All intensity auto-correlation data exhibit two decays: (i) a main decay with a relaxation 

time around either 0.01 s or 0.003 s, and (ii) a secondary decay at much longer relaxation 

times. The main relaxation (i) was assigned to the slow relaxation normally reported for 

salt-free polyelectrolyte solutions above c*, and thought to be due to the presence of 

polyelectrolyte aggregates here termed ódomainsô,32,38 as discussed in Sections 2-2.3 and 

3-1. None of the investigated centrifugation parameters modified the value of the 

relaxation time Űs of the slow mode significantly, which demonstrates that the behaviour 

of the Na CMC solutions was not altered by the centrifugation procedure. Conversely, 

filtration led to a significant decrease in Űs, suggesting that the compositions and/or the 

structures of the solutions were considerably modified. This observation is in agreement 

both with previous literature on light scattering of salt-free polyelectrolyte solutions22,80 

and with an observed 12.2 ± 0.6% decrease of the viscosity upon filtration (data not 

shown). The origin of the secondary decay, referred to here as the ultra-slow mode, is not 

clear. The corresponding relaxation times are long, suggesting that the ultra-slow mode 

is due to the presence of large particulates present in solution (see Section 3-3.5 for a 

more detailed discussion). As neither centrifugation nor filtration completely removed 
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the ultra-slow mode, and filtration even significantly altered the slow relaxation mode, 

the LS measurements were performed using unprocessed Na CMC solutions. The next 

two sub-sections describe how data collection and processing were adapted to account for 

the presence of the ultra-slow mode. Importantly, this approach has the clear advantage 

that it allowed detailed light scattering measurements to be performed on the original 

Na CMC solutions which are relevant for industrial applications.  

Measurement settings 

For each solution, preliminary measurements at different angles were performed to 

identify the most appropriate measurement durations. DLS measurements need to be long 

enough so that the determination of the intensity auto-correlation data is reliable. 

However, particularly for the lower concentration range, where the scattering is weak, the 

acquisition times that can be used are limited since scattering from particulates (assumed 

to be responsible for the ultra-slow mode) will eventually interfere with the scattering 

from the Na CMC solution. Indeed, the intensity auto-correlation data in Figures 3-5.A-

C demonstrate that the effects of the ultra-slow mode increase with the measurement 

duration, which is consistent with the interpretation that more of the particulates 

responsible for the ultra-slow mode enter the scattering volume during long 

measurements as compared to short ones. Also, as shown in Figure 3-5, for measurements 

at a fixed acquisition time, the ultra-slow mode becomes more significant for lower 

scattering angles, which is consistent with the fact that a larger object will show a higher 

scattering intensity and thus contribute more at lower scattering angles. Thus, at a 

scattering angle of 30° (data not shown), it was not possible to obtain high quality 

measurements for the longest measurement durations. 

From a practical viewpoint, more but shorter measurements can be performed at each 

scattering angle so that measurements that are significantly impacted by scattering from 

particulates can be discarded. Subsequently, the remaining data are averaged across 

several independent measurements to enable good statistics for samples at low 

concentrations, where the intrinsic scattering is low, without significant effects of 

scattering from particulates. 

Figure 3-5.D shows that the normalised scattering intensity Inorm (calculated as 

Ὅ   
    

 
) depends on the acquisition time only at longer 

times, where particulates enter the scattering volume. Appropriate acquisition times were 
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thus determined for each angle and each solution. It is worth noting that individual SLS 

measurements were performed over shorter periods of time than DLS measurements to 

further minimise the influence of particulates. 

 

Figure 3-5: Influence of measurement duration on the light scattering data collected for a 

0.073% Na CMC solution. A. B. C. Averaged normalised intensity auto-correlation data collected 

over different periods of time at scattering angles of 50, 90 and 135°, respectively. D. Normalised 

scattering intensity Inorm as a function of the scattering angle ɗ. Error bars represent the standard 

error (plotted only when there were at least 3 proper quality measurements). 

Data processing 

The LS data need to be collected within the linear range of the detector to be reliable. As 

a consequence of the presence of particulates in the solutions, extra precautions were 

required to make sure this condition was always met, as explained in detail in Section AI-

3.1. Hence, the first data processing step was to remove all measurements during which 

the scattering intensities were outside the detector linear range, which occurred for some 

experimental runs influenced by the stronger scattering contribution from particulates. 

Subsequently, the scattering traces (i.e. scattering intensity over time) were investigated 

and traces which contained clear contributions to the scattering from particulates, as 

identified by sharp peaks with significantly higher intensity than the intensity fluctuations 
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corresponding to the contributions from the intrinsic solutions, were removed. This trace 

check was performed for all DLS measurements, while it was only performed for the 

measurements where the scattering was far above the mean for SLS data. 

The obtained SLS data were used to calculate the excess Rayleigh ratio ȹR using Eq. 3-365 

ЎὙ— ȟ ȟ

ȟ
Ὑ  (3-3) 

where nsample and ntoluene are the measured sample refractive index and the toluene 

refractive index respectively, and Rtoluene is the Rayleigh ratio of toluene at ɚ = 632.8 nm. 

For DLS on the solutions with low polymer concentration (0.018-0.073%), the intensity 

auto-correlation data from multiple experimental runs were averaged to obtain the final 

intensity auto-correlation curves. The data processing methodology is summarised in 

Figure AI-5. 

The way of fitting the data depended on the Na CMC concentration. As an example of 

the data fitting approaches, Figure 3-6 shows raw and processed intensity auto-correlation 

data for solutions of low (0.018-0.073%; Figures 3-6.A1 and A2), intermediate (0.18-

0.37%; Figures 6.B1 and B2) and high (0.55-0.92%; Figures 3-6.C1, C2 and C3) Na CMC 

concentrations. Figures 3-6.A1, B1 and C1 show the intensity auto-correlation data of 

individual measurements at a given angle while Figures 3-6.A2, B2, C2 and C3 illustrate 

the fitting of these data sets (i.e. the averaged intensity auto-correlation data for Figure 

3-6.A2 and individual measurement data for all other Figures 3-6.B2, C2 and C3). 

Eq. 3-413,38 could be used to fit all the intensity auto-correlation data, where f, s and us 

refer to the fast, slow and ultra-slow mode respectively, Ai is the amplitude of the mode 

i, ɓi is the stretching coefficient of the mode i and Űe,i is an effective relaxation time of the 

mode i. The average relaxation time Űi of the mode i is linked to Űe,i with † ȟɜ  

where ũ is the gamma function.13,38 

Ὣ † ρ ὃὩ ὃὩ ȟ ὃ Ὡ ȟ  (3-4) 

The fast mode could not be observed for the three least concentrated solutions (Figure 

3-6.A2), so here Af was set to 0 and only the slow and the ultra-slow modes were fitted. 

For the high Na CMC concentrations, it was not possible to obtain a satisfactory fit with 

Eq. 3-4. Therefore, the contributions of the fast and the slow modes were determined 

using two different fits as detailed in Section AI-3.2 and Figure AI-5, and illustrated in 

Figures 3-6.C2 and C3. 
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Figure 3-6: Measurement reproducibility and data processing for A. low Na CMC concentrations 

(0.073%); B. intermediate Na CMC concentrations (0.37%) and C. high Na CMC concentrations 

(0.55%). A1. Individual intensity auto-correlation data at 130°; A2. Averaged intensity auto-

correlation data at 130° and corresponding fit (yellow dashed line); B1. Individual intensity-

autocorrelation data at 90°; B2. Intensity auto-correlation data of measurement 4 and 

corresponding fit (yellow dashed line); C1. Individual intensity auto-correlation data at 130°; 

C2. Intensity auto-correlation data of measurement 2 and fit of the fast and the slow modes 

(yellow dashed line). C3. Intensity auto-correlation data of measurement 2 and fit of the slow and 

the ultra-slow modes (yellow dashed line). Fit residuals given in Figure AI-6. 

The residuals of the fits shown in Figure 3-6 are displayed in Figure AI-6 and demonstrate 

that the data are successfully fitted using the approach described above. Nonetheless, it is 
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worth noting that the fitting of the fast mode, when visible, was not as accurate as that of 

the slow mode; which is both due to its very low amplitude (see Section 3-3.5) and to 

generally noisy data at the relevant short lag times. The fast mode can however be 

adequately described using either a single or a stretched exponential with a stretching 

parameter ɓ near 1. To restrict the number of fitting parameters, a single exponential was 

used in all fits, which corresponds to what is commonly used for this relaxation 

contribution in the literature.21,32 

3-3.4. Static light scattering measurements 

The excess Rayleigh ratio ȹR, calculated from SLS data, is plotted as a function of 

scattering wave-vector q in Figure 3-7.A. ȹR increases with increasing Na CMC 

concentration and decreases with increasing q, following an approximate power law 

relationship (see dashed lines in Figure 3-7.A). At low q and high cNa CMC, the data points 

are more scattered and fall above the power law fits; the likely reason for this behaviour 

is the presence of the sample particulates which provide an additional scattering 

contribution that is most prominent at small scattering angles. The power law exponent 

values obtained from the data fitting are shown in Figure 3-7.B for samples of varying 

Na CMC concentrations. No significant concentration dependence of the power law 

exponents is observed, and their average value across the concentration range is estimated 

as -2.36 ± 0.05. Similar values have been observed for other polyelectrolytes such as 

PMPVP31 (df = 2.2 ± 0.2) or poly(N-benzyl-2-vinylpyridinium bromide)32 (df = 2.7). This 

power law exponent has sometimes been interpreted as the fractal dimension of the 

system. However, given the relatively small q-range and the fact that observing an 

approximate power law does not necessarily indicate a fractal behaviour, this 

interpretation must be considered with care. In addition, Zhang et al.176 have shown that 

the value of the exponent for a polyelectrolyte can vary significantly depending on the 

experimental conditions (e.g. solvent nature) and suggested that the structure of the 

domains is not universal. 
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Figure 3-7: q- and cNa CMC-dependence of the excess Rayleigh ratio ȹR. A. Excess Rayleigh ratio 

ȹR as a function of the scattering vector q for all the studied concentrations. The dashed lines are 

power law fits. B. Exponents of the power law fits shown on A. 

To determine the excess Rayleigh ratio in the zero wave-vector limit q = 0, ȹR(0), Zimm 

plots (ὑȢὧ  ЎὙϳ Ὢή  where K is an optical contrast constant40 (see Eq. AI-3)) 

were produced, for which an example is shown in Figure AI-9.A. However, for most of 

the studied solutions, the q = 0 intercepts were slightly negative, which indicates the 

presence of excess scattering at low q and thus the presence of large structures.40 Berry 

( ὑȢὧ  ЎὙϳ Ȣ Ὢή )40 and Guinier (ÌÎὑȢὧ  ЎὙϳ Ὢή )40 plots were 

also considered as they might be more successful at linearizing the data at low q values40 

and examples are shown in Figure AI-9. As the linear part covered a wider range of q 

values for Berry plots as compared to Guinier plots, further calculations were performed 

with the data obtained from the Berry plots. Ioan et al.38 obtained similar Berry plots for 

dextran solutions above c*. It is also worth noting that, as shown in Section AI-3.5.3, the 

same behaviour was observed for the proportion of the excess Rayleigh ratio 

corresponding to the slow mode; which suggests that the observed behaviour of the total 

excess Rayleigh ratio is mainly driven by the domains responsible for the slow mode. 

The obtained values of ȹR(0), as well as the values of ȹR at different angles, are plotted 

as a function of Na CMC concentration in Figure 3-8. For each angle, the data 

ЎὙ  Ὢὧ   were fitted using power laws (dashed lines in Figure 3-8), and the 

power law exponents for all angles were found to be 0.91 ± 0.02. Sedlák and Amis 

obtained similar results, though their power law exponents were slightly above 1.66 
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Figure 3-8: Concentration dependence of the excess Rayleigh ratio ȹR(ɗ) at different angles. The 

values of the excess Rayleigh ratios at 0° (or q = 0) were obtained by linear extrapolation of the 

Berry plots at low q2 values. Dashed lines are power law fits whose exponent values are provided 

next to each fit. 

In conclusion, it is found that ȹR ~ qŬ across the investigated concentration range with a 

concentration-independent power law exponent Ŭ = -2.36 ± 0.05. It is also found that 

ȹR(ɗ) ~ cNa CMC
Ŭô with a consistent power law exponent Ŭô ~ 0.9. Thus, from SLS, no 

evidence for a change in structure across the investigated concentration range is found. 

3-3.5. Dynamic light scattering measurements 

Examples of normalised intensity auto-correlation data at different scattering angles for 

three solutions, illustrating low, intermediate and high Na CMC concentrations, are 

shown in Figure 3-9. For each solution, the characteristic relaxation time of the slow mode 

is shifted towards longer times as the scattering angle decreases.32 However, for some 

data sets, the amplitude of the ultra-slow mode is significant; particularly for the two 

lowest scattering angles shown in Figure 3-9.B. To address this issue, the ultra-slow mode 

was accounted for in the fitting procedure, as described in Section 3-3.3 and Figure AI-5. 

Also, as discussed previously (Section 3-3.3), the fast mode cannot be observed for the 

least concentrated solutions, despite their concentrations being above the overlap 

concentration c*, which is likely due to it being hidden in the noise observed at low lag 

times Ű. When the fast mode can be observed (at higher concentrations), its relative 

amplitude (compared to the slow mode) increases for increasing scattering angles.32 This 
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is explicitly shown in Figure AI-10 and agrees with the commonly observed behaviour 

for polyelectrolytes.35,37 Figure AI-10, however, also shows that the relative amplitude of 

the fast mode is concentration-independent, which is different from the behaviour 

reported for some polyelectrolytes.32,35,37,172 

 

Figure 3-9: Normalised intensity auto-correlation data for a wide range of angles in steps of 10°, 

for three different Na CMC concentrations. Shown data are averaged intensity auto-correlation 

data for A, while they are angle-representative data for B and C. A. 0.073% Na CMC solution 

(low concentration range). B. 0.37% Na CMC solution (intermediate concentration range). C. 

0.55% Na CMC (high concentration range). 

Intensity auto-correlation data for each solution are compared at three given scattering 

angles (60°, 90° and 130°) in Figure 3-10. The relaxation time of the fast mode is 

concentration-independent.32,172 The relaxation time of the slow mode, conversely, 

increases across the concentration range.32,172 

 

Figure 3-10: Normalised intensity auto-correlation data over the full range of concentrations at 

three different scattering angles. The data are averaged intensity auto-correlation data for 0.018, 

0.046 and 0.073% Na CMC, while they are angle-representative curves for all the other Na CMC 

concentrations. A. 60°. B. 90°. C. 130°. 

Ultra-slow mode 

The ultra-slow mode is characterised by a long relaxation time and was present in all 

solutions at all scattering angles. Moreover, neither filtration nor centrifugation were able 

to remove this decay to a significant degree (see Section 3-3.3). As mentioned in 

Section 3-3.3, the presence of particulates in the Na CMC solutions (see Figure 3-1) could 
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explain the presence of the ultra-slow mode. The size of the smallest particulates 

determined by optical microscopy (Figure 3-1.C) is in the range of 1-10 ɛm, but difficulty 

in determining the size using optical microscopy made exact size determination difficult 

(see Section 3-3.1). While the smallest particulates could pass through the glass filter 

(pore size: 1.0-1.6 ɛm), some larger particulates may also go through if they have the 

ability to deform and change shape during filtration. Assuming the diffusion of these 1-

10 ɛm-diameter particulates solution is Brownian in the 0.018% Na CMC solution and 

the viscosity they experience is that of the solution (see Eq. 3-7), the corresponding 

relaxation times at a scattering angle of 90° would be in the range of 0.09-0.9 s, while 

they would be in the range of 12-120 s for the 0.73% Na CMC solution under the same 

hypotheses. For both Na CMC concentrations, these relaxation times are longer than the 

relaxation times of the slow mode, but smaller than those observed for the ultra-slow 

mode (Figure 3-10.B). The assumptions behind this simple argument, including simple 

Brownian motion, a spherical particle shape and the fact that the particulates experience 

the viscosity of the solution are most unlikely to be all true. Even more likely, the strong 

contribution to the resulting scattering of the largest particulates, such as the fibre shown 

in Figure 3-1.A, would, in effect, hide the contribution from smaller particulates, and 

result in the very long observed relaxation times. 

The amplitude of the ultra-slow mode was typically higher for lower Na CMC 

concentrations (see Figure 3-10), which is reasonable since, at low Na CMC 

concentrations, the scattering of the Na CMC solutions themselves would be very weak 

and the particulates would thus be observed to a greater degree. In addition, these 

solutions have lower viscosities, meaning that particulates would move faster and their 

scattering is more likely to be detected within the set acquisition time. Moreover, the 

values of the ultra-slow mode fitting parameters vary significantly between repeat 

measurements, which strongly suggests that the ultra-slow mode relaxation time is too 

long compared with measurement durations to collect statistically reliable data for this 

mode. Thus, the fitting of the ultra-slow mode was only used to effectively remove its 

contribution from the results of the two other modes, and the corresponding fitting 

parameters have not been included. 

Fast mode 

The contribution of the fast mode to the total excess Rayleigh ratio ȹRf (called fast mode 

amplitude by Sedlák80) is q-independent within experimental error as shown in 
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Figure AI-11 and is proportional to the Na CMC concentration. A similar q-independence 

of ȹRf was found for Na PSS in an organic solvent, N-methylformamide, and in the 

presence of various amounts of NaCl78 as well as for poly(acrylic acid) (PAA) in water.76  

The q- and cNa CMC-concentration dependences of the fast relaxation time Űf are shown in 

Figure 3-11. The curves of † Ὢή superimpose well within the experimental error for 

all the studied solutions, which confirms that the fast-mode is independent of Na CMC 

concentration (as discussed in relation to Figure 3-10). The q-dependent data can be fitted 

by a power law with an exponent value of 2.5 ± 0.3. This is close to the usually reported 

value of 2,35,37 and characteristic for a diffusive process; this small discrepancy is thought 

to be due to the difficulties encountered in the fitting of the fast mode (see Section 3-3.3). 

 

Figure 3-11: q- and cNa CMC-dependences of the fast mode. Fast relaxation time Űf as a function of 

the scattering vector q for solution concentrations of 0.18% Na CMC and above. The curves were 

fitted with power laws which are not represented for clarity. The average exponent across all 

concentrations is -2.5 ± 0.3. 

Considering the fast mode as a diffusive process, attempts were made to calculate the fast 

mode diffusion coefficient Df. The different methods used are explained below and 

further illustrated in Figure AI-12. For each solution, the data † Ὢή  were fitted 

using Eq. 3-5. 

† ὃ Ὀή (3-5) 

where A is the intercept of the linear curve and is either set to be free or set to 0. Eq. 3-5 

with A = 0 is expected for simple diffusive behaviour39,72 while Eq. 3-5 with A Í 0 
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accounts for a small uncertainty in the determined values of Űf (see Section 3-3.3). As 

shown in Figure 3-12, which displays the values of Df obtained using different calculation 

methods, the two methods used to determine Df lead to consistent results within the 

accuracy of the data. Two other calculation methods were also investigated: Df values 

were computed at each angle with Ὀ † ή  (equivalent to Eq. 3-5 with A = 0)33 

before being fitted as a function of q2 with Eq. 3-6 for B = 0 and B Í 0. 

Ὀ Ὀ ή π ὄή (3-6) 

The results of these calculations are also shown in Figure 3-12. The values of Df obtained 

from all four calculation methods are close to each other and are of the same order of 

magnitude as those generally observed for other polyelectrolytes33,84,171,176 (i.e. around 

10-6 cm2.s-1). A value of Df of (3.1 ± 0.2) × 10-6 cm2.s-1 is obtained using Eq. 3-5 with 

A = 0 and Eq. 3-6 with B = 0; which are the simplest methods and correspond to what is 

expected for diffusive behaviour. 

 

Figure 3-12: Fast mode diffusion coefficients as a function of Na CMC concentration. The 

calculation methods are explicitly shown in Figure AI-12. 

Slow mode 

The contribution of the slow mode to the total excess Rayleigh ratio ȹRs (called slow 

mode amplitude by Sedlák)80 is q-dependent, as shown in Figure AI-13, and is 

proportional to the Na CMC concentration. A q-dependence of ȹRs has been observed for 

Na PSS in water without added salt21 as well as in an organic solvent in the presence of 
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salt.78 The q- and cNa CMC-concentration dependences of the slow relaxation time Űs are 

shown in Figure 3-13. It is found that as the Na CMC concentration is increased, the 

relaxation time Űs also increases. The q- and cNa CMC-concentration dependences of the 

stretching exponent ɓs (see Eq. 3-4) are illustrated in the inset of Figure 3-13 for a few 

Na CMC concentrations. Within the accuracy of the measurements, ɓs is independent of 

Na CMC concentration, but decreases with q. Its value is around 0.7; which is in 

agreement with the value found by Dogsa et al.13 for Na CMC solutions of smaller DS 

and Mw, as well as with values usually found for polyelectrolyte solutions whose slow 

mode is successfully fitted with a stretched exponential.37,38 

 

Figure 3-13: q- and cNa CMC-dependence of the slow mode. Slow mode relaxation time Űs as a 

function of the scattering vector q for all studied concentrations. Dashed lines are power law fits. 

The average exponent value across all concentrations is -2.4 ± 0.2. Exponent values are shown in 

Figure AI-14. Inset shows the stretching coefficient ɓs as a function of q, for a few Na CMC 

concentrations. 

The relationship between the slow mode relaxation time and Na CMC concentration is 

also shown in Figure 3-14.A, which presents Űs at 90° scattering angle as a function of 

cNa CMC across the studied range of concentrations, as well as in Figure AI-15 which shows 

the concentration dependence of Űs
 at two other scattering angles. Figures 3-13, 3-14.A 

and Figure AI-15 all confirm that including the ultra-slow mode in the fits is successful 

in removing its influence on the Űs values. Figure 3-14.A also compares Űs(90°) with the 

specific viscosity ɖsp and shows that they exhibit a similar concentration dependence, 
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suggesting that the slow mode is related to the viscosity of the solutions across the studied 

concentration range. A similar result was found by Esquenet and Buhler37 for high 

molecular weight xanthan and hyaluronan samples (average molecular weights of 

4.2 × 106 and 2 × 106 g/mol respectively) in 0.1 M NaCl. In the present case, the 

q-dependence of the slow mode can be described using power laws, where the average 

value of power law exponents across all concentrations is -2.4 ± 0.2 (the exponent values 

for each studied concentrations are given in Figure AI-14). Similarly to the fast mode, the 

exponent is close to 2; thus suggesting that the slow mode is also related to a diffusive 

process. There is, however, a slight concentration dependence with greater values at low 

concentrations, likely due to the increased difficulty in determining Űs for very dilute 

solutions and/or to the presence of additional relaxation contributions (e.g. relaxation 

contributions of internal modes). These effects are also illustrated in the data 

representation shown in Figure AI-16. 

 

Figure 3-14: Polymer concentration dependences for the slow mode relaxation time Űs and slow 

mode diffusion coefficient Ds. A. Concentration dependence of the slow mode relaxation time Űs 

at 90° scattering angle and the specific viscosity. B. Concentration dependence of Ds for Ds values 

calculated with four methods (as shown for the fast mode). C. Concentration dependence of Ds, 

with the Ds values retained for further calculations (Ds values from Ὀ Ὀ ή π ὄή). 

Dashed lines are the best power law fits of Ὀ Ὢὧ  . 
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The same methods as for the fast mode were used to calculate the diffusion coefficient Ds 

of the slow mode (see previous subsection for more details). Values of Ds obtained with 

the four methods are shown in Figure 3-14.B. For the most concentrated solutions, the Ds 

values are very close, regardless of the calculation method. For the three least 

concentrated solutions, the values are somewhat different from each other. This 

discrepancy is most likely due to the fact that the slow mode is not strictly q2-dependent 

at these low concentrations (see Figures AI-16 and AI-17 illustrating the Ds calculation 

methods for a low and a high Na CMC concentrations respectively) which is usually 

attributed to the large size of the domains and to their polydispersity.21,32 

Ds = f(cNa CMC) suggests a change in the concentration behaviour for an intermediate 

concentration, where the behaviour can be approximately described by power laws at both 

low and high concentrations, as shown in Figure 3-14.C which displays the values of Ds 

obtained using Eq. 3-6. The equivalent graphs obtained for the three other calculation 

methods are shown in Figure AI-18, where the fitting parameters for all four methods are 

reported in Table AI-2. This type of behaviour has previously been observed in the 

literature for high molecular weight polyelectrolytes in salt-free solutions above c*.66,170 

The power law exponent of the fit describing the low concentration region is -0.54 ± 0.04, 

which is in a similar range compared to the values of -0.35 and -0.7 obtained by Sedlák 

and co-workers obtained for Na PSS66 and poly(methacrylic acid), respectively.170 The 

power law exponent describing the high concentration region is -2.2 ± 0.2; which is much 

higher than the values of -0.83 and 1.4 found for the two previously cited 

polyelectrolytes.66,170 It has however been shown that the value of the power law exponent 

ɡ of the relationship Ὀ ὧͯ increases with the polymer molecular weight.33 

The crossover concentration determined from the intercept of the two power laws for the 

present system is ~ 0.21% (as determined from the fits shown in Figure 3-14.C; the values 

obtained using the other methods are similar and can be found in Table AI-2; as for the 

crossover concentrations determined from rheology data (see Section 3-3.2), these 

concentrations are only estimates of where a change in behaviour occurs). Sedlák and 

Amis66 found a similar crossover concentration in Na PSS solutions. They also observed 

that this crossover concentration does not correspond to c**  predicted by the version of 

the scaling laws for polyelectrolytes improved by Odijk.66 The crossover concentration 

for the present system is close to the entanglement concentration ce = 0.17%, as calculated 

using the scaling laws; so it is reasonable to assume that they both correspond to the onset 
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of entanglements. This is in agreement with the previously observed similarity in the 

behaviour of the specific viscosity and the slow mode relaxation time shown in Figure 

3-14.A. The fact that the change in concentration behaviour of Ds vs cNa CMC is not 

observed for low molecular weight polymers66,170 is consistent with this hypothesis, since 

low molecular weight polymer chains are too short to be entangled. 

Using the values of Ds plotted in Figure 3-14.C (i.e. assuming the slow mode is diffusive), 

the apparent hydrodynamic radii RH,app of the domains were estimated using Eq. 3-7. 

Ὑȟ  (3-7) 

where k is the Boltzmann constant, T the temperature and ɖ the solution viscosity. The 

obtained values of RH,app are plotted in Figure 3-15 together with the estimated values of 

the apparent radii of gyration of the domains Rg,app obtained from the Berry plots of the 

excess Rayleigh ratio associated with the slow mode ȹRs. Details on the determination of 

Rg,app are provided in Section AI-3.5.3. Rg,app is relatively independent of the Na CMC 

concentration and an average value of 200 ± 20 nm is estimated across the studied range 

of concentrations. This value is of the same order of magnitude as the one obtained for a 

~ 900,000 g/mol hyaluronan sample in 0.1 M NaCl.37 Rg,app has also been found to be 

independent of the polyelectrolyte concentration above c* for two hyaluronan samples of 

smaller Mw,37 for PMPVP31 and for chitosan in an electrolyte solution,35 while they have 

been found to increase with the polyelectrolyte concentration for Na PSS.22,32,68 It is worth 

noting that Buhler and Rinaudo35 highlight the fact that Rg is likely to increase with the 

polyelectrolyte concentration and to be larger than Rg,app. The values of RH,app in the 

present study are of the same order of magnitude as Rg,app. It is found that the values 

decrease over the studied range of concentration; which is different from the results of 

Buhler and Rinaudo35 who studied chitosan in the presence of a background electrolyte 

and found that RH,app instead increased with increasing chitosan concentration. 
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Figure 3-15: Apparent hydrodynamic radius RH,app (blue squares) and apparent radius of gyration 

Rg,app (green circles) of the domains as a function of Na CMC concentration. 

3-4. Conclusions 

In this Chapter, the behaviour of Na CMC in aqueous solutions without added salt was 

investigated for a wide range of concentrations, using rheology and light scattering 

measurements. 

For the studied concentration range, the concentration dependence of the specific 

viscosity could be described by the scaling theory for polyelectrolytes using a set of power 

laws. Three concentration regimes were identified: semi-dilute non-entangled, semi-

dilute entangled and concentrated. The so-determined power law exponents slightly 

differed from the theoretically predicted values but were consistent with those previously 

found for Na CMC. Alternatively, the data could be described using a simple empirical 

equation which links two power law behaviours only including one crossover 

concentration. The success of this approach suggests that only the semi-dilute non-

entangled and entangled regimes are observed. 

To further test this, Na CMC solutions covering the same concentration range were 

investigated using both SLS and DLS. The excess Rayleigh ratio, as determined from 

SLS, was found to vary linearly with Na CMC concentration. For all the studied solutions, 

it followed a power law relationship with the scattering wave vector q and a power law 

exponent of -2.36 ± 0.05, which was independent of the Na CMC concentration. Three 

relaxation modes were observed in DLS measurements. The two fastest modes were 
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identified as the fast and slow relaxation modes commonly observed for polyelectrolytes. 

The third, and slowest mode, was attributed to poorly substituted undissolved cellulose 

fragments. As filtration (or centrifugation) did not sufficiently remove these fragments, 

and importantly did alter the solution behaviour, both data collection and processing were 

adapted to account for the presence of this mode; thus allowing the detailed LS 

characterisation to be performed on the original Na CMC solutions, which are relevant 

for industrial applications. The diffusion coefficient Df of the fast relaxation mode was 

found to be concentration-independent and equal to (3.1 ± 0.2) × 10-6 cm2.s-1. The 

relaxation time of the slow mode showed a similar crossover behaviour to that found for 

the specific viscosity. Interestingly, no such change in behaviour with Na CMC 

concentration was observed in the excess Rayleigh ratio, determined from static light 

scattering, suggesting that the origin of the observed behaviour mainly originates from a 

change in dynamics. 
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Chapter 4: Ultrasonication-induced changes in Sodium 

Carboxymethyl Cellulose (Na CMC) solutions 

characterised with rheology, Size Exclusion 

Chromatography (SEC) and Light Scattering (LS) 

4-1. Introduction  

Ultrasound is defined as high frequency sound-waves that are above the human hearing 

perception (i.e. above ~ 20 kHz).43,44,157,158 Depending on their frequencies, they can be 

divided into two main classes:43,44 (i) power ultrasound (also referred as destructive or 

high-intensity ultrasound) within the low frequency range (18-100 kHz43 or 20 kHz-

2 MHz44 depending on references) and (ii) diagnostic ultrasound (also referred as 

destructive or low-intensity ultrasound) within the high frequency range (above 

5-10 MHz44). The former, also called sonochemistry,44,159 has been widely used to modify 

polymers,43,44,159 where such modifications may be chemical and/or physical.44,157,159 

During sonication, cavitation occurs, corresponding to the creation of bubbles in the 

liquid subjected to sonication, where the size of the bubbles vary. Upon sonication, bubble 

sizes increase until a critical size is reached, whereupon the bubbles become unstable and 

collapse.44,159 At this stage, both the local temperature and the local pressure are extremely 

high (i.e. ~ 5,000°C and 1,000 atm,157 respectively), and the cooling rate following the 

collapse is very quick (i.e. about 1010 K.s-1). These events are termed hot spots,44,159 and 

may damage the polymer chains, creating highly reactive radical species and/or ions.44 

The main mechanism attributed to polymer chain breakage is however not related to these 

hot spots, but to the high shear- and strain-rates created by cavitation, which typically 

cause effects on length-scales of micrometres, causing chain extension and 

scission.44,157,159,160 Breakage usually occurs in the middle of the polymer chains as it is a 

structurally weak point, and/or where bonds are weaker.44-46,159,161 Mechanically-induced 

scission only occurs for polymer chains whose molecular weight Mw is high 

enough,43,159,160 and values around 30,000-40,000 g/mol have been found for this critical 

molecular weight.159,160 

Upon sonication, mechanical degradation of polymer chains has been reported for a wide 

range of both synthetic polymers and biopolymers.159,161 The solution viscosity is often 
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observed to decrease with sonication time, which may be due to the reduction in the size 

of the polymer chains. For pectin, a weakening of the shear-thinning behaviour at high 

shear-rates has been reported.158 Investigations on carrageenan solutions at 23, 48 and 

83 kHz showed a significant decrease in the shear-viscosity at 48 kHz only, suggesting 

that no degradation had occurred at either 23 or 83 kHz.43 The decrease in the shear-

viscosity was temporary,43 and I propose that aggregates and/or polyion clusters usually 

observed in polyelectrolyte solutions could have been physically broken and would build-

up again at rest. Such changes, rather than chain breakage would agree with results 

obtained for walnut proteins, where sonication did not induce any change in Mw but broke 

down protein aggregates.157 It was suggested that physical bonds could have been broken, 

and such structural changes were responsible for changes in walnut protein properties 

such as water-solubility which was increased.157 A Light Scattering (LS) study of 

hyaluronan solutions sonicated in a bath also suggested that polymer aggregates were 

broken down.166 In that study, a single relaxation mode, attributed to the diffusion of 

polymer aggregates, was observed in LS. 166 The corresponding diffusion coefficient 

increased upon sonication time; the increase was very fast at the beginning of sonication 

and slowed down afterwards. After long sonication times, the authors suggested that 

polymer chains may also be broken, however to a small extent.166 

Size Exclusion Chromatography (SEC) is a separation technique based on the volume of 

the objects present in a sample.177-179 As the volume occupied by polymer chains varies 

with their molecular weight, it can be used to determine the molecular weight distribution 

of polymer samples.177-179 It has thus been widely used in sonication studies to follow the 

breakage of polymer chains during sonication.45,158-161 However, as highlighted in 

Section 2-2, the size of polyelectrolyte chains not only varies with Mw, but also with the 

polyelectrolyte concentration and with salt addition. Hence, great care needs to be 

exercised to measure the molecular weight of polyelectrolytes properly. Detailed 

explanations will be provided in Section 4-2.2.3, where the methods are explained. 

SEC has also been widely used to investigate the presence of protein aggregates and 

aggregation phenomena,180-184 especially in the pharmaceutical field, where the presence 

of aggregates in drugs can cause serious effects in patients.180,181 LS detectors are often 

used as detectors to detect the compounds after they have been separated as well as to 

determine their size and study their conformation.180,181,183 However, as already 

mentioned above, samples need to be diluted in an appropriate solvent for SEC 
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measurements, which may affect the aggregates. Moreover, aggregates may interact with 

the chromatographic column, leading to unreliable determination of their size and 

conformation.185 Hence, it has been advised to use other techniques such as LS 

measurements on bulk solutions to assess the reliability of the obtained SEC data.181,183,184 

The previous Dynamic Light Scattering (DLS) investigations of salt-free Na CMC 

solutions shown in Chapter 3 highlighted the presence of a fast and a slow relaxation 

mode, as typically reported for polyelectrolytes within the semi-dilute regime (see 

Section 2-2.3.2). A weak third mode exhibiting an even slower relaxation was also found. 

Usually, purification methods were not successful at fully removing this mode, and also 

significantly altered the slow relaxation mode. Thus, data collection and processing were 

adapted to take account of the presence of this ultra-slow mode, and the measurements 

were thus performed on original Na CMC solutions. It was also demonstrated that, in the 

semi-dilute regime, the slow relaxation mode observed in DLS measurements, and the 

specific viscosity of Na CMC solutions, were both probing solution dynamics 

characterised by the transition from non-entangled to entangled concentration regimes 

and Static Light Scattering (SLS) measurements did not probe any qualitative change in 

the solution structure across the same concentration range. 

The origin of the slow relaxation mode observed in LS is not well understood (see 

Section 2-2.3.4). Sonicating Na CMC solutions allowed getting new insights regarding 

the nature of the slow relaxation mode and its relationship to the rheological behaviour 

of Na CMC solutions. To study the effect of sonication on Na CMC solutions, rheology, 

SEC and LS measurements were combined. The elution behaviour of Na CMC samples 

during SEC measurements was first investigated to check the reliability of the method 

and its appropriateness to determine the molecular weight distribution of the polymer 

chains in the samples. The influence of sonication on Na CMC solutions prepared at three 

different concentrations was then investigated using both rheology and light scattering. 

Subsequently, both SEC and LS on dilute solutions were used to assess whether the 

polymer chains were broken upon sonication. Finally, additional investigations including 

salt addition, ageing and solution heating were performed to further elucidate the effect 

of sonication on Na CMC solution in general as well as on the behaviour of the slow 

relaxation mode in particular. 
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4-2. Materials and methods 

4-2.1. Materials 

The investigated sample was identical to the one studied in Chapter 3 (see Section 3-2.1 

for details). Also, deionised water obtained from the same water stations was used for all 

experiments (see Section 3-2.1). 

Sodium nitrate (NaNO3; reference: S5022-1kg), sodium phosphate (NaH2PO4, 2H2O; 

reference: 71500-1kg), sodium azide (NaN3; references: 71289-5g and 71289-50g), 

sodium chloride (NaCl; reference: S7653-1kg), all from Sigma, as well as isopropanol 

from VWR® Chemicals (AnalaR NORMAPUR® ACS, Reag. Ph. Eur. analytical reagent; 

reference: 20842.323), and sodium hydroxide from Merck (NaOH; reference: 

1.06498.1000) were used. 

An Acrylamide Tertiary Butyl Sulfonic Acid-Polyacrylamide co-polymer (co-ATBS-

PAM) of high molecular weight (~ 107 g/mol) and high anionicity from SNF (reference: 

Flopaam AN 132 VHM) was used to determine the void volume of the SEC column. 

4-2.2. Methods 

4-2.2.1. Sample preparation 

Na CMC solutions were prepared in conical flasks by batches of 150 g. The required 

amount of Na CMC powder was added to the appropriate amount of DI water under 

magnetic stirring at 850 rpm. Stirring was pursued for 2 h and the solutions were stored 

overnight before further use. Na CMC concentrations are given in %wt. They take into 

account the Na CMC powder moisture content. 

Batches were divided in 40 mL vials. 21 g of the stock solution was poured in each vial 

for ultrasonication. Samples from the same batch were sonicated simultaneously in a 

Fisherbrand FB11002 sonication bath (frequency: 40 kHz; power: 140 W; internal 

dimensions (width × depth × height): 137 × 240 × 100 mm;186 Fisherbrand) containing 

~ 1.1 L of DI water for various amounts of time. The bath temperature was maintained 

below 50°C using ice packs which were changed every 30 min. A preliminary study had 

shown that maintaining the Na CMC solutions at temperatures below 60°C for 1 h did 

not have any influence on their rheological behaviour (data not shown). Changes in the 



Chapter 4: Ultrasonication-induced changes in Na CMC solutions 

135 

Na CMC solution behaviour after ultrasonication are thus expected to be caused by 

ultrasonication rather than to the solution being heated to temperatures up to 50°C. 

0.18% Na CMC samples of 21 g were also sonicated at an amplitude of 40% with a 

Fisherbrand 505 Sonic Dismembrator (frequency: 20 kHz; power: 500 W; Fisherbrand) 

equipped with a 6.3 mm diameter microtip probe. To prevent solutions from heating up, 

sonication was performed in a pulsing rather than in a continuous way, alternating 30 s 

sonication periods with 30 s breaks. Moreover, solutions had been placed in the fridge 

before sonication and were placed in an ice bath which had a temperature below 20°C at 

all times. 

45 g of 0.18% Na CMC were heated at 80°C in a round-bottom flask equipped with a 

refrigerant for 1 h (the solutions were effectively heated up for 1 h 20 min as the time was 

counted when the solution temperature reached 80°C). The solutions were then cooled to 

room temperature in an ice bath, and the solution masses were checked. The mass loss 

was about 0.2%, and an appropriate amount of DI water was added to compensate for 

this. 

All experimental conditions were tested in duplicate, i.e. on two separate solutions 

coming from different batches. 

4-2.2.2. pH measurements 

pH measurements were performed with an OrionÊ 8102BNUWP ROSS UltraÊ pH 

electrode (ThermoFisher Scientific) connected to an Orion StarÊ A321 portable pH-

meter (ThermoFisher Scientific). The electrode was calibrated with the pH 4.01, 7.00 and 

10.01 buffers provided in the OrionÊ ROSSÊ All-in-OneÊ pH buffer kit 

(ThermoFisher Scientific). The temperature of the buffers and the eluent was monitored 

with a FisherbrandÊ TraceableÊ digital thermometer (Fisherbrand), and the 

measurements were performed under light magnetic stirring; the sample containers being 

isolated from the stirring plate by a piece of cardboard to prevent the temperature from 

increasing. 

4-2.2.3. Size Exclusion Chromatography measurements 

The principle and precautions for polyelectrolytes 

SEC separates compounds according to their size, from which Mw can be estimated. 

Hence, to determine reliable Mw distributions, the polymer chains should not interact with 
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(i) each other (i.e. the concentration must be low enough so that the solutions belong to 

the dilute regime, but high enough to be detected by the detector placed after the column), 

(ii) the eluent or (iii) the packing inside the column. Solutions should also be free from 

aggregates, though care must be exercised during filtration so that no significant amount 

of polymer is removed. As explained within Section 2-2.1, in the dilute regime, the size 

of polyelectrolyte chains in salt-free solutions changes with polyelectrolyte concentration. 

Indeed, as the polyelectrolyte concentration increases, the chains become less and less 

extended to minimise repulsive interactions between similarly charged chains. To 

measure reliable sizes, salt must be added so that the charges alongside the chains are 

screened. Finally, according to Hoogendam et al.,107 preparing Na CMC solutions in 

water first, and diluting them afterwards with a salt solution at appropriate salt 

concentration, minimises aggregate formation.  

The size exclusion chromatograph used for these experiments was only available for a 

limited period of time and under restricted use. Hence, whenever possible, preliminary 

LS measurements were performed prior to SEC measurements to check the conditions 

required to collect reliable data were met (see discussion in the paragraph above). Table 

4-1 summarises these conditions and indicates how they were checked in the present 

study. It also provides more details on some unwanted phenomena that can occur during 

SEC measurements and lead to biased results. 

Table 4-1: Summary of the parameters of importance to collect reliable SEC data for 

polyelectrolyte systems and proposed experiments to ensure SEC data reliability. 

Parameters 
Proposed 

experiments 
Objectives/hypotheses Technique 

Eluent type 

Compare the 

chosen eluent with 

NaCl 

Results should be the same 

indicating polymer chain 

conformation is similar in both 

solvents 

LS 

Eluent 

concentration 

Try different salt 

concentrations 

Salt concentration needs to be high 

enough so that all the charges on 

the polymer chains are screened177 

LS 

Polymer 

concentration 

Try different 

polymer 

concentrations 

Polymer concentration needs to be: 

- Low enough so that the solution 

concentration belongs to the 

dilute regime of concentrations, 

meaning that the polymer chains 

LS 

SEC 
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do not interact with each other 

(otherwise, their hydrodynamic 

volume will be smaller and the 

ódomainsô usually observed for 

polyelectrolyte solutions could 

be present) 

- High enough so that the polymer 

chains can be detected 

- Not too high to avoid 

overloading effects, adsorption 

on the column packing (favoured 

at low salt concentrations due to 

possible electrostatic interactions 

and at high salt concentrations as 

hydrophobic interactions appear; 

hydrogen bonding can also 

occur), shear-scission of the 

polymer chains in the column 

(occurs especially at high flow 

rates and for high molecular 

weight polymers), viscosity 

fingering effect (when the 

viscosity of the injected sample 

is significantly higher than the 

one of the eluent, local 

viscosities are different; fractions 

of the samples are retained for 

longer periods of time in the 

column and appear smaller than 

they truly are)177,178 

Injection 

volume 

Try different 

injection volumes 

The elution volume should not vary 

with the volume of sample injected 

in the size exclusion chromatograph 

SEC 

Filtration 

Compare a non-

filtered sample 

with samples 

filtered through 

different pore-size 

membranes 

Filtration should remove both 

impurities and dust but not the 

polymer itself 

LS 




















































































































































