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Abstract

Abstract

Sodium Carboxymethyl Cellulose (NGMC) 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 ysda CMC structureproperty 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 safree semtdilute aqueoudla CMC solutions was investigated over

a wide range of concentrations using rheology as welligist Scattering (LS).The
concentration dependence of the solution specific viscosities could be describeahusing
approach which interpolatesetween two power law regimes and introduces one
characteristic crossover concentratidhis behaviour wamterpreted as a transition from

the semidilute nonentangled to the entangled concentration reginaesl wasnot
observed in the solution structy as determined usingdfic Light Scattering (SLS)
Dynamic Light Scattering (DLS)revealed three relaxation modes. The two faster
relaxations were assigned as the O6fastd
saltfree polyelectrolyte solutihs within the semidlilute 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 raduals, data collection and processingevadapted to account for this
which facilitated a detailed light scattering investigation of the original solutitmes
relaxation time of the slow mode demonstrated a similar crossover behaviour as observed

for the specific viscosity, further demonstrating tihessover dynamic nature.

Sonication led to a decreasetime solution sheathinning behaviouand viscosity The
relaxation time of theslow relaxation was also found to decreasmsistentwith the
preMously established correlation betwesolution viscosity and the slow relaxation
mode.SLS did not probe any change in the structure. Additional LS and Size Exclusion
Chromatography (SEC) suggested that tesno significantiNa CMC chain breakage

if any, and that the proportion of N&MC chains involved in the domains decreased.

Hencejt wasproposedhattheshearforces applied during sonicatigrerestrong enough



Abstract

to removesomeNaCMC chains from the domains, while the domain simained
constah Theselooserdomains wouldoe more deformable under flow, leading to the
observed decrease in the viscosity and stieaning behaviourA partial or full recovery

of the slow relaxation mode wassoobserved after a montlupporting the hypothesis
that domains could correspond to a metastable equilibrium, gdnleation had no effect
on the solutionsvith added saltsuggesting that electrostatic foraeaild beresponsible

for the cohesion of the domains.

Vi
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Sodium Carboxymethyl Cellulose (NGMC) is a linear semflexible negatively charge
polyelectrolye. It is made from cellulose, which is the most abundant biopolymer on
Earth? Because of its high availabiligs well as its thickening and swelling propetties
Na CMC is widely tsed innumerousndusties’= Application fields are shown iRigure

1-1 and include food, pharmaceutical, home and perstaral products, as well paper
industry, paint, water treatment and mineralgessing:® The NaCMC global market
represented 1.8illion USD in 2016 and is epected teexceed 1. Dillion USD by 2024/

Il Food and beverages

[ oil and gas

[ ]Paper and board
[ ] Cosmetic and pharmaceuticals

I Detergents

Il Faints and adhesives

I others

Figure 1-1: Global NaCMC market by application in 2016%). Data fom Grand View
Research.

The market of formulated producise(food & beverages, cosmetic & pharmaceuticals
and detergats) represents more than half of the globalO¥C market. Such products
contain alarge number of compoundas illustrated inTable 1-1. The nature of these
compounds is broad: solid particles.d. silica), polymers €.g. NaCMC), oils
(e.g.fragrance and flavouring oils), surfactants, salts or proteins are a few examples. As
seen inTablel-1, each of them fulfil a specific role in the formulated prodiibe active
ingredients allow the product to fulfil its purpose, while othgredientsare incorporated

to manage the product structure, tasfgpearancer shelflife. A general challenge in
formulating such complex systems is to understand the interactions between all the
components and their effects on #fécacyand the stability of the product over its full
shelflife.
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Tablel-1: Examples of compositions of formulated products.

Ingredient Purpos&!! Toothpast® | Handwashing | High-protein
typettl liquid® soy dessert$
(%) (%) (%)
Abrasives | Clean and polish{Xerogel silica n/a n/a
(14)
Binders Preventseparatior] Precipitated) NaCMC (0.05) NaCMC
(or thickeners] of ingredients, silica (8), (0.93)
control the NaCMC
rheological (0.3)
properties
Colouring Attractive Colour Fluorescent Colouring
agents appearance |solution (1.5) whitening agent (0.026)
(0.1)
Surfactants | Foaming ation, SLS (1.5) |Alkylbenzenesul
(or detergentg stabilisation of fonate (6.5),
or emulsifiery| emulsions and potassium soap
foams (1.5), nonionic
surfactants (2.5
Flavouring Pleasant taste | Flavour (1) Perfume (1) | Citrus flavour
fragrance | lingering aftertasty (0.026)
agents
Preservativeg Prevent growth o] Nabenzoate
bacteria and moul (0.2)
Sweeteners| Pleasant flavour 96% n/a Sucrose (4)
glycerine
(25), Na
saccharin
(0.2)
Humectants | Maintain moisture 70% sorbitol
and onsistency | solution
(46.02)
Fluoride sourc NaPOsF n/a n/a
(0.78)
Water n/a STP (30), Na n/a
softening silicate (2)
agents
Proteins n/a n/a SPI (68)
Water Water (24.12 Water (balance) Water (balance

SLS: SodiuntLauryl Sulfate; STP: Natriphosphate; SPI: Soy Protein Isotatéa: not appropriate
(i.e. not expectedo enterthe 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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NaCMC is oten used in formulated products to control their rheologicgperties For
example, in the case of toothpaste,MMC is responsible for toothpaste performances
including toothpaste stability in its container, dispensingnouth behaviour and rinsing

of the sink after us&Despite its broad use industry, NaCMC behaviouin solutionis

still relativelypoorly understood arid the subject of research from both fundamérifal

15 and applied perspectivési®!® The polyelectrolyte nature of NaMC is, in itself, a
reason for this poor understanding. Indeadny questions remain abdbe behaviour

of charged polymers in solutid®?® and especiallyn salt-free solutionssuch as the
origin of the slow relaxation mode observed with Light Scattering (LS) whose presence
is not predicted by the theofy>® Furthermore, because of IMC biological origin,
there is a broad diversity betwebatchesas well aswithin individual batctes. This
diversity can come from the typically high polydispersity of the chain length
distribution}3242%he crystallinity of the cellulose raw materf&f®2’and/orthe amount

and the distribution of the carboxymethyl groups along the ch&ffé®° These charged
carboxymethyl groups are key to the behaviour ofONAC in solution as they confer its
watersolubility to NaCMC. If there are not enough of these groups and/or if they are not
homogeneously distributed along BMC chains, N&CMC chairs or chain sectionasre

not fully solubilised in watef®282° Theseinter- and intrabatch variabilities make it

harder tanvestigate andinderstand thbehaviour of N&CMC in solution.

Light Scattering (LS) habeen widelyused to study other charged polyni&?é and/or
polysaccharide®® Static Light Scattering (SLS) allows to study the conformation and
the organisation ofie polymer chains in solution, while Dynamic Light Scattering (DLS)
studestheir dynamics®4° Such information, comhid with rheological investigations,
would allow establishing structupgoperties relationships, which could then be used to
understand the rheological behaviour of QMC formulations and help formulating
products Surprisingly to my knowledge, m extersive LS investigation of the behaviour
of NaCMC in solutionacross a wide range of concentratitias been performedhe
possible presence of poorly dissolved @M C fractiors which would scatter the light
strongly, thus adding another contribution to ehscattering and possibly hiding the
scattering contribution of the properly dissolved@®MC chains, as well as the typically
high viscosity of N&CMC solutbns as used in the industare two of the few obstacles

that need overcoming to investigate behaviour of N&CMC in solution with LS.



Chapter 1: Introduction

A decrease in NEMC solution viscosity has been observed over e and
attributed to the breakage of IKMC chainst Meanwhile, sonication has been widely
used to break polymer chaifi€**includingNa CMC chaing®>4¢ Studying the effect of
sonication on N&MC solution may thus provide some information about ageing
phenomena occurring in NeMC formulations, which would be of interest for industrial

applicdions as shelfife is a major concern for formulated products.

The aim of this thesis is to investigatguctureproperty relationships dlaCMC in
solutions with and without added salt using both rheology and light scatt@itieg.
objectives are:

1. To asess 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 NaCMC characteristics andinderstandhow they infuence its
behaviour in pure water and in presence of salt, especially in terms of rheological
and scattering behaviour.

3. To study the behaviour of NaMC in saltfree water using both rheology and
light scattering.

4. To investigate the influence of sonicatiam NaCMC formulated solution

structureproperty relationships.

To answer the first twobjectives, a literature review has been completed and its main
outcomes are presented in Chagterhen, rheological and light scattering methods have
been developednd subsequently used to study the behaviour offrealtNaCMC
solutions as reported in Chap&rThe developed methods have also been used to
investigate the influence of sonication on GIsIC formulated solutions, in combination
with Size Exclusion Gtomatography (SEC), and these investigations are detailed in
Chapterd.
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2-1. Outline

In this Chapter, the behaviour of polyelectrolytes in solution is reviewed Tins.
conformation and dynamics of polymer chains in soluteodeiscribedand it is shown
how rheology and light scattering typically help assessing them. Nae@MC and its
characteristics are introduced, befohe tmain outcomes of thaelready performed
scattering and rheological studiasout salfree NaCMC solutions argresented and
compared to the ones of polyelectrolytes. Finally, the influence ofCM@&
characteristics, salt addition and sonication orCN&C behaviour in solution as studied

by scatteringand rheologyrediscussed.

2-2. Polyelectrolytes

2-2.1. Polymers in good stvents: overall picture

In this Section, the behaviour of polyelectrolytes in pure water is described, as well as the
one of neutral polymers in good solver®slyelectrolytes are described here in absence
of added salt.

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

function of conentration

The conformation of the polymer chains in solution dependsotymer concentratian
Three different regimes can thus generally be observed. They are calliéa€iyegime,

(i) semidilute regimeand (iii) concentrated regime. The scaling model, established by
de Gennes in the 1970s, describes these three redoneseutral and charged
polymers*”#® |t consists in the definition of characteristic lengitales, 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 chai ns o3fasillustetedirgigure1bA. Thhib s 6 o0

lengthscale corresponds to the lengitale at which thexcluded volumenteractions
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equalksT (ks: Boltzman constanfl: temperature}® Below this lengthscale {.e. inside
the thermal blobs}Yhermal energy dominates over excluded volume intersctnd the
polymer chaindollow a random walk. Above this lengitale, however, the energy
related with excluded volume interactions is higher tkgh and the chains can be

described as a sequence of thermal blobs undergoingaveaingwalk.*®

Regardingpolyelectrolytes in the dilute regimene first neeslto understand howhe
counterions behaveéAn important lengtkscale in this regard is the-salled Bjerrum
length (Eq2-1),! lg, which corresponds tthe distance at which the electrostatic (or

Coulomb) energy afwo elementary chargesequals the thermal energyT.
a — (2-1)

where Uand (4 are the relative dielectric constant and fhermittivity of vacuum,
respectively. For example, water Bjerrum length equald7a 25°C%° According to
Manning counterion condensationeory, 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 interactitin®therwise,
counterions condense on the chains to lower the repulsion until the distance between
effective clarges equals the Bjerrum lengB?! and he chains can be divided into
el ectr ost aiameter3bls?d"b Godsequeritly, polymer chains can be
represented by chains of electrostatic blobdiameter: as depicted ifrigure2-1.B. On

scales larger thars, repulsve electrostatic interactions dominate: the chains of
electrostatic blobs form a stretched directed random walk chairthgy are stretched
along the chain axis while the statistics they follow into the twerothirections are
random walks}:>° Within an electrostatic blob, there is no electrostaticraatson: in

good solvents, the statistics of the chain foll@selfavoiding random walk>°

A Neutral polymer B Unscreened charged polymer
in a good solvent in a good solvent

R L=R

Figure2-1: Neutral @A) and unscreened chargd®) polymers indilute solutionsar: diameter of
the thermal blobg.: diameter of the electrostatic bldb; polymer chain lengthiR: endto-end
polymer chain distance
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One may wonder what happens to the counterions which are not condensed on polymer
chains. As forsmall electrolytes, chrged 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 interactiamgeadistances?

The distance at which the screening of the electrostatic interactonssas the Debye
screening lengtho®*>given by Eq2-2.2

i ™d B on J (2-2)
wherecs is the concentration of small ions aggtheir valenceAs illustrated inFigure

2-2, the Debye screening length can be viewed as a sphere ivhlegti radiusrp

containing the cloud counterians

As shown inFigure 2-2.A, when the counterion concentration is very low in dilute
solutions, the Debye screening lengths large compared with the distanbetveen the

chain centres of mad&:m2° Hence, as previously explained, the effective charges on
polyions interact with each other. When the polyelectrolyte corat@mirincreases, the
counterionconcentration increases too, leading to a decrease in the Debye screening
length which eventually equals the distance between the cRaingnote thatRcm
decreases too when the polyelectrolyte concentration incréa3és).concentration at
which the Debye screening lengihequals the distance between ch&asis referred

ascint. Below his concentration, chains interact strongly with each othercarl4 x

108 M was found for a 690,009/mol poly(styrene sulfonate) sample in wdteAs

shown inFigure2-2.B, whenrp < Rem, therewould be counterioifiree spacem solution,
leading to a large entropy penalty. Dobryeinal®’ thus proposed that, aboeg:, the
screening lengthscis the interchain distanc&:mas illustrated ifrigure2-2.C. It is worth

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

temperaturebelow thed temperature; which is the most common cdse.

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 o§imilar gructure andmolecular weightMy. As electrostatic repulsion
decreases when polyelectrolyte concentration increases, the size of the polyelectrolyte

chains decreases across the ditatgme.
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Figure 2-2: lllustration of the Debye screening length as a function of polyelectrolyte
concentratiort whenciy: < ¢*. Cint: concentration below which chains interact strongtypverlap
concentrationRem distance between chain mass centrgsscreening distece;3.: electrostatic
blob diameterA. ¢ < cnt < c*. B & C. cint < € < c*. B corresponds to the case where Debye
Hiickel theory is violated, while C is the alternative model proposed by Dol&tyalfy to solve
the violation. The grey areas represent the counterion cIbuBsT he reduction in polyion size
upon increasing polyelectrolyte concentration is not depicted in gueeri
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(i) Semidilute regime

As the polymer concentration increases, polymer chains, whether neutral or charged, start
to interpenetrate, which defines the beginning of the slotie regime. In the semi
dilute concentration regime, both neutral andrgbed polymer chains can be depicted by
chains of correlation blobs of diamesesis shown irFigure2-3. The correlation lengtk
represents the typical distance between two chains (also calladsinef As illugrated

in Figure 2-4, the characteristicconcentration at which the sewtiute regimestarts is
calledthe overlap concentration* and corresponds to the concentration at which the
distance between two polymerathsis on the order of their siz€he correlation volumes
defined by3a are spacdiling and are at overlap with each otf&rThe overlap
concentrdon also corresponds to the concentration at which the local polymer
concentration is identical to the one of the overall soluAacorrelation blobi(e. length

scales smaller thas) mainly containsmonomers from a single monomer ch&in.

A Neutral polymer B Unscreened charged polymer
in a good solvent in a good solvent

Figure 2-3: Neutral @A) and unscreenedharged B) polymers in semdilute solutions.
3: correlation lengthi(e. diameter of the correlation blobs3;: diameter of the thermal blpb
3. diameter of the electrostatic bloli adaptedby permission from Springer Natui@heology
Acta, Colby,*® Copyright © SpringefVerlag 2009.

For neutral polymerss sets the range of thexcluded volume interactions. On scales
larger thams; the excluded volume interactions are screenethéyneighbouring (and
overlapping) chains, and the chains of correlatiob®follow a random walk. On scales
betweers-and3sr, excluded volume interactions are significant, and the chains of thermal

blobs follow a seHavoiding random walk like in the dilute rege (see previous sub
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section). Likewise, o scales smaller thass, the chain conformation is identical to that

in the dilute regimé®

For chargd polymers3sets the range of the electrostatic interactf88%>30On scales
larger thars; electrostatic interactions are screened by the other polymer chains (and their
associateccounterions), and the polymer chainsh dae viewed as random walks of
correlation blobsWithin a correlation blobhe local conformation of the monomer chain

is a directed random walk of electrostatic blobs as in the dilute regimpréseeus sub
section).

Neutral polymer Unscreened charged polymer

Dilute

Overlap !
concentration
C*

Figure 2-4: lllustration of the overlap concentratia# for both neutral and charged polymers.
R: endto-end chain distance (yellow dashed circles)correlation length (blue circles:
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 polymeof identicalMw.

(iif) Concentrated regime

As the polymer concentration increases, the distance between the polymerichaes (
correlation length 3) decreases, while the smallest characteristic leschhes
(i.e.thermal bloksr or electrostatic blo 3. for neutral or charged polymers, respectively)

10
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does not change. Thus, there characteristiconcentratiort** where both lengtiscale

equal each other.€. 3= 37 or 3= 3 for neutral or barged polymers, respectively).

For neutral polymers abewc**, the correlation lengtls becomes smaller than the
diameter of the thermal blolss. Hence, the excluded volume interactions are screened
at all lengthscales and the polymer chains behave like ideal chains, thus following a
random walk®® It is worth noting that nofully flexible polymer chains would only

follow a random wallkat large lengttscales?®

For charged polymers abow#*, the correlation legth 3 becomes smaller than the
diameter of the electrostatic blobs The electrostatic interactions are screeaedll

lengthscalesand the polymer chains behave like neutral polymer cHams?

Although these three regimes can be identified by experiments, they are not enough for
explaining all the experimental outcomes. The ri&xttionthus provides the required

information to complete the picture.

2-2.1.2. Additional information to complete the picture

Experimens show that the sendilute regime may be divided into two sudgimes: the
nonentangled semlilute regime and the entangled satilute regime (although, this
may not be the case for all potgrs as the polymer chains need to be long enough to get
entargled®®). To uncerstand the distinction between these two regioesneed to look

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

When a segment of a polymer chamoves it drags the surrounding solvent molecules
and makes the otheegments of the polymer chain move in a similar %¥&y.This
phenomenon is called hydrodynamic coupling. Consequently, the motion of a polymer
chain can be seen as the motion of a single objestitated by the polymer chain and

the surrounding solvent molecul&s The radius of spherdaving the sameolumeas

this object is called hydrodynamic radi(see Eq2-19).>° The description of the polymer
chain motion in the dilute regimevhere hydrodynamic coupling is important, can be
well described using the smlled Zimm model. The time required for a chain to diffuse

a distance of order of its own size is called the Zimm relaxation#ifie

11
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Nonentangled semdlilute regime

As depicted irFigure2-5, according to Rose model, the chains of correlation blobs can
beviewed asbeads connected byrams2°49°1The beads only interact with each other
through the connecting springs while solvent molecules fréreliy through the chains

as the chains moveg. thereare no hydroggnamic interactioa 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 Romgelaxation timefr.*® Within a correlation blob,
polyelectrolyte chain conformatisdooklike the conformation in the dilute regime. At
this scale, the dynamics tife chains thus follow the dynamics of polymer chains in the

dilute regime(i.e. Zimm dynamics; see previous paragrafi®

Figure2-5: Spring and bead represetita of polyelectrolyte chains in the Rousse model. On the

left: a polyelectrolyte chain in the seqfilute regime3s: correlation lengthse: of the electrostatic

blobs On the right: spring{~ ) and bead®) representation of the same polyelectrolytewhai

N.B: the spring and bead model is also valid for neutral polymers he &bl ob represent a
such polymer chains is depictedrigure2-3.

Entangled serndlilute regime

Entanglements are the consequence eff#itt that polymer chains cannot cross each
other®® Another lengthscale haso be introduced to describe the polymer conformation:
the Edwards tube diameter which is directly related to the lengdicale between
entanglement&*7*Each polymer chain can be depictsa random walk bcorrelation
blobsdiffusing alongan effectivetube of diametea formed by the surrounding chains,
as illustrated irfFigure2-6. ais much larger than the correlation length

Regarding hydrodynamics, on lengtbales larger than the tube diamedgempolymer

chains reptate in tubes of diamedei he reptation relaxation timf, corresponds to the

12
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time needed by the polymer chains to go out of the tube they are initialigiroed in.
On lengthscales smaller thaa but larger than the correlation lengthpolymer chain
conformation and dynamics are similar to those of theemtangled semudlilute regime
(i.e.chains of correlation blobs following Rouse dynamics), whileeagth-scales lower
than the correlation lengtg polymer chain conformation and dynamics are similar to the

ones of the dilute regimeé. chains of electrostatic blobs following Zimm dynami)?

Figure2-6: Polyelectrolytechain conformation in a serdilute entangled solution: correlation
length; 3.: electrostatic blohsa: diameter of the Edwards tubd.B: To avoid overloading the
picture, the electraatic blobs are only represented for the chain whose Edwards tube is depicted.
Moreover, a schematshowing asimilar polymer chain conformation at lengtbales above;

and where the polymer chain conformation inside the correlation kilebbelow 3) would be
similar to the one depicted Figure2-3.A, would describe neutral polymer chain conformation

in a semidilute entangled solutio®dapted from Dobrynin and RubinstéfhCopyright © 2005
Elsevier Ltd, with permission from Elsevier.

2-2.2. Concentration-dependence of polymer solutiorviscosity and scaling laws

of neutral and charged polymers in good solvents

Both neutraland charged polymer conformations and dynamics in good solvents have

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

13
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to form entanglements, they are three to four concentration regimes and that each of them
can ke described using one or several characteristic lesugiles. DeGennes has
established scaling laws which quantitatively describe these concentration f&¢fmes
andthus allow their identificationThesescalinglaws consist of power law relationships
where one quantity changes as the power of anoitkery & , whereY could, for
example, be a rheological paramebecould bethe polymer concentratioands is the

power law exponent and hasdstinct value for each concentration regiraed ,Y)
variables® It is shown hereaftenow viscosity measurements can be used to determine
the concentration regime3he typical flow behaviour of polymer solutions is first

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

Figure 2-7.A shows the flow curvesf a 17% quaternized poly-vinyl pyridine) at
different concentrations ethylene glycol, which is a good solvent for the investigated
polymer At low sheasrates, the solution viscosity is sheate independentyhile it
decreases as the sheate increases at high sheates. Such a decrease in viscosity upon
an increase in sheaate is called shedhinning and is explained by the alignment of the
initially interpenetratear entanglecbolymer chains along éhdirection of flow?® This
behaviour can be described by the Carreau métRA(Eq. 2-3) defined as

—7 - (2-3)

where the zershear viscositylp describes the viscosity plateau at low shases, the
time constanticorresponds to the inverse of the sheae characterising the onset of the
shearthinning behaviour, r&d the exponent describes the behaviour of the viscosity as

a function of the sheaate in the sheahinning region.

As the polymer concentration increases, the solution viscosity increases. Though not
shown on the graph, the authors say that the siscof dilute solutions is sheaate
independent® Such a khaviour is called Newtonian behavidt.

It is worth notingthatsimilar behaviours are found for neutral polymiargood solvents,
apart from the fact that the onset of the shibaming region exhibits a different
behaviour®°®>°Indeed, the data displayed Figure 2-7.A correponding to a charged
polymer shows that the sheate from which the shedininning behaviour starts
increases as the polymer concentration incesds$&°while it is the opposite for a
neutral polymer®585° The shearate from which the shedhinning behaviour starts

corresponds to the reciprocal of the longest Rousse relaxation(jnuefined in

14
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Section2-2.1.1% (k has been shown to scalets ®8 x| andtx @ & for
neural and charged polymemespectively*® This is due to the fact that, abowt, for
the same increase in polymer concentratithe reduction in polymer chain size for

polyelectrolytes is muchore significanthan for neutral polymers.
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Figure2-7: Example of polymer flow behaviouA] and concentraticdependence of the specific
viscosity A5, for both neutral and chged polymers in good solvenB)( A. Flow curves of 17%
quaternized poly@inyl pyridine) solutions in ethylene glycol. Solution concentrations are
indicated on the righbtand side. Red lines represent fits to the Carreadem&rom Dou and
Colby° Copyright © 2006 Wity Periodicals, Inc, adapted by permission from John Wiley and
Sons, IncB. Specific viscosity/isp as a function of the monomer concentratipnBlack lines:

fits to power laws. Power law exponents are provided in blaxgonentsexpectedfor the
regimes at higher concentrations are provided into red brackets and blue crochets for the neutral
and the charged polymers, respectively. Blue: 55% quaternized paty{Dyridine) in ethylene
glycol; red: poly(2vinyl pyridine) in ethylene glycolAdapted bypermission from Springer
Nature,Rheology ActaColby?® Copyright © SpringeNerlag 2009Both quaternized polymers
presented in this Figure come from the poly{2yl pyridine) sample shown in B. Its
characterics are the followingMy, = 364,000g/mol; MW/M, = 1.06;degree of polymerisation

N: 3,230; supplier: Polymer Source.

From the shearate independent viscosity of dilute solutions or the -sbear viscosity
do of more concentrated solutions determined using the Carreau mod&-3Eghe
specific viscositysp (Eq. 2-4) can be calculateds?14154850
Tt Nt (2-4)
whered;s is thesolvent viscosityFigure2-7.B shows the concentration dependence of the
specific viscosity fora nonrquaternized (neutral) and a 55% quaternized (charged)
poly(2-vinyl pyridine) polymer in a good solverithe chaged polymer was derived from
the neutral polymer and thus has the same polymerisation degrélee(same number
of monomers per chaifi§. Hence, forproper comparison ofthe behaviour ofboth

polymers, the spefic viscositywasplotted as a function of the monomer concentration.
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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
Section2-2.1). At high concentrations, the behaviour of both polymer solutions is
identical. Indeed, charges are screenegalgelectrolyte chains and they behave like
neutral chaind>* As illustrated by the black lines, the data can be described by power
laws— X & where the exponertdepends on the concentration regifach of these
regions has a characteristic power law exponent (displayed above and below the data of
the charged and the neutral polymenesspectively), and corresponds to a different
concentration regimei,.e. (i) dilute, (i) semidilute nonrentangled (iii) semkdilute
entangled and (iv) entangled. The exponent values are also provibaiol&2-1.

Table2-1: Power law exponents*®613 predicted by the scaling laws for both neutral and charged
polymers in good solvents

Concentration regime 3(neutral 3(charged
Dilute 1 1
Semidilute norentangled 1.3 0.5
Semidilute 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+008& were found for
sodium poly(styrene sulfonate) and SMIC, respectively. Hypotheses to explain the
higher value obtained for NaMC included its polydispersity and its seflexible

nature! The scaling laws have indeed been digthéd for flexible polymers.

Figure2-7.B also shows that the overlap concentratibrcharacterising the transition

between the dilute regime € 1) andthe semidilute regime§ ( c har ge &0.p ol y mer )
and3 ( nra polymer)=1.3) is lower for neutral polymers than charged polymers, as

already mentioned whert was introduced in Sectidt2.1.1 c* is reached for a value

of the specific viscosity of 148 For two polymers of identical polymerisation degree, it

is found thatc*(neutral polymera  t*@harged polymer}® It is worth noting that the
concentratiordependence of the specific viscosiky of fully screened polyelectrolyte

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

intermediate behaviours are observed.

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

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
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 solatetisen
summarised. Finally, more detadse givenabout the slow taxation mode observed

with DLS and which ishot predicted by the theary

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

In LS experiments, a laser beam goes through a sampleighbhefl the laser is a plane

el ectromagnetic wave and induces an el ec
solution €.g.molecules, particles, aggregates) are subjected to this electric field, their
charges experience a force, are acceleratedseatter the light? The total scattered

electric field corresponds to the sum of the eledtelds coming from all the scatterers
illuminated by the laser beam. It thus depends on the relative arrangement of the scatterers
in the sample. The O6éobjectsd in the solu
driven fluctuations. The positiaf the scatterers thus changes over time. This also makes

the scaered electric field fluctuatever time®? Such fluctuations contain information

related to both solution structure and dynamics. The pr&setibn aims to show how

the information related to the electric field is obtained from the experiments.
Description of a Light Scattergn(LS) spectrometer

Figure2-8 shows a schematic alLS spectrometeilhe sample, contained in a glass vial,

is inseted in the measurement cellhe 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 ligtf
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Polariser
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Laser —>
| Incidentbeam

Y

Transmittedbeam

Computer

Figure2-8: Schematic of a LS spectrometer. Black elesidmtlong to the LS spectrometBhie
element: computerd : laser beam: -: signal;\/: sample;- -: glass index matching liquid;
: scattering angle.

The laser beam goes through the sample. A fraction of the laser beam is scattered by the
sample in all dections 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 angled reaches the photon detector. If a screen would be placed in front of tbe pho
detector, a speckle pattern would be seen (seddefl side ofFigure 2-9).53%4 As the
6object sb6 mov e speakle patieen weulld whange somé graviously dark
speckles would become bright while some previousighbrspeckles would become
dark%3%4Depending on the LS specineters,hie photon detector records the fluctuations
over time of the intensity aditherone speckl@r several speckle3he instrument used

for the experiments reported in Chapters 3 amecérds the intensity fluctuations of a
single specklas illustrated inFigure2-9. The curve of the intensity of the ligtit) over

time is commonly called count trace (rigtdnd side oFigure2-9).

I1(t)
A@®) & : M
time
Speckle pattern at time t Intensity of 1 speckle over time

Figure2-9: Example of a speckle pattern (Katind side) and timevolution of the intensity of
one speckle (righbtand sidedatacollected with the instrument uséal collect the LS data for
this thesi$. I(t): scattering intensitytdimet; 00 O'scattering intensity averaged over time.
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As seen fronFigure2-9, the count trace looks like a noisy sigf&indeed, as the motion

of the O6objectsd present in solution is
randomly over timeThis noisy signal can be analysed using two amtrest (i) looking

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

looking at the timeaverage intensity (Static Light Scattering)
Dynamic Light Scattering (DLS)

To be able tanalyse the data, a mathematicad fut i on c al | ecdrreldtiomt e n s
functiond needs to be computed. | tthe s a
fluctuations of the sign&f The intensity autaorrelation function is defined t5§g. 2-5:54

doo tO qQg O t Qo (2-5)

It can be approximated I§q. 2-6:5264

oo t0O Q4B 0 ot (2-6)
Figure2-10illustrates the way the intensity autorrelation function is computedlVvhen

t approaches (¥ = #6in Figure2-10), 00 and’G0 Tt are very close to each othé¢ney

are correlate® From a mathematical poiof-view, 600 '00 t Otends towards

600 *Whent is verylong compared to the characteristic time scale of the motions
(t=1t0 in Figure 2-10), 00 and 00 1 are uncorrelatetf and 600" t O

500 .64

I(t)
It+7) [~~~ ~~~~——----

It+7) | A
1(t)

tt+ t

Figure2-10: lllustration of the process used to compute the intensity@rtelation function.

t short ¢ = t): the values of(t) (pink) andl ( 6 @idhit blue)are very close to each other: they
are correlatedt long (¢ = t0): the values of(t) (pink) andl ( ) gtéenare very different from
each other: they are uncorrelated.
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Figure 2-11 shows diferent representations of the Intensity Ad@orrelation (IAC)
function. The IAC function has its maximum valug0d Ofor U= 0, anddecreases over
time towardsF0o O as shown irFigures2-11.A and B*2%*In the simplest cases.f).a
particle undergoing Brownian diffusion), the intensitycacorrelation function decays

in an exponential way. It is thus often represented on alsgngraphas illustrated in

Figure2-11.B.%
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Figure 2-11: IntensityAuto-Correlation(IAC) function decaying in an exponential way with a
relaxation timelk. A. Lin-lin representation of thEAC function. B. Semtlog representation of
the IAC function.C. Semilog representation of the normaliséC functiong®( UD. Typical

representation of the normalisg&C functiong®( @ ).

The time at which the decay occurs is the relaxation tigf@lt is the characteristic time
of the fluctuations of the signal. When th&C function exhibits several decays, the
characteristic times are called correlation times and ntt&d The intensity auto
correlation function is then normalised ¥l 2 (seeEq. 2-7).5%%4 It can bedemonstrated
that the normalisetAC functionsg®( Ugnges from a value aboveas illustrated in
Figure2-11.C. Figure2-11.D shows a more common way of representing the normalised
IAC, where 1 is subtracted from theepiously described normalised 1A82( U)

e (2-7)

It is now possible to access the field correlation funcf®Xi Wv)th the help of Siegert
equation (Eg2-8; valid if the scattered light follows a Gaussiastdbution and only
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comes from the sample), whelieis a coherence length and relates to the number of
speckles that are detecf&d* For instrumeng performing LSmeasurements over one
speckle i should be close to 1, whileis smaller than 1 for instruments performing LS
measurements across several speckles.

Mt p Q1 (2-8)

As previously mentioned, in the simplest cases, the decay is exponential. The field
correlation functiorg®( (@9n therefore be fitted k. 2-9.54

Tt Qf (2-9)
Eq.2-10 combinesEqs2-8 and 29. The parametdi can thus be easily determined from

the intercept of the cunde TQ° +  p  "Qt as shown irfFigure2-12.54
agQ t p aé,— (2-10)

0.00
-0.05 %%@99%

£.0.10 - *ol,.

)-1]

In[g®

-0.15

'0.20 T | T | T |
0 2 4 6
10% 7 (s)

Figure2-12: Determination of the instrumental parameieThe 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 caswhere theexperimental data

cannot be fitted by an exponential decayiasussed hereafter.

The IAC dataare sometimes fitted by a stretched exponential function2&d) as

illustrated inFigure2-13.A, b is the stretching paramet&
0t Q° (2-11)

These cases corresponds to cases where ithea a single relaxation timé but a

distribution of relaxation times. The lower the stretching expobettthie broader the
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distribution of relaxation tim® The average relaxation tin@Oof the distribution is
given by Eq2-121338|n the rest of the thesis, th®hotation will be omitted.

00 —o - (2-12)
where 0 is the gamma function.

ThelAC datacanexhibit several decayas shown in (seBigure2-13.B. In such a case,
the data are fitted by a sumiafxponential§Eq. 2-13) 54

Wt BoHQ T (2-13)
wherei corresponds to the number of relaxation modeandU; are the amplitude and
the correlation time of the modgrespectivelySuch cases correspond, for example, to
samples containing particles whose distribution sizeukimodal where would be the

number of populations in the sample.

The IAC datacan exhibit both trends. In such a case, they are fitted by a sum of stretched
exponentials (Ecg-14).54

Q t B&Q F (2-14)

whereb; is the stretching exponent associateth the moda.

10® 107 10 10° 10* 10° 102 107 10° 10® 107 10 10° 10* 10° 102 10* 10°
t t

Figure 2-13: Examples of different shapes of field correlation funatig’( UA. Examples
correlation functions described by stretched exponentials having different gbibesstretching
exponentb. The example withb=1 (black curve) corresponds to a single +stnetched
exponential.B. Example ofa field correlation fundbn described by a sum of two single
exponentials.

The field correlation function is then useddiotaininformation about the dynamicg

the studied solutigras shown in Sectia&+2.3.2for polyelectrolyte shtions.

It can be deduced from the explanations above thaturetion of the measurements has

to be long enough tobtainreliable data. Furthermore, thengerthe relaxation(or
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correlation)times, the longer the measurements should#&om a practical poirdf-

view, DLS measurements are very sensitive to dust and bubbles. As dust and bubbles
scatter a lot, the count trace exhibits high intensity peaks wheretiterythe scattering
volumeand the intecept of the intensity autcorrelation functions becomes very hfgh

Such data have to be discardids worth noting that these last statements are valid for

both SLS and DLS measurements.
Static Light $attering (SLS)

Contrary to DLS which considers the fluctuations of the scattering intensity over time,
SLS considers the timaveraged scattering intensity, as represented by the pink dashed
line on the righthand side oFigure2-9. This timeaveraged scattering intensity, provided

by the LS device as a count rate, is normalised according @& .

0 (2-15)

with Ihorm the normalksed scattering intensity ardithe scattering angl@heterms i n ( d)
corrects for the angular dependence of the scattering vollimenormalised intensity
lnorm iS thenused to calculate the excess Rayleigh rgi®(Eq.2-16),%° where the
scattering contribution of the solvent is subtracted from the one of the solution, and

normalised to the scattering of a reference sohegttpluene, benzene).

VY — i i — Y (2-16)

h

wherenc andnrer are the continuous phase refractive index and the toluene refractive index
respectively, an@Res is the Rayleigh ratio of the reference solvent at the lasetatinci
wavelengthe: The angulardependence of the excess Rayleigh rqtigan then be used

to determine the size and the shape of the scatterers in solution. Q€288
summarises the information that dasmobtained frongp Ro understand the behaviour of

polyelectrolytes in solution.

2-2.3.2. Dynamic Light Scattering (DL®)¥ polyelectrolyte solutions

For low polyelectrolyte concentrations in the dilute regime, polyelectrolyte chains
interact with one another thughout their counterion cloudasnd in absence of added salt,
chains are extended to minsaiintrachain repulsion between similarly charged chain
sectiongsee SectioR-2.1.1); thus occupying a mudarger vdume than a noxcharged

polymer chain of similar lengt?:
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DLS performed in such solutiopsobes a single relaxation moté®®'This is illustrated
by thefield correlationdata of the 0.08y.L"* quaternized poly(vinyl pyridine) solution
seen inFigure 2-14, showingfield correlationdatafor quaternized poly(vinyl pyridine)

solutions at different concentrations.

4 0.01g.L?t
10+ | 1gL2
O 5g.L1
O 100g.L?
08}
— 056¢
=
Hﬂr 0.4 s
g2}t
0.0

Figure 2-14: Field correlationdata collectecht 90° scattering angl®r saltfree solutions at
different concentrations of 65%uaternized poly(vinyl pyridine) in water. Polymer
characteristicsM, = 109,000g/mol; M./Mn = 1.04. Adapted fom Forsteret al*?> Copyright ©
1990 Elsevier Ltd, with permission from Elsevier.

The relaxation timeUof this single relaxation modis obtained by fitting thdield
correlation datdo Eq.2-11. b is typically found to be around 1; meaning thatZ=tP
can actually be used to determithe relaxation time of this mode®? The obtained
relaxation timefollows a g>-dependence, characterisfar diffusive behavioup?%6.67

g (Eg.2-17)is the scatterig vector defined as:
no— (2-17)
with athe laser excitation wavelengtithe refractive index, andithe scattering angle.

The diffusion coefficienD (Eq.2-18) associatedvith the relaxation timef is defined
as?’3'66'67

T Of (2-18)
D characterisesthe coupled diffusion between polyions and counteritrés’
Counterions form clouds around the polyions to screen the charges. e temall
size, theydiffuse quickly in solution, dragging the polyions with thé&?%6” At low
polyelectrolyte concentrationsD is independent of polyelectrolyte Mw and
concentratiorf? as seen irFigure 2-15.A for polyelectrolyte concentratns belowca.
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When salt is added, the charges on the polyions get screeneechiaimarepulsion
decreases and the polymer chains ¥dWoreover, the coupling between the less charged
polyions and the counterions thweakens, generally leading talacreasén D,32%7 as

shown inFigure 2-15.B for polyelectrolyte concentrations bel@ma Exceptions to this
behaviour have been reported for polyelectrolytes such as hyaluronan, whose diffusion
coefficient renains constant whesmall amounts of salt are addew explanation has

yet been found to explain this behavidur
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@ 2,260,000 g/mol; 100% A —-—-103g/LKBr O=—— 101 g/LKBr

Figure 2-15: Influence of polyelectrolyte concentration molecular weighil, and added salt
concentration on the diffusion coefficien® observed by DLS in quaternized poly(vinyl
pyridine) solutionsAdapted fran Forsteet al*? Copyright © 1990 Elsevier Ltd, withermission

from Elsevier.Coloured elements were added by the preaatitor tothe original FiguresA.
Influence of polyelectrolyte concentration and molecular weigi. My, values are given below

the graph together with thdegree ofquaternization(in %). Blue dashed linecrossover
concentratiorc, between the dilute regime and a transition regime marked with a green guestion
mark as ithas not been fully assigned yad could either correspond to the beginning of the
semidilute regime or the endf the dilute regime. Orange daskattdotted line: crossover
concentratiorc, between the transition regime and the satitiite regime. The notatiorts and

Cy» for both crossover concentrationsre added by the present author to facilitate discusBion.
Influence of salt and polyelectrolyte concentration®oithe blue vertical lines correspondcto

for each salt concentration. The polyelectrolyte used to collect this series of data has a molecular
weight of 200,000g/mol and a quataization degreef®8%.

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 chaaistinrs2

Their hydrodynamic radiuB4 can be determed using the StokeBinstein equatiot?®’

(Eq. 2-19) defined as:

A p— (2-19)
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wherek is the Boltzmann constant, is the temperature, ardgf the viscosity of the
continuous phase. As thalsconcentration increasds,becomes dependent 328

and when full screening is achieved, it follows Mnp9-dependenceg(= 0.50.6) like

neutral polymers?

When the polymer concentration reachesharacteristicvalug here calledca and
highlighted by thedashed blue line ifrigure 2-15.A, interchain interactions start to
becomestronger Counterions get closer to the polyions to screen charges and ssinimi
repulsive interactions. They also have less space tasdiffway from polyions. All these
phenomena inducan increasén coupled diffusion between polyions and counterions;
leading to an increase I (see upper curve iRigure2-15.A). The variation oD with
polyelectolyte concentration i#lw-independent?33%8Meanwhile, a second relaxation
mode is probed with DLSas seen from thield correlation datahown inFigure2-14

for polyelectrolyte concentrations ofdIL and above, as well as froRigure 2-15.A
where the lower curves correspond to the diffusion coefficient of this second mode
Becauseits relaxation time is about two orders ofagmitudelarger than the other
relaxation time this relaxation modés herec al | ed 6ésl ow r el axat.
previously discussed relaxation ms&dae nids

6 are used to differentiate t hem.

The elaxation times of both modes aobtained from fitting thdield correlation dat#&o

Eq. 2-14 with the number of exponential functionsqual to 2. The stretching exponent

br of the fast relaxation mode is typically found to be 1 as for the single relaxation mode
observed belove,, and is thus usually set to 1 for fitting. The stretching expomgsoft

the slow mode has been found to be 1sfgstemssuch assaltfree sodiunpoly(styrene
sulfonate}® and quaternized poly(vinyl pyridin®) solutions, as well as chitos&n
solutions with added salEor systens such asaltfree dextran solutions, as well as
Na CMC, hyaluronarand xanthan solutions in presence of a background electrbiyte
has been found to be around 0.7; its value decreasing as the scatterindg éorgle
scattering vectoq) increags*3"*8In such cases, the mean value of the distribution of

relaxation times is obtained using Egl2 as explained in Sectid?i2.3.1

This slow relaxation modes itypically attributed to the formation of polyion clusters
call ed 6domai ns o and i s not predicted
polyelectrolyte concentratisnpolyions are far from each other and each of them has its

own counterion cloud The formation and the existence of these domains isshject
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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 ©3d%The domains are thought

to be temporal?3°As seen irFigure2-15.A, Ds depends on the molecular weight of the
polyectrolyte: the higer My, the lowerDs.*23358Addition of salt delays the apprance

of the slow modes seen ifrigure 2-16 showing thefield correationdata obtained for
quaternized poljrinyl pyridine) solutions with and without added salt, as well as in
Figure 2-15.B. Indeed, more oppositely charged ions surround each p&lysonthat

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

other to form domains.

g (1) (t}

O Salt-free
0.2+ 9 0.001 M KBr
| 0.01 MKBr
+ 0.1 MKBr

-7 -6 -5 -4 -3 -2 -1
log t

Figure2-16: Field correlatiordata collected at 90° scattering angle for @Q3' 75% quaternized
poly(vinyl pyridine) solutions with and without added KBr. Polymer characteristics:
Mw = 780,000g/mol; Mw/M,, = 1.10.Adapted from Forsteat al,*2 Copyright © D90 Elsevier Ltd,
with permission from Elsevier.

When the polyelectrolyte concentration is further increased, the fast relaxation mode no
longer varies with the polyelectrolyte concentratfof®¢-*%and remain#l.-independent
(seeFigure 2-15.A).323368 As abovec,, the fast relaxation modis associatedvith
coupled diffusion between the counterions and the polyions or segofi¢héspolyions
for low and highM,, polyelectrolyte respectively?> Meanwhile, when the polyelectrolyte
concentration is increaselds keeps decreasift*%%%and isMyw-dependenfseeFigure
2-15.A).33 It is worth noting thatfor high Mw polyelectrolytes;jts dependence upon
polyelectrolyte concentration changes the sameconcentratiorasthe one wherds
plateaus?33%|t is not clear whether it is this crossover concentratnmtedc, herg or
the one associatenith the apgarancef the slow relaxatioomodepreviously noteds,
which corresponds to the beginning of the sdihite regime. Forsteget al3? assigned

the beginning bthe semidilute tocy, while Tanahatoe and K&l assignedt to c, after
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showing thatDs followed a c®’2depexdencebetweenc, and cp,, comparable to the
c®">dependence predicted by Odijkor the concentratiodependence of the
polyelectrolyte diffusion coefficient in the sewii | ut e regi me. Odij kos
however not predict the presence of a seaatakaton mode.It is worth noting that
Forsteret al3? questioned the appropriatenessaopower law to describe the behaviour
of Dy, highlighting that the increase ix betweenca andcy, resembles mora sigmoid
than a power law. Interestingly, the theory predicts that the overlap concentration
marking the tansition between the dilute and the selihite regimes (see Sectio2<.1
and2-2.2) is My-dependent while neither nor c, seems to b&lw-dependent-Hencec*
may even be different from botba and cv. It would be interesting to combine both
viscosity and LS measurements on such systems to detectnimigh the help of the
polyelectrolyte scaling laws (see Secti®@.2), and compare it wita andce.

When salt is addedcoupling is weakened anD: decrease®:*® while Ds remains
constart® or increase$>%? and may eventually disappeésee Figures2-15.B and
2.16).2332 For polyelectrolytes such as hyaluronay(= 8.5 x 16 1 2 x 10g/mol)2’
xanthan (4.2 x 1%0g/mol)?’ sodium poly(styrenesuffonate) Mw=7.8x 1 i 1.2 x

10° g/mol¥® and chitosan (1.9 x 2@/mol)® the slow relaxation mode does not
disappear, even when the amount of added salt is expected to screen all the charges.
Sed | §k @ationg3showesd that the slow relaxation mode is less likely to disappear
when both the polyelectrolyte concentration dgdare high.The disappearance of the
slow mode upon salt addition could be do¢he fact that adding salt brings the solution
back to the dilute regime. Indeed, as explained at the end of Se@i@nthe overlap
concentratiorc* is shifted towards higher polyelectrolyte concentratias the charges

on polyelectrolyte chains are screened by added Sattdarly, ca, which corresponds to

the appearance of the slow mode, is also shifted towards higher polyelectrolyte
concentrations upon salt addition (see previous discussiorrignce 2-15.B). If the
polyelectrolyte concentration is high enough so that the solution remiaivec, when

salt has been added, the slow mode should still be obséigedas seen iRigure2-17,

where the influence oMy on the polyelectrolyte concentration dependence of the
diffusion coefficients is shown for sodium poly(styrene sulfonate) solutions in a low
background electrolyte solutions; is Mw-dependent in presencé addedsalt, andis

lower for higherM, 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 hidl polyelectolytes than for lowMw

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 wsharfielreds of nanometets3’:%8

in which cases internal relaxation modes are probed too. More explanations are given in
Section2-2.3.4 which provides more details @it the characteristics of the slow

relaxationmode.
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Figure2-17: Influence of the polyelectrolyte concentration agon the diffusion coefficients
observed using DLSor poly(styrene sulfonate) solutioris 0.01M NaCl. Adapted with

permission from Tanahatoe and K#ilCopyright © 199 American Chemical Societyhe

crossover concentratian was added by the present author.

Another change in the concentratidapendence of the slow mode relaxation, yet
unexplained, has been observed for Wlpolyelectrolytes such as sodium poly(stye
sulfonatef® A low and highMy sodium poly(styrene sulfonate) sangéee compareth
Figures2-18 A and 2-18B, respectively. Té additional concentration crossover is
highlighted using anrgy dashedlotteddotted line and noted.
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Figure 2-18. Diffusion coefficients observed using DLS for both a 5,800801 (A) and a
1,200,000y/mol (B) sodium poly(styrene sulfonate) sample in-f&é waer. 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 auther to
original Figures The grey dashedotteddotted line represesithe third crossover concentration,
notedc., observed for hig, polyelectrolytesAdapted from from Sedlak and Anfiswith the
permission of AIP Publishing, Copyright © 1992 American Institute of Physics.

At even higher polyelectrolyte concentrations, the valu®may decreasas local

friction is high due to the high viscosity of the sabut{seeFigure2-15).3?

A third mode has been observed for some polyelectrolyte solutions. Its relaxation time is
either between the one of the fast and the slow nfSdésr longer than the slow
mode’?*Examples are given ifiable2-2, where the origins of the third mode suggested

by the authors of the studies are also provided.
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Table2-2: Exanples of polyelectrolyte systems whereg%r&laxation mode is observed.

¢ Suggested origil Polyelectrolyte systen Comment(s) Ref

Motion of the PDADMAC in
polyion chain agueou®r aqueous
U< @ <{ | segments which| alcoholicsolutions
are not in the with added NaCl or

69

domains NaSQy
The author says that h¢
does not have enough
e . information to
<G<U|n NaPSS in r . 70
U<U<U|nia aPSS in wate determine whether the
39 mode was real or
came from an artefact.
Caused by
G<G<U mtramolecm_JIar Quaternized P2VP. in -
hydrophobic KBr aqueous solution
regions
6Loose DNA in saltfree The 3% mode amplitude

U<y aggregates of | waterorin 1M NaCl | can represent up to 70y 72
DNA g ol agueous solutions of the total amplitude.

Only observed for a fey
solutions at low ionic
strengths. Measuremer| ,,
durations were not long
enough to investigate
this mode.

Na PSS in NaMNor
W<@ |n/a NaClaqueous
solutions

4 U and U: relaxation times of the fast, slow and™ 3mode, respectively.
PDADMAC: poly(diallyl-N,N-dimethylammonium chloride); RZ2: poly@-vinyl pyridine) ;
NaPSS: 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 diffostareen
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 ternegda second relaxation mode Wit slower
relaxation time appears while t#fusion coefficient associated with théher relaxabn

mode, referred as fast mode, increases as the hydrodynamic coupling between
counterions and polyions becossgronger. Above another characteristic anication

Ch, the fast relaxation mode coefficient remains constant while the slow relaxation mode
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keeps decreasing. A third crossover concentratiomhere the concentration dependence

of the slow relaxation mode changes, is observed for Kigtpolyelectrolytes only.
Though it has been suggested that eitiieor ¢, could correspond to the overlap
concentratiorc* predicted by the polyelectrolyte scaling laws, such an assignment has
not been confirmed. The physical meaningGilsohas yet to be undstiood. It is worth

noting that all these characteristic concentrations seem to be ¢fé¢lpaharacteristic for

the transition between the sediiute and the concentrated regimdéisus where the
polyelectrolyte scaling laws only predict two crossover eatrations. 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 (SL8§ polyelectrolytes solutions

As discussed in Secti®-2.3.2 just above, DLS allows the investigation of
polyelectrolyte solution dynamics. SLS measuremanéscomplementary and provide
information about the polyelectrolyte solution structure as well as abeunteractions
occurring between the scatterers present in such solutiegsre 2-19 shows the
concentratiordependence of the excess Rayleigh rapdras a function of the
polyelectrolyte concentration for tvetifferentMw sodium poly(styrene sulfonate) sample
in saltfree solution (se€igure2-19.A) as well as for a sodium poly(styrene sulfonate)
samplain 0.05M NaCl (sedrigure2-19.B). As seen irFigure2-19, the excess Rayleigh
ratio increases with polyelectrolyte concentration, gredtwotransition concentrations
Ca and ¢, determined with DLS measurements are obsetv&fewhile the transition
concentrationce observed in DLSfor high My polyelectrolytesis not observed®
suggesting thathis transitionconcentration is linked to changes in solution dynamics
rather than in solution structu®wing to the facts that this transitioncafi) corresponds

to a dynamical rather than a structural transition @ds only probed for highMy
polyelectrolytes | suggest that it could be related to the entanglement concentration

(see Sectio2-2.1where both the solution structure and dynamics are described).
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Figure 2-19: Excess Rayleigh ratigpRas a function of the polyelectrolyte concentration for
different My, sodium poly(styrene sulfonate) (W&6S) samples with and without added salt.
andB were replotted by the present author from Sedlak and Zraisgl Tanahatoe and Kiifl,
respectively. Numbers are exponeotgshe power law models describitige different regions.
The exponent values provided in A are the ones given by Sedlak anéf,Amtige the ones
provided in B were calculated by the present author. In A, regular red numbers correspond to the
5,000g/mol sample, whereas italic blue numbers correspond to the 1,2@@060sample.
Vertical linescorrespond to the same concentration transitions as the ones sHeégure®?-17
were more details are provided.is only shown in A for the 1,200,0@@mol sample because it
has not been observéat the 5,00@/mol sample shown in A and no information is available to
determine whether it would be observed for the G0gtmol sample shown in Bn A, the
meaning of the data gredilled data points having a symbol with a different shape is retated
Figure2-20 and explained in its caption. It is of no importance for the present Figure.

As seen irFigure2-19, the excess Rayleigh ratipRs only slightlyMw-dependent above

co where the exponent of the power law describing this region is aroti8 and
increases withM,.%% Sedlak and Amf say that such an exponent is expected for
scatterers which do not interact with each other. More®4e$, results suggest that, in
saltfree solutions above,, large domains arpresent in solutiorSgction2-2.3.2 and

are most likely to be responsible for most of the scattering (this is further discussed in
Section2-2.3.4dedicated to t slow mode). Therefore, Sedlak and A¥hi®nclude that

the domains can be viewed as soteracting scatterers. It may not be that
straightforward, though, as the linear concentration dependenap Fohas been
established for the polyelectrolyte concentration rather than the domain concentration
which is not knownAs seen irFigure2-19.B, the linear relationship betwegmRand the

polyelectrolyte is also Vi in presence of added salt.

In saltfree solutions, the excess Rayleigh ragti®ls moreMw-dependent betweern and
Co (compared to solutions containing added saeFigure2-19), where the power law
exponem describingp R= f(Cpolylectrolytd Varies from 0.26 to 0.57 for sodium poly(styrene
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sulfonate) withMy, varying from 5,00@/mol to 1,200,00@/mol. Sedlak and Amf8
suggestthat power law exponents significgntoelow 1 are characteristior strong
repulsive interactions between scatterers. However, as seen frbetdiverrelationrdata

in Figure2-14, as the polyelectrolyte concentration decreases, the amplitude of the slow
mode decreases and the one of the fast mode insrdase thus likely that, in this
concentration range, neither the sloglaxation 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 scattereréSection2-2.3.4 provides details about how to determine such
contributions) As shown inFigure2-19.B, the power law exponent found for this region

when salt is added to the solutigrsimilar to the ones found for sdilee solutions.

| have not found any study investigatimgRbelow ca for saltfree 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 onlyfaw scatterers in solution (see Sect®e®.1.]). These
scatterers are also expected to have an extended conformation (seeZ2dtitynand

would thus scatter lesthan coiled polymer chains. In presence of excess salt, polymer
chains are expected to behave like neutral polymer chains, as explained at the end of
Section2-2.2 In this dilute regime of concentratgrfor neutralor screenegolymer
chains,Eq.2-20 applies®’*

L')(:) P o 7 ,
Sv— Ggon 0 € (2-20)

whereK is an optical constant (see E{-3), cthe polymer concentratiogthe scattering
vector réated to the scattering angtethrough Eq2-17, P(q) the particle form factor
given approximated by 1 p -Y i é at qlatues Ry is the radius of
gyration of the polymer chains, a®d is the second virial coefficienEq.2-20 shows

that the scattering intensity is proportional to the polymer concentration. An exponent
of 1 would thus be expected for this concentration regirhe.value calculated from the
data published by Tanahatoe and Kuig slightly lower than 1. This could come from

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

the chainslt canalsobe deduced fronkq.2-20 that the scattering intensity increases
with M.
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The o?-dependence ofpR ( q = 0 ) débtaiRed for salfree sodium poly(styrene
sulfonate and quaternized poly(vinyl pyridine) solutiaith added KBishown inFigure
2-20 provides information about the solution structuneabsence of added salt,laiv
polyelectrolyte concentrations, the initial slope@R ( g = 0 )=/f(gB)Rs(nggptive and
a mnimum is observedas seenin Figure 2-20.A for the lowest polyelectrolyte
concentratiorf?>3® This behaviour is characteristifor systems where repulsive
interactions oaar between scatteréfs® and supports the previous descriptiorttedse
systens at these low concentrations. Whegbiyelectrolyte iNCreasesand is aroundcy,
@R ( g = 0 ) WecpRds gndependent frogf. Finally, at concentrationgabove cs,
@R ( q = 0 )varigsRitegrly withg?, andthe apparent radis of gyrationRy appcan be
calculated3*®® using Eq2-21.3334 The obtained sizes are mukirger than the ones

expected for single polymer chains and are attributed to the dofaiRs.

Yy . ,
c—ep -Yi 0 (2-21)
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Figure 2-20: o~ (or sirfd/2-) dependence of the scattering intensity of -Bak sodium
poly(styrene sulfonate) solution8) and quaternized poly(vinyl pyridine) solutions in KB)(

I(0) andl ( abryespond to the excess Rayleigh ratid a0 scattering angle ard] respectively.

A. Polyelectrolyte concentrations correspond to the green data poinsgume 2-19.A.
Mw(polyelectrolyte)= 1,200,000y/mol. Adapted from from Sedldk and Anfis,with the
permission of AIP Publishing, Copyright © 1992 American Institute of Physics.
B. Polyelectrolyte concentrain is 0.33y/L. PolyelectrolyteM,, Mw/M, and quaternization
degrees are 780,0@0mol, 1.10 and 75%espectivelyAdapted from Forstegt al*? Copyright

© 1990 Elsevier Ltd, with permission from Elsevier.
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The influence of the polyelectrolyte concentratiorRgappSseems to vary from one study
to anotherindeed, in saifree solutions, Sedlak and Arffishowed thaRg appincreases
With CpolyelectrolytefOr sodium poly(styrene sulfonate), while Ermi and Ath&howed that

it does not for polyd-methyl2-vinylpyridinium chloride) and suggested that the number
of polyelectrolyte chains the domainincreases witltpolyelectrolytewhile the domai size
remains constanRg appis found to beMu-independent for lowvly polyelectrolyte®® and
Mw-dependent for highlw polyelectrolytes?33Sedlak and AmfS investigations suggest
that the molecular weigtitom which Ry appbecomesviw-dependent is similar to the one
from which the transition at; is probed by DLSdqee Sectio2-2.3.2). They suggested
that polyions would belong to one domain only below the critéalwhile they would

belong to several domains above®it.

Upon salt addition, the excess Rayleigh ratio typically incréa&part for the lowM,,
sodium poly(stryrene sulfonate) samgle.(Mw = 5,000g/mol) studied by Sedl&k. As
shown inFigure2-20.B, theg?-dependence is modified. At lowoiyelectrolyiednd as the salt
concentration is increasedhe behaviour characteristifor repulgve interactions
disappears and is replaced by a lirgfaslependencéseeFigure2-20.B).%2 If enough salt

is added to screen all the charges, the vally g corresponds to the radius of gyration
of the screened polyioi$ E.g. Forsteret al3? showed that the value they calculated for
their fully screened quaternized polyylpyridine) sample matched the same
uncuaternized i(e. neutral) poly(2vinylpyridine) in tetrahydrofuran (THE}? At high
Cpolyelectrolyte the slope ofpR ( g = 0 )=/f(BRJeonepses upon salt addition, meaning
that the size of the domains, charasttibyRy app decreasetseeFigure2-20.B).32:58

In conclusion of thiSection, SLS measurements probe the same characteristic crossover
concentrations, andcy as DLS measurements, but not the third crossover concentration
Cc probed by DLS. This suggests thatis related to dynamat rather than structural
changes. As its only observed for higMw polyelectrolytes, which can get entangled
contrary to lowMy polyelectrolytes, it is suggested that this crossover concentition
correspond to the entanglement concentration Here too, rheology measurements

would help onfirming this suggested assignmentef

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 studieoth saltfree and
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background electrolyteotutions by varying the polyelectrolyte intrinsic properties
(€.9.M,,, 3233376668 degree of ionisatio®’>’®"}, the environmental conditions
(e.g.polyelectrolyte cacentratior??31:333437.66.68 qdition of salf?32:3436.76.78 p 13.76
solvent allowing better solvation of the pgtlectroyte backbon& ">, the solution
preparation process e @.filtration,’®"98 centrifugation’®%°8° dialysis’®’®"y, and
ageing’® They are reviewed in thiSection to proide a better picture of what the

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

For a polyelectrolyte concentration abawéi.e. well in the semidilute regime), Sedlak

and Amis$® have shown that the apparent radius of gyrafgapp of the domains
determined with SLS (see Sectia2.3.3 for saltfree poly(styene sulfonate) solutions

is notMw-dependent below a value of about 70,0000l and increases slightly wiw

above this value as seen kigure 2-21, where Sedl 8k and Amis
together with the ata reported for other polymers in the literature in presence or in
absence of added salt. The three other data sets shdwy thétlomains)ncreases with
Mw.323788]t is worth noting that all thély investigded inthe other studies were above

the critical value of 70,009/mol found by Sedlak and Amis.

O NaPSS; salt-free
O Quaternized PVP; salt-free
1000 5 A HA; 0.1M NaCl
] @ NaPSS;0.01 M NaCl
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Figure 2-21: Influence of polyelectrolytdl,, on the apparent radius of gyration of the domains

Ry.app Empty black circles: sodium poly(styrene sulfonate) @RBS); Cpolyelectrolyte= 45.60/L;

black dashed lines are from the original Figure; from Sedlak and &risipty red squares:
quaternized poly(vinyl pyridineXPVP), Cpoyelectrolyte= 100g/L; quaternization degrees (for
increasing values d¥l,): 65%, 75% and 100%; from Forsttral®? Blue triangles: hyaluronan

(HA); Cpoiyelectroytenknown; from Esquenet and BuhRr.Full black circles: N#SS;
Cpolyelectrolyte= 16 g/L; from Tanahatoe and Kuit. Vertical grey dashed line: crossovit,
determined by Sedlak and AntiSR; appVvalues were calculated from the scattering intensity from
the solutions for all da t¥awhosxadulatedy.p\@lugsfrdmor Es
the contribution of the slowelaxationmode only as explained in the main text.
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The values oRy app Were calculated from the total scatteringensity for all data sets
apart from the one of Esquenet and Buliletho calculatedRy,appfrom the contribution

of the slow réaxation mode to the total scattering intensity. Indeed, when fittinfietice
correlation datéo Eqs.2-13 or 214, the relative amplitudes of both the fast and the slow
modes As andAs respectively, are obtained and can be used to calculate thébabatri

of each relaxation mode to the total scattering of the soldéfined ag>3""0

VYq =22y (2-22)

B%p(“)b

whereN the number of relaxation modes in tiedd correlationdata,Ai and A; arethe
relative amplituds of the modsi andj obtained from Eq2-13 or 214, andp Ris the
contribution of the modeto thetotal excess Rayleigh ratop RAt high polyelectrolyte
concentrations, the domains are mainly responsible for the scattering of the
polyelectrolyte solutions a&/As >> 13337:85Hence, the contribution of tifast mode to

the total excess Rayleigh ratipRis negligible, and the error dRy,apddomains)when
calculated fromp Rrather tharmp Ris small. When the polyelectrolyte concentration is
smaller, the error oRy,apfdomains)oecomes largeisee further edence for this in the
up-comingSection about the influence of the polyelectrolyte concentration afidjume

2-23). The fact that the values Bf ap{domains)provided by Tanahatoe and Kifiare

larger than the ones obtained by Sedlak and ZEnuisuld, 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 polyetdygte at which Tanahatoe and
Kuil %8 measuredry apfdomains)(i.e. 16 g/L) was belav ¢, as seen fronfrigure2-17. In

such a case, the size of the domagadculated from the total scattering intensity of the

solutions, had®een overestimated.

Using optical microscopy, Tanahatoe and Robserved the presence of some structures

in their sodium poly(styrene sulfonate) solutions. Themeter of these structures was
about twice the value oRgapddomains)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 beenipusly mentioned (see Secti@?.3.2
that theg-dependence of the slow relaxation mode is not alwaysdeed, for sodium
poly(styrene sulfonatef, hyaluronar®’ xanthar®’ dextrarf® and NaCMC® solutions,

either salifree or with added salt, deviations from this behaviour have been observed.
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They are reported ifable 2-3. Such deviations are attributed to the large size of the
domains. Indeed, wheg.Ry(scatterersp 1, internal relaxation modes.d. relaxation
modes corresponding to dynamics inside the scatteasslso probetf’ It is worth
noting that ay>-dependence of the relaxation time of the slow mode was observed for the
lower My, hyaluronan samples investigat€dsuggesting that deviations from purely
g*-dependence is more likely to happen for higli@polyelectrolytes. This is consistent
with the larger size of the domains reported for higiierpolyelectrolytegsee above
discussion ané&igure2-21).

Table 2-3;: Examples of polyelectrolyte systems where the slow relaxation mode is not
g’-dependent.

g-dependence System Mw(polydectrolyte)(g/mol) Ref

Dextran in 0.3M

@r~g?d CH3COOH and various 194,000 + 500 35
amounts of CHCOONa

Wl~qd Hyaluronan in 0.M NaCl 2,000,000 37

W~qd Xanthan in 0.M NaCl 4,200,000 87

. NaCMC in .0.1M

1_43 13
md I NaciHC 90,000

It is not clear whether this
Saltfree sodium applies to all the investigatédy | 5,
poly(styrene sulfonate) | in the article. It applies at least
for the 1,200,00@/mol sample.

Ut =ac + b

At a given polyelectrolyte concentrati@anound or abovey, the diffusion coefficient of
the slow modéDs has been found to decrease With*>®®as illustrated in Figurez-15
and 222 for saltfree poly(styrene sulfonate) solutioM8hen My increases, the decrease

in Ds as the polyelectrolyte concentration increases is strqegeFigure2-32).3°
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Figure2-22: Influence ofM,, on the concentration dependence of the slow relaxation mode of the
diffusion coefficient Ds. The inwestigated polyelectrolyte systems are -falé sodium
poly(styrene sulfonate) solution&dapted from Sedlak and Amidwith the permission of AIP
Publishing, Copyright ©992 American Institute of Physics.

Polyelectrolyte degree of ionisation

The ionisation degree has been varied using different methods: (i) addition of NaOH or
HCI for polyelectrolytesvhosecharges are born by acid or basic grot#gé(ii) control
of the degree of quaternization when neutral poly(vinyl pyridine) is quaterftizeu
(iif) synthesis of new polymers that can be triggered to switch from their neutral to their

charged formg’ This list does not pretend to be exhaustive.

When polymer chains are ionisgthe following changes are observedh iacreasein
Di’®"7 (or adecrease ind®) as thecoupled diffusion between countens and polyions
appears and becomstrongerwhenpolymer chains get chargésee SectioR-2.3.2, a
decrease iDsas the slow mode appedPs’anda decreasim the total scattering intensity

of the solutiong376.77

SedlaK® observed that the formation of the domains upon addition of NaOH in
poly(acrylic acid) solutions was natstantaneous. Indeed, bdth and o Rincreased
immediately after the alition of each NaOH drop, while the domains could only be
observd after 72h when some small domains wateeadypresent in the initial solution,
and after several months whthe initial solution was domaifiee Sedlak® suggested
that some critical conditiorghould be mefior the formation of thelomains to start such

as achieving a certain arrangement of polyelectrolyte chains. Owing tabtigt
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appearance of the domains in solution, Sé@i@ncluded thaheys houl d be due
associates of macroions©o, b yange popcensratiani o n
fluctuations in solutiopas 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%.r At low ionisation degrees, only one relaxation mode is observed. At higher
ionisation degrees, the fast and slow relaxation modes typically repéoted
polyelectrolytes are observedt high enough ionisation degrees to observe both
relaxation modes, but low enough ionisation degrees so that there are at abioh2
atoms between two carbon atoms bearing a charged group, a third relaxatiowamnode
observed for quaternized poly¢ghyl pyridine) in KBr aqueous solutiori$ The
relaxation of this thirdelaxation 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, chia segment$! At higher ionisation degrees, the third relaxation mode
disappears and only the fast and giow modes are observed.

Polyelectrolyte concentration

The influence of polyelectrolyte concentration the outcomes of LS measurements is
discussed in Sectior’s2.3.2and 2-2.3.3 where it is shown thaesults depend on the
studies. Indeed, upon increasing theyptdctrolyte concentratioryy,apddomains)has

either been found to remain constant for quaternized paly(piyridine) in DO and
chitosan in 0. CHsCOOH + 0.08M CHsCOONa®® or to increase for sodium
poly(styrene sulfonate) in 402 and in 0.0IM NaCl %8 In the sudy about quaternized
poly(vinyl pyridine) in DO, 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 chitosanthe authors provided a relationsl{lpqg. 2-23) linking the real radius of

gyrationRy rea(domains)of the domains to the apparent dRgpddomains)®

o T Mg a0k i §
Yi Q& 4 OQE (— i Theaonti A (2-23)

ne P Ochore awitia vt i

where Az is the second virial coeffiord. For the apparent radius of gyration of the
domains to be equal to the real oep) &) should be significantly

smaller than 1. As they had previously determined Batvas not negligible, they
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concluded that dpite Ryapddomains) being constant when the polyelectrolyte

concentration increases, the size of the domains actually increases.

Moreover, as mentioned in the abdextion about the influence of polyelectrolyig,

care must to be exercised when calctiflg Rgapddomains)from the total excess
scattering of the solutiogp RIndeed, the relative amplitudes of the fast and the slow mode
vary with the polyelectrolyte concentrati@s already seen from tfield correlationdata

in Figure2-14, as well as from the ratio of both ampties shown ifrigure2-23.A for
dextran solutions with added salfsist above,, the amplitude of the fast mode is not
negligible, so thaboth relaxation modes contributethe total excess Rayleigh ratma
similar extent as illustrated irFigure 2-23.B. Hence, at these polyelectrolyte
concentrationsRg apddomains)calculated from the total excess Rayleigh rgtiBvould

be overestimatedand should be calculated from the contribution of the slow relaxation

mode to the total excess Rayleigh rap&using Eq2-22 instead.
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Figure 2-23. Polyelectrolyteconcentratio dependence of the ratiBsow/Anst between the
amplitudes of the slow and the fast mode at zero scattering vAgtand of contributions of the

whole solution, the fast relaxation mode and the slow relaxation mode to the excess Rayleigh ratio
at zeroscattering vectofB). The studied system is dextran in M3CH;COOH + 0.05V
CHsCOONa. The concentration*, defined as the overlap concentration by the authors,
corresponds to the previously defined concentratignwhich has been defined as the
conceftration from which the slow relaxation mode is obsergedvas added to the Figutsy

the presentwuthoras well asc* in A. Adaptedwith permission from Buhler and Rinauéf,
Copyright © 1997 American Chemical Society.

Salt addition

The influence of salt addition has already been lengthily discussed in the previous sections
about DLS an@LS (see Section-2.3.2and2-2.3.3 respectively. Additional elements

are added here to complete the pictures.
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Sedlak? performed arextensive combined DLS and SLS study about the influence of
salt addition on sodium poly(styrene sulfonate) solutibiggire2-24 shows some of his
findings for both a low and a higilw sample As seen fronfigures 2-24.A and Band
explained in SectioB-2.3.2 the decrease in the fast mode coeffici®atupon salt
additioncan be attributetb theweakening of the coupled diffusion between counterions
and polyions as @rges on polyions get screened by the added electrolyteCiodees

not vary upon salt addition for the ldviky sample while it increases slightly for the high
My sample. SedI&R suggested that this elol be due to the presence of entanglements in
the highMy solution as thévly of the polymer is high enough for entanglements to be
present (if the polymer concentration is high enough, of colgsasidering the relative
amplitudes of the fast and th@al modes obtained from fitting tle®rrelationdata and

the excess Rayleigh ratip Pof the solutions (the ratio of the both relative amplitudes and
o Rare plotted in Figure®-24.C and ), Sedlak® calculated their contribution to the
excess Rayleigh ratio using E322 as describeth the previous &ction about the
influence of polyelectrolyt®lw. These contributions atesplayedn Figures2-24.E and

F.

For the lowM, sample, when the added salt concentration is abo¥®11@p Rdecreases

upon salt addition, and eventually disepgs. Indeed, belo®0 M, the amount of added

ions would be too small to have an influence on the solution behaviour. The decrease in
o Ris, according to Sedl&k the proof that the slow mode disappe upon salt addition

and that electrostatic interactions are responsible for the existence of the domains. This
was confirmed by the calculation &g apd{domains)from R which was found to
decrease upon salt addition. Such a result was also foungbolg(diallyl-N,N-
dimethylammonium chloride) in presence of N&Qt.is worth noting that, here too, it is
importanttousepRr at her t h a nRygRomainskasthe raiiorofahe eelative
amplitudes of both relaxation modes changes upon salt addition (see Ri@dr€sand

D), and the contribution of the fast mode to the excess Rayleigh ratio becomes significant.

The increase igp Rfor the highMw sample is explained by the competing effects of the
disappearance of the domains leading to a decreap&iand the greater flexibility of

the chains ade charges are getting screenghich allows them to get moreailed and

to scatter moréWhen the added salt concentration is low, it seems that the second effect
is stronger than the first one. As discussed in Se@tdi3.2 there are cases where the

slow relaxation mode does not disappear. The increagpdrinthough 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.
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Figure 2-24: Influence of salt addition on the behaviour proheith both DLS and SLS
measurements. Grey elements were added by the present author to harmonise notations with the
ones adopted in the present the8isows as well a®; andDs notations were also added by the
present authorcs: NaCl concentratiorf, and s refer to the fast and the slow mode, respectively;
NaPSS: sodium poly(styrene sulfonatéa PSS concentration wayiL for both polymersData

were collected at 90° scattering andlbe graphs on the left have been replotted using data from
Sedlakz® while those on the right have beetapted from 8dlak?® with the permission of AIP
Publishing, Copyright © 1996 American Institute of Physics.

Niering and Nordmeié® compared the influence of the addition of a monovalent salt
(Na'; CI) to the one of a divalent salt (2 &%) on solutions of positively cihged
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. Theynexpthis

by the fact that the diffusion coefficient of $Owhich islarger than Cl is smaller than

the one of C| hence the coupled diffusion mechanism would be slower when the divalent
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salt would be adde¥.This observed difference could also come from the fact that the
effective charge of the polyions is lower in presence ofSsdmpared to C| which
would also weaken the coupled diffusion mechanism as th®ps would be effectively
less charged in presence of 8® As it has been previously shown that electrostatic
interactions control the formation of the domainslyjms which are less charged in

presence of S&& would thus form smaller domains than in presence of Cl

Interestingly, whenNierling and NordmeiéP repeated the espiments in a 25%
methanol/75% water solvent, they found tinat domains werarger in presence of S®
compared to CJ] and explained this by the ability of $Oto form bridges between
polyions because of its divalent nature. 25% methanol/75% veatepoor solvent for

the investigated polyelectrolyf& Polyiorns would thus be closer to each othiean in a

good solvent so that the chains would be close enougkthéosuggesting 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 HCI additione i CH:COO groups born by

Na CMC chains would adopt their acid foif®tH:COOH which is no longer chargdd.

other words, for such polyelectrolytes, a change in pH leads to a change in their ionisation
degree:®’® The effect of changes in the Igelectrolyte ionisation degrekave been
described in the correspondirBgction above. For some polymers such asCNEC,

whose solubility in water is due to the presence of its charged groups, the polymer is no
longer soluke in the solvent when too many of the charges are neutralised (see discussion
about NaCMC substitution in Sectio®-3.1).13298283 |n the case of NEMC, the
behaviar of HCMC then resembles the one of cellulose in water, which is in a swollen

state rather than a dissolved /&t
Solvation of the polyelectrolyte backbone

As mentionedor NaCMC in the previousSection abouthe influence of the pldn the
behaviour of polyelectrolytes in solution, the backbone of most polyelectrolytes is poorly
or nonsoluble in water, and it is the presence of charges on the polymer chains theat make
them solubilise in watei®8284 |t has thus been suggested that the slow relaxation mode
could come from the poor solubility of polyelectrolyte backbdfid® investigate this
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matter, Sehgal and Seétgtudied the behaviour of sodium poly(styrene sulforiatisi}
methylformamide, while Ermi and AnffS studied the behaviour two quaternized
poly(vinyl pyridine) polymers in ethylene glycol. In both cashs,selectedolvent was

a good solvent for bothhe neutral polymeri.e. the backbone) and the charged
polyme.’®84 The results obtained from LS measurements were identical to the ones
typically obtained for polyelectrolysein water: (i) two diffusive relaxation modes were
observed, and (ii) the slow relaxation mode faded upon salt adtifibmterestingly,

the results obtained by Ermi and Affishowed that the neutral poly(vinyl pyridine) also
exhibited two relaxation moden ethylene glycol, suggesting that the slow relaxation

mode, often defined as a polyelectrolyte specifickynore common.

Toppet ald "4 study of the influence of the ionisation degree of quaternized poly(vinyl
pyridine) in KBr solutions, already mentioned in the ab&extion 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
degreea third relaxation mode was also observed and attributed to the hydrophobicity of
the polymer chain backbone.

Filtration

Filtration is widely usegbrior to LS measurement® remove dust diarge particles, as

they scatter significantly and bring an adshal contribution to the scattering of the
investigated sample8.For polyelectolytes, 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.

Ghoshet al’”® used a wide range of filters with different membranes and pore sizes
ranging from 0.2 m t o& nO . pbifelectrolyte 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 solutdt is worth noting that it could be that the domains have
not disappeared but that their size is too small to be probed &y LS.

Sedak® 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
poly(styrene sulfonate) solutionsigure 2-25.A shows that theliffusion coefficient of

46



Chapter 2: Literature review

the slow mode increases upon filtratiigure2-25.B shows that filtration usually leads

to a lower value and a less pronounced angular dependeqeR aluggesting that the

size of the domains decreases upon filtration. This is confirmed by the decrease in the
values ofRyapddomains) The 0.8 m por e si z e fsithe tevenrse trermwe v e
It is thought that the size of tlle8-¢ npores is just about right to allow the domains to

coalesce during filtratiorMeanwhile,qp Rwas not modified upon filtration.

o Rof thesample filtered through the Gelm por e si ze filteh was
after filtration. It was observed thgiRincreased over time, but the angudi@pendence
remained the same as the one observed just after filtration; suggesting that théhsize
domains remained constant after filtration. It was thrgpo®d that thedomains had

been loosened by filtration and they would become denser afterwards as the number of

polyions they contain would increa&e.
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Figure2-25: Influence of filtration on the slow relaxation mode.Influence of filtration on the
slow mode diffusion coefficient. The investigatgmblymer was a 5,00@/mol sodium
poly(styrene sulfonal). Adapted with penission from Sedlak Copyright © 1993 American
Chemical SocietyB. Influence of filtration on the contribution of the slow mode to the excess
Rayleighratioand its angular depeadce. The investigateshmplewas a 710,00§/mol sodium
poly(styrene sulfonatejolution at 5g/L. The nonfiltered solution was centrifuged to remove
dust and possible impuritieddapted from SedIa®, with the permission of AIP Plibhing,
Copyright © 1992 American Institute of Physics.

To determine whether the filtration process is based onesidesion {.e. domains
retained by the membrane filter because of their size being larger than the pores) or
strengthexclusion (.e. domains not strong enough tesist filtration and getting broken
during the process), both resulting in the disappearance of the larger ddBeaiak’
compared the behaviour of solutions filtergeleral times through the same filter

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 strengtiosion.
Indeed, if it had been sizxclusion, the reised filter would have become clogged and
the size of the domains would have been smaller at the end of the successive diltration
than when new filters are used. The proposed mechanism is that thenéftéarane is
getting wetter and wetter when-used so that the forces applied on the domains are
becoming weaker and the domains have a larger size at the end than when newfilters
used as theglways apply the same and stronger force on the dorffains.

Relatively concentrated solutions of hilgky polyelectrolytes have proved to be difficult

to filter because of the high viscosity of the solutions. Larger pore sizes were thus used
suchas12 m a-a dh Psixe fiters for hyaluronan and xanthan solutidhsr; even

5-em pore size filters for dextran solutioffd=or hyaluronan and xanthan solutions, the

authors said that no ageing effect was observed after filtrHtion.
Centrifugation

Centrifugation is another technique that allows removal of dust and impurities. Under
mild conditions (.e. relatively low centrifugal forces, low acceleration and deceleration
rates short durations centrifugation has baeshown tchelp preparingolutions that are
suitable for LS without modifying them, as showrFigure2-26, where contribution of

the slow relaxation mode to the excess Rayleigh ratio was measured after arminfug

at different centrifugation speedsr saltfree poly(styrene sulfonate solutiorf8)
SedlakC said that stronger centrifugation conditions significantly affected the slow mode
relaxation. Such a behaviour svalso found by Nierling and Nordmef@whofound that

the slow relaxation mode temporarily disappeared from their solution of poly(di&iNyl
dimethylammonium chlode) in a 25%n-propanol/75% water solvent. The recovery of
the slow relaxation mode was noticeable aftetays but took about 2days to be
completed?® Cao and Zharj 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. Hencesthegratluded

that centrifugal forces could srongenough toovercome the interactions responsible

for the cohesion of the domaiffs.
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Figure2-26: Influence of centfugation on the slow relaxation modgentrifugation duration and
speed are indicated in the legend directly in the Figure.investigated sample is a 50,@thol
sodium poly(styrene sulfonate) solution aj/b. Adapted from SedIa¥, with the permission of
AIP Publishing, Copyright © 1992 American Institute of Physics.

Dialysis

Dialyses of either saftee polyelectrolyte solutions against salt solutions or
polyelectrolyte solutions in presence of salts against water were perftrnmegstigate

the appearance and the disappearance of the slow relaxation’3ffodét has been
reported that the slow relaxation mode disappgdrom saltfree polyelectrolyte
solutions dialysed against sablutions and reappeared when the obtained solutieres w
dialysed against pure wat€r’®’® as illustrated inFigure 2-27.A, which shows the
evolution of the slow moddiffusion coefficient across successive dialysysles for
poly(styrene sulfonate) solutioni early studiesuch as the one Ghosh al,’® these
experimentgllowed checking that the slow relaxation mode was real and was not coming

from impurities present in the initial solutions.
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Figure 2-27: Influence dialysis on polyelectrolyte solutions. Evolution of the slow mode
diffusion coefficient over time under successive dialysis cydles.sample was a 70,0g0mol
fluoresceinamindabelled sodium poly(styrene sulfonate) at IntgymL. Reprinted with
permission fom Conget al,”® Copyright © 2006 Ararican Chemical Societfa. 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 preparedfreadt solution. Studied
samples were 50,0@@mol sodium poly(styrenesulfonate) solution at §/L. Adapted from
Sedlak’® with the permission of AIP Publishing, Copyright © 2002 American Institute of Physics.

As seerin Figure2-27.B, SedIaK® showed that the recovery of the slow relaxation mode
after dialysis m& require longperiods of time to be compleie poly(styrene sulfonate)
solutions Indeed, the slow mode contribution to the excess Rayleigh ratio afes6f
dialysis needed5 days tareachthe same level abe one observed fardirectly prepared

saltfree solution.
Ageing

Some ageing effects have already been reported in the three previous sections such as the
possible reapgaranceof the slow relaxation mode or its strengthening after filtratfon,
centrifugatiof® or salt removal using dialysi§. Time-scales depend on the studied
systems. Some studies have explicitly reported the absence of Zg¥ifftdtdowever,

S e d | "Snkedtigations of polyelectrolyte solutiageingshowed that ageing may only

be detectablasing LS after tens of dayBigure2-26 shows the time evolution gb Rfor

a saltfree sodium poly(styrene sulfonate) solution. It can be se&igure2-26.A that

p Rdecreases over time until it reaches a plateau. The ardgpandence ajp Rdoes
however not vary over time; suggesting tRgtp{domains)does not vary upon ageing.
Using DLS data collected on the same solutions and the SEdkstgin equation (EQ@-

19), Sedla® found that the apparent hydrodynamic radius of the domains
Ru,apdomains) decreased upon ageing. Combining both results, he suggested that

polyion chains would escape the domaier time. Their arrangement in the domains
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would be such that the domasize would not vary. The fact that there wouldf&eer
polymer chains in theaimains would allow water molecules to go through the domains
more easily and lead to the observed decreas$® ip{domains) corresponding to a
facilitated draining process. The small increase in the local viscosity due to the higher
concentration of pgions outside of the domains would not be high enough to compete
against draining. Sedl&kshowed that the fast relaxation mode was not modified upon

ageing. Ageingvas different from one investigatedssym to another
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Figure2-28: Influence of ageing on the slow relaxation mode contributidha@xcess Rayleigh
ratio R A. Time-dependence afpR B. Angulardependence ofpRfor all the time points
shown in A. The dashdihe representsan example ofexpected angulattependence if
Ry.apddomains)were to decreasever time. The studied sample was a-fak 710,00@/mol
sodium poly(styrene sulfonate) solution atgfD. Adapted from SedIak with the pemission 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 deenains attributed to tredow relaxation mode

still being unknownandsome 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 izea s
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 establish@teed, it has been established thay are

not due to the presence of impurities as they can reform in solutions that have been
carefully purified. High forces such abke ones applied duringentrifugation and
ultracentrifugation seem to bstrong enough to break them. They may reappear

afterwards; which further supports the fact that they correspond to a metastable
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equilibrium in solution. Salt addition leatb a decrease itheir size¢ anddomainsmay

even fully disppear for lowMy polyelectrolytes and concentratiodsrheological sidy
allowing the determination ahe crossover concentration regimes as defined by the
scaling lawswould be helpful toassess whether the cases for which the slow mode
disappearaipon salt additiortorrespod to cases where salt addition takes the swiuti

from the salfree semidilute concentration regime to the screened dilute concentration
regime where only one relaxatiomode is expected. Investigatiother techniques that
could weaken the slow relaxation mode even make it disappearould bringmore
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 withMw-c maps

In 1980, Graessl&Yestablished/.-c maps describing the concentration regimesvior
neutral polymers in good solventse( polysterenein toluene and polybutadiene in
tetrahydrofuran) usingiscosity measurements. The nthpyobtained for polystyrene in
toluene is shown iffigure2-29.A. In 1992, Sedlak and Anffsattempted to establish a
similar map forpolyelectrolyte sodium polystyrene sulfonate in water using their light
scattering data. This map is depicted ifigure2-29.B. Contrary to the maps estaliexd

for neutral polymers, it does not cover all the concentration regimes predicted by the
scaling theory as solutions of both very low and \regy polyelectrolyte concentrations

are difficult to investigate using light scattering. Moreovas, already idcussed in
Section2-2.3, light scattering allows the definition of more concentration regimes than
those predicted by the scaling theanythe low concentratio region. On the map
displayed inFigure2-29.B, it even seems that the transition concentratans, andcqg
probed by Lthe latter is defined by Sedlak and APfis the concentration below which

a peak is observed in the SLS profile, which would correspond to the form factor) could
all be differen from the onedoth predicted bythe scting theory anddetermined using
viscosity measurements. It is worth noting that the line represemtisgggested to bw

by the present author, is vertical and does not meet the line represeniihgis likely

to be due to the fact that Sedlakdan Ami s 6 %seees to naude amly one
polymer exhibiting this behaviour so that the line they have plotted would be an

extrapolationTo my knowledge, no other attempt has been made toletarthis map
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for polyelectrolyts nor tosolve the apparent disagreements between the scaling theory

and the concentration regimes probed by light scattering.
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Figure2-29: My-c maps of the concentrationgienesfor saltfree solutions of aeutralpolymer
(polystyrenean toluene A) and gpolyelectrolyte (sodium polystyrene sulfonatevater B). Both

maps, originally presented agpolymer VS Mw polymes have been replotted &k= f(Cmonome) With N
thedegree of polymerisation. The original scales are also shown. &bacgreytlines correspond

to the transition concentrations; they are labelled in italic in the Figure. Grey areas correspond to
area where no experiment was performed, while the dasheal iarB corresporgto an area

where theoriginal authors have not been able to carry out experiments as the collected data were
below the sensitivity of the instrument. Was establishedvith viscosity measurements. The
concentration regimes are identfien the Figure as D (dilute), SD NE (Sediiute Non
Entangled), SD E (Semndilute Entangled), C E (Concentrated Entangled) and C NE
(Concentrated Nogntangled).c*: overlap concentrationge: entanglement concentration;

c**: transition concentration beeen the semlilute and the concentrated regimés.was
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establishedwith light scattering measurements. Areas |, Il and Il correspondhéo
experimentally determined concentration regiohi®al corresponds to the high concentration
region where the & relaxation modes concentratioindependent. The dashed line represents
the concentratiort. which | have suggested to loe and was only observed fohe highest
investigatedM,, polyelectrolyte (hence the horizontal dasldedted grey lineadded here
compared to the original mapAreall corresponds to the intermediate concentration region
betweercy andcy, where the two relaxatiomodesare probed by DLS and acedependent. Below

cq (i.e.arealll), a peak is observed in the SLS profita.has beeradded 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 concentratioplotted by theoriginal authors
was calculated rather than experimentallyedmined and defines the transition between the
dilute and the sendilute regimes. A and Bhave beeneplotted anchdapted from GraessRy
and Sedlak and Amis, respectively.

2-3. Sodium Carboxymethyl Cellulose (NaCMC)

Now that some general features about the behaviour of polyelectrolytes in solution have
been explained, the preseBection focuses on Sodium Carboxymethyl Cellulose
(NaCMC), which is a linear senflexible polyelectrolyte;!**and is the subject of this
thesis. The main characteristics of GRIC are first discused. Then, its overall
behaviour in solution is describathd compeed to the behaviour typically observed for
polyelectrolytesolutions as detailed in Secti@f? above Finally, the influence of some

key NaCMC characteristics as well as some key external parameters isedview

2-3.1. Structure, characteristics and synthesis

NaCMC is a cellulose derivative. As illustrated Figure 2-30, it consists of cellulose
(i.e.D-glucose monomers linked Iyl ,4 glucosidic bonds) whose hydroxyl groups have
been substitied by carboxymethyl groug&268%°2 From a theoretical poiruf-view, all

the hydroxyl groups can be substituted, but full substitution is ramehieved.
Commercial N&CMCs usually have an average of 0.4 tosu#stituted hydroxyl groups
per monomer referred as the absolute degree of substitutiod(DB)worth noting that

the term absolute is usually omitted. @MC batches of DS around 2:2.5 were
synthesised for research purposes by some authors lika 8aal,?® Heinzeet al,**
Kauperet al,®® and Kulickeet al® DSs as high as 2.9 and 2.96 were obtained by Rinaudo
et al®” and Kulickeet al,*° respectively.
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Figure2-30: Chemical structure of N@MC.R = H or CHCOO, 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 thegar®%8°° However, this diversity is not reflected by the
absolute DS. To describe more precisely the substitution alor@WC chains, other
parameters have thus been defined, including:
- The partial degrees of substitution: they represent the average nunghsrasie
monomers whose£Cz and G are substituted.
- The proportion of unp mona, di- and trisubstituted 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 alo@MiEa

chains?).

The negative charges of the substituted groups allolM@ to solubilise in water
provided their number is high enougN.B: the insolubility of cellulose in water is
discussedt the end of thiSection) The lower boundary is around DS @5 252829

also depends on the distribution of the substituted monomers along the chains. Indeed,
large poorly or nofsubstituted segments amet watersoluble for the same reas(see
Section2-3.3.2 wheremore details about these poorly substituted segmentshamd
influence on Na&CMC behaviour in wateare provided. As NaCMC is a charged
polyma, it is a polyelectrolyte.

NaCMC is obtained from celloke through a twstep reaction, which is depicted in
Figure2-31:
- Mercerisation in presence of NaOH: the cellulose swells and reacts with NaOH to
give thealkali cellulose (ao called mercerised cellulo$®)
- Carboxymethylation of the alkali cellulose by reaction with monochloroacetic

acid.
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Figure 2-31: NaCMC synthesis. (i): mercerisation with NaOH; (ii) carboxymethylation with
monochloroacetic acidRk = H or CH,COO, Na" as the carboxymethylationd. (i) + (ii)) goes
ahead.Adapted fromSilva et al*® Copyright © 2004 Elsevier Ltd, with permission from
Elsevier.

Traditional cellulose sources used for GsIC synthesis are cotton linters and wood
pulp2627:94101The reaction medium is a heterogeneous slurry as the solvent swells but
does not dissolve the polym®&".To getan homogenous distribution of the components

in the reactor, an alcohol is usually used asawgent?® Heinze e@l.®* have synthesised
NaCMC under homogeneous reaction conditions using NiSlidimethylaetamide as
solvent. Recent studies have been looking at wapsdérning greener synthesesuch

as the use of microwaves as a heating solifdbe use of water as a solvéfitor the
extraction of cellulose from waster by-products from the industrye.g. recycled

papert®banana pseudo steff sugarbeet pulpt®pomegranate se€dsr orange peef

The substitution pattern along the chains is usually not controlled during the syftthesis.
However, it has been shown that each absolute DS corresponds to a triplet of partial DSs.
Moreover,the most substituted carbon is,Ghile the least substituted ore 3879
Synthesis pathways involving protective groups in-agoeous solvents hawveade it
possible to get NEMCswhose substituted groups are on C2 and C3 Gnifyf.

NaCMC is a polymer; its chain length can thus vary. The length of the cellulose raw
material used for NEMC synthesis mostly defines the length of GMIC chains. They
can be shortened by acid hydroly&igixidation in presence of #,'° or sonicatiof®
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(see SectioR-3.4.2 for more details about the influence of sonication on polymer
solutions in general and NBMC solutions in particular)Kulicke et al3° have also
repated thatobtainng NaCMCs with high DS leads to shorter polymer chains
compared to N&MCs of lower DS obtained from the same raw material. Both the
molecular weightMy and the degree of polymerisatione( 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 1B10°g/mol, but values as small as 9,a§mof! or as high as
5,278,000y/moP* can be foundrurthermorebecause the cellulose from which IMC

is produced comes from natural sources, there is a great variability in the molecular
weight of the polyrar chains in N&CMC batche, as characterised by large polydispersity
indices Mw/M,.13242% Typical values of Mw/M, are around 1:B.613242%put higher

values such a8.5 and 8.7 havalsobeen reported’

Cellulose usually contains crystalline fragmefitsThe crystalline structures that can be
found in NaCMC are celluloses | and 3f,2’ whose structwal differences are illustrated

in Figure2-32. The crystallographic repetitive unit is cellobiose, which consists of two
consecutive glucose monorsers shown irFigure 2-32.A.1°°1101t is worth noting that
thetwo ends ofa cellulose chaiare not identical: the reducing end is in equilibrium with
a cyclic hemiacetal, while the n@aducing end is not involden any equilibrium (se
Figure2-32.A).11°

Cellulosel is the crystalline structure presentiative cellulose, and can be found under
two forms: celluloss Iy and h.1%81%° Cellulose $ has a monoclinic structure where
consecutive parallel cellobiose units are shifted by a quarter of their size alaraxibe
while cellulose ¢ has a triclinic structure where consecutive cellobiose units are shifted
diagonally by the same distance as illustrated at the botteiguie2-32.B.11° As shown

at the top ofFigure2-32.B, both cellulosedand b chains are aligned towards the same
direction,i.e. with all reducing endyroups together, and consequently all-neducing
endgroups together, while consecutive cellultisehains are aligned in opposite
directionst®® Hence, as illustrated in the middle Bijure 2-32.B, the intra and inter

chain Hbonds ae different for both cellulose structuré
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A Cellulose molecular structure
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Figure 2-32: lllustration of the differences between cellulgdeand Il. A. Cellulose molecular
structure. Blue: nomeducing enejroup. Red: reducingnd group(i.e. in equilibrium wih a

cyclic hemiacetal)B. Structural differences between cellulosg& s, andll. 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 structuresvere adaptedoy permission from Springer Natur&ellulose

00 S u |,° Copyaight© Chapman and Hall 199Zndadapted fronBakeret al,*® Copyright

© 1997 Academic Press, with permission from Elsevaspectively.

Cellulosell does not exist in native cellulose and is formed by mercerisation, which is
the first step of N&EMC cellulose (see above discussion &iglre2-31), regeneration
(i.e. solubilisation and recrystadition of cellulose) or balhilling.1%1%|t s more stable
than the celluloskand is therefore less reactive, while the amorghmllulose is the

most reactive cellulose form. It can be easily understood that the crystadatiern of
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the final NaCMC depends on the cellulose used for the syntifesiKamideet al?’
indicated that the initial crystalline pattern of the cellulose remains visible in the final
Na CMC. More recently AImlof Ambjornssor® showed that the reaction conditions
could also play an important role in controlling the crystalline pattetheosynthesised

Na CMC. Kamide et al?’ reported crystallinity values ranging between 0 and 57.8%.
Often, Xray?/1041L112Ramar® or Infrared (IR§%%41°1spectra, which all allow to
differentiate the different crystalline structures, avsed toidentify the crystalline

structure(s) present in thatcles and compare them qualitatively.

Na CMC batctes can contaidifferent types of impurities such asrrreacted materials
from the initial cellulos®-0828311%see Sectio?-3.3.2where more details about these
nonreacted materials and their influence on@MC soluton behaviour are provided),
as well agylycolic acid HOCHCOOH and NaCl produced by a side reactisplayed

in Figure2-33,26:3

6
CH,OH

Na*,OH"
CICH,COOH — " » HOCH,COOH + Na*,CI

Figure2-33: Main (top) and sidebttom) reactions occurring during IiaMC synthesiskR = H
or CH,COO, Na&. The two products obtained from the siéaction are glycolic acid
HOCH,COOH and NaCl. After Kulicke &tl.>®

Before concluding this Sectioand as it is important ismportantto understand NEMC
aqueousolubility, I would like to discuss the insolubility céllulose in water. Until very
recently, cdulose insolubility in water hamainly beerexplained by the high number of
cellulosecellulose hydrogen bonds (sdggure 2-32).114115 Crystallinity has also
sometimesbeen cited as a factsesponsible forcellulose aqueous insolubility*11°
Lindman and cavorkerg4!1” have however highligett some strikingliscrepancies in
the reasoning attributing cellulosesoiubility to hydrogen bonding. Indeed, water itself
contains a high number of H boraisd it is commonly accepted that compounds that can
form H bonds should be soluble in wat&Hence, glucose, the monomer cellulose is
made of, is highly soluble in wat&#1*>Furthermore, other glucose derivatives such as
alkylpolyglucosides dextran (another polyglucose) cellulose derivatives like methyl
and hydroxyethyl cellulose are also water soldHél® When studying cellulose

solubility in water, one should considall possble H-bonds, i.e.carbohydrate
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carbohydrate, watewate and carbohydrateater. Lindman and ceworkers!#11” have
shown that the magnitude of these interactions is very similar and isSkoaltmol.
Accordingto all these arguments, cellulose should thus be vsatable!#117 A |ast yet
striking fact is that there does not seem to be any common point between the few solvents

capable of solubilising cellulogé*115117

The new model proposed by Lindman andrarkers'*#!" to explaincellulose aqueous
insolubility and overcome these discrepancies is based on cellulose amphiphilicity
Indeed, as illustrated iRigure 2-34, the hydroxyl groups, albcated on the equatorial
positionsof the glucopyranose ring&rm thehydrophlic region, while the €H bonds
located on the axial direction dfg rings forms the hydrophobic regibi.Cdlulose
chains can thus be seenthik ribbonswith two oppositenydrophobicsides; the two
other opposite sides being hydrophfftélt is the presencef these hydrophobic regions
that would make cellulose watarsoluble!!*'” Furthermore, Lindman ah
co-workers'#117 have suggested that solvents efficient at dissolving cellulose should be
amphiphilic like cellulose, and/or have artermediate polarity so that they reduce or
eliminate hydrophobic interactisn Addition of urea facilitates cellulose dissolution in

water as it decreases hydrophobic associatiors®

Hydrophobic part

Hydrophilic part

Figure 2-34: Illustration of cellulose amphiphiligit The molecular structures on the {b&nd

side(reprintedfrom Medronho and Lindmah’ Copyright © 2013 Elsevier Ltd, with permission

from Elseviefjar e Van der Waals surface representations o
and from the O6si deo. Bl ac k anrdpoles batbhdneatbmsgr ey at o ms
respectively N.B: the aliphatic potons, all in axial positions and perpendicular to the rings, are

not represented for clarity)flhe hydrophobic and hydrophilic areas are shown by the dashed

ellipses.On the righthand side, a cellose chain is represented as a flat ribbon to illustrate the

model proposed by Medronho and Lindm&nhOpposite sides of the ribbons exhibit similar
hydrophilic/hydropholx properties.
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In conclusion of thisSection, despitehaving aunique name, NEMC can be very
different from onebatchto anothe. Substitutioni(e. DS and substitution homogeneity
along the polymer chains) and crystallinity are key to determine the solubility of a
NaCMC batchin water. Moreover, due to the natural origin of GlEIC, the My
distribution is expected to be broa®re thus neeslto be careful whenamparhg
investigations of NEMC behaviourwith literature about synthetic monodisperse

polyelectrolytes.

2-3.2. Measurement techniques to investigate the behaviour of NaMC in

solution

In this Section, scattering and rheologjicevestigations of N&CMC behaviour in sait
free solutions is reviewed as these two techniquethartevo main techniques used in
the present thesis. When possible, the behaviour reported foM@as compared to the

one typically reported for polyelegolytes and previously discussed in Sectieh

2-3.2.1. Scattering

The following scattering techniqudsve been used to characterise the behaviour of
Na CMC in solution: SLS, DLS, Small Angle-kKay Scattering (SAXS)rad Small Angle
Neutron Scattering (SANSIh 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 Xay (or neutron) scattering measorentsan X-ray (orneutron

bean) goesthrough the sampleand the resulting scattering intensity is collected at
different angles and studied.-rdy and neutron scattering experiments allow to
investigate lower lengtBcales than LS experimeritsHence, lengtkscales as small as

the correlation lengtirepresenting the distance between two polymer chains in the semi
dilute concentration regime (see Sect®®.1) can be studietf:

The studies using scattering techniques to investigate the behaviouCdiGlaolutions
arecompiledin Table2-4. A couple of straightforward remarks can be made. The number
of relevant researchapers is vergmall Moreover,| haveonly found threeprevious
studiesdealng with measurements performed on GBIC solutions in pure watetwo

Smal Angle Neutron Scattering (SANS) studies and a SLS study. Indeed, as the
polyelectrolytechains are expended dilute solutions (see Secti@®), the scattering

intensity is often below the sensitivity of tiestruments$! The addtion of salts brings
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additional counterions which screen the charges on the polymer chains. The less charged
polymer chains thus adopt a more coiled conformation and, as they are more packed, they
scatter light more strongf$. However, as the conformation of the polymer chains is
modified by the addition of salts, the studied systeamnot be considered as I¥MC

in pure water!

Table2-4: Scattering techniques used to studyQIAC.

Technique(s) Salt Variable(s) Ref
DLS, SLS DTAB DTAB concentration 118
0.1 M electrolyte
DLS, SLS, % pH (1.67.0) 13
SAXS (NaCI/HCI)

LALLS* 0.1M NH4NOs | DS, My 97
MALLS* NaNOs NaNQ; concentration, DSViw 107
SANS None Na CMC concentration 1
SANS None Na CMC concentration, DS 14

119,
SLS NacCl NaCl concentrationyy 120
SLS NaCl Na CMC and NaCl concentrations 121
SLS None, NaCl | NaCMC and NaCl concentratisn 122

*: coupled to a Size Exclusion Chromatograph (SEBCL): Static Light Scattering; SAXS: Small
Angle X-ray Scattering; DLS: Dynamic Light Scattering; MALLS: Mufhgle Laser Light
Scattering; SANS: Small Angle Neutron Scatteyib§LLS: Low Angle Laser Light Scattering.
DTAB: dodecyltrimethylammonium bromide; Ref: reference.

For easier comparison with the polyelectrolyte SLS data discussed in S22t43 |
have replotted thé &Y ; "Q® data collected in water bjrap and Herman# as
YYwnd "Q&. Both data sets ashown inFigure2-35 (K is an optical constant
obtained with EQAI-3). The excess Rayleigh ratio increases with ON&C
corcentration. This increase can be described by a plameof exponent 0.79 in pure
water. As discussed for other polyelectrolytes (see Se2tib8.3andFigure2-19), an
exponent below 1 is related to repulsive intacsxs between scatterers as expected in
this low NaCMC concentration range. The data obtained in presend¢aGi are
discussed in Sectidx3.4.1
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Figure2-35: SLS data collected on NaMC solutions of various concentrations with and without
added saltA. Original Figurereprinted with permission from Trap and Herm&3€opyright ©

1954 American Chemical Sociefy. 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 eacRgruare

@R ( 9afeAhp excess Rayleigh ratio in A and B, respecti%ely.an optical constawcalculated

with Eq.Al-3. The average molecular weight of the studied sample is about &3H06I0

The Small Angle Neutron Scattering (SANS) measurements performeampley and co
workers on salfree NaCMC solutions were performed in2D to increase the contrast
between N&CMC and water as NGMC scattering is very weadk* Even in these
conditions, it was not possible tollext data at low N&€MC concentrations and the data
were collected above the overlap concentrat@dn The curvesO "Qn obtained by
Small Angle Neutron Scattering (SANS) at different@C concentrations displayed
in Figure 2-36 exhibit a correlation peak whose positigh is shiftedtowards higher
valueswith NaCMC cone@ntrationand a characteristic logupturn, as usually observed
for polyelectrolytes:4
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Figure 2-36: SANS profiles of salfree NaCMC solutionsin D,O at diffeent concentrations
(indicated in bold next to each cunfe) three NaCMC samples of similavly and different DS
values. DS values are indicated at the top of each cAirvEhe values shown into brackets and
in italic correspondo the vertical shift fetor applied for each data s€he characteristics of the
three NaCMC samples can be found in th&, 89 and 4" columns ofTable2-6. The lines are
descriptive fits. See original paper for more detéitiapted from Lopezet al* B. Non-vertically
shifted SANS prdfes at largeg values collected on the NaMC sample with DS 1.Black lines
correspond to the fitof the data at large values Adapted from Lopeet all

Figure2-37 shows the concentration dependence of the \@ltige scattering vectog*
corresponding to the peak maximugt.is proportional to the correlation lengtt|,
¢“jn’) and follows the expected)® w8 x | relationship predicted by the
polyelectrolyte scaling laws!* As explained in Sectior2-2.1 and depicted in the
schematic shown in bottom right corner Eifjure 2-37, 3 characterises the distance
between N&CMC chainsWhencnacmc increases)” x is shiftedtowards higheq
values (see Figureés36 and 2-37), indicative of a decrease in the distance between
polymer chaing** Mearnwhile, the scattering intensity in the highregion probing
lengthscales belove-increases (seEigure 2-36.B), whichindicatesan increase in the
number of chains involved ihé network of meskizes:! Furthermore,ie determination
of the multiplying factor betwees and c®* allowed Lopez et all'*to conclude that

Na CMC chains adopt a stiff conformation at lengttales belove:

TheOf* x @8 dependence in the sewliiute regimeis in agreement with the scaling

law too (data not shown heré)However, the change in the KEMC concentration
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dependence dfothg* andl(g*) expected at the crossover concentratithbetween the
semidilute and the concemtred regimes was not obsentéd.The authors concluded
that the electrostatic blad and the correlation lengthiconcepts (see Secti@q2.1 for

the definition of3. and3) failed at describing the NaMC at these high concentrations.
This is further discussed in relation to the rheolodieddaviour of N&CMC solutions in
Section2-3.2.2 while the differences in the scattering behaviour due to the difference in
DS are discussed in Sectig8.3.2

L E I | T T T ST S |

A CMC1.2
O CMCO.8 >4
0O CMco.7 AA K

g*(A")

c (M)

Figure 2-37: Correlation pealpositiong* as a function of N&EMC concentratiorior the same
three NaCMC samples as the ones showFigure2-36. The slope obtaineadf the best fit single
power law is indicated on the graplromLopezet al'*

2-3.2.2. Rheology measurements

This Section is divided in two stdections. The first subection examies the flow
behaviour of salfree NaCMC solutions, while the second one uses the-gkear
viscosity obtained from the flow curves tstablish the concentration dependence of the
specific viscosity and determine the concentration regimes as defined by the

polyelectrolyte scaling laws in Secti@®.2.
Flow curves

Examples of flow curves collemd on NaCMC solutions prepared at different
concentrations are shownkigure2-38. As for other polyelectrolytes (see Sectibi.2

and Figure 2-7), a Newtonian and a shetinning behaviour are observed at low and
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high NaCMC concentration respectively?”1%*127 |n the example provided, the
Newtonian behaviauis however still obgged atlow concentrdons in the semdilute
regimeas all the data shown Figure2-38 werecollected in the serdilute regime (see
Figure 2-42). Castelainet all?® suggested that interpenetrated polymer chains would
indeed get aligned along the direction of f|dwt that the sheaate would be low enough

to allow other polymer chains to interpenetradeh otheat the saméme elsewhere in

the solution Hence, simultaneous entanglement and disentanglement of polymer chains

would compensate each oth&he vigosity of the solution would thus remain the same.

It is worth noting that Castelait al'?®do not actually talk about interpenetrated chains

but about entangled chains instead. Most of the literature about the rheological behaviour

of NaCMC solutions has been published in hydrocolloid or fosldted journa rather

thanin polymer physics jourais,'>*1?42a nd t he word déentangl ementd
talk about polymer chains above the overlap concentratiowhere the polymer chains

interpenetrate each otheather than above the entanglement eoiationce where the

chains areindeed entanglédn t hi s thesis, the word O0entangl e
entanglements atescribed by polymer physicisaadexplained in Sectionz-2.1and2-

2.2 Itis most unlikely that the behaviour of the solutions is Newtonian akad%& fact,

the authors ofFigure 2-38 determined the entanglement concentratiofsee next sub

section andrable2-6) and the behaviour of thelutions whose concentration is above

Ce is always sheathinning?! This is confirmed by the behaviour of two other GlsiC

samples for which botb* andc. were determined°>Other explanations for NGMC

solution sheathinning behaviour found in N@MC literature include the breakage of

hydrogen bonds between polymer chains by {sigbar rate$? or the breakage of some

polymer aggegates present in solutidfy.
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Figure2-38: Flow curvesof saltfree Na CMC solutions at differentoncentrations. Blaclines
representfits to the Carreau mode{Eg.2-3). NaCMC characteristics (from the supplier):
My = 250,000g/mol; DS= 1.151.45; supplier: Sigma AldrictAdapted fom Lopezet al?

Another dfference compared to the typical flow behaviour of polyelectrolytes described

in Section2-2.2is the fact that the onset of the sh#anning behavioudecreases with
NaCMC concentration, while it has beermosvn that it usually increases with
polyelectrolyte concentratioi:®® This feature of N&MC solutiond?3124126.127{g
common for polysaccharide solutiotisThe onset of the she#rinning behaviour is
indeed not only related to the polyelectrelytoncentration but also to ik, and Mw
distribution®”8”WhenMy, increases, the onset of the shéinning behaviour is shifted
towards lower values of shemates, while an increase in thy distribution leals to a
broadening of the transition from the Newtonian to the sti@aning behaviour as well
as a decrease in the onset of the sldaning behaviou?’#” Polysaccharides, including
Na CMC, are known to hava broad polydispersity (see Sect®8.1);>’ which could
explain the observed decrease in the onset of sheeing as N&CMC concentration is

increased.

For high NaCMC concentrations and/or higlly NaCMC samplesthe Newtonian
plateau is not always observed tgpically investigatedshearrates/sheastresses are
abovethe shearate marking the onset of the shé@inning behaviour!12>128This is
illustrated inFigure2-39. Although not commented/lihe authors?8it may be suggested
that the end of thé&lewtonian plateau could be noticeable at low shatas for the
5% Na CMC solution.
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Figure 2-39: Flow curvesof saltfree solutions atlifferent NaCMC concentrations. N@MC

characteristics (from the sumy): Medium viscosity (referenceC4888); DS=0.7; supplier:
Sigma Chemical. From Edadt al*?® Copyright © 2001 John Wiley & Sons, InReprinted by
permission of John Wiley & Sons, Inc.

A couple ofreported behaviouyghough stand out fronthe typical behaviour of NE@MC
solutions discussed abovéBenchdane and Bekkotd’ identified two different
behaviours when N&MC concentration increasef) a sheathinning, Newtonian,
shearthinning behaviour at low NEMC concentrations, anii) a sheathickening,
shearthinning behaviour at high concentratipras shown inFigure 2-40. They first
identified the concentration at which the change in behaviour occurs (around
1% Na CMC) as the overlap concentratiovhich seems quite high compared to the other
valuesreportedn the literature (seeext subsection and able2-6). Their later analysis

of this characteristicconcentration as the transition between the sBluie non
entangled and entangled regimes seems more realistic. They interpret the shear
thickening behaviour of the most concentrated solutions with the builgiraf a stiffer
structure in the solution as new entanglements and molecular interactionevoubt

low sheasrates. They do however not provide any explanation about the behaviour

observed for the less concentrated solutions.
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Figure2-40: Flow curvesf saltfreeNa CMC solutions at differentoncentrationsollected with
a stress ramfNa CMC characteristics (from the suppliévl), = 700,000 g/mol; DS = 0.66.85;

supplier: Sigma AldrichReprinted by permission from Springer Natute|loid and Polymer
ScienceBenchabane and Bekkolif Copyright© SpringerVerlag 2008.

It is worth noting, though, that the flow datare collected using a stress ramp rather
than the usual sweep. Hence, if a stestdye flow was not achieved instantanepusgion
increasing the stresghe presented data dot correspond to steadyate flav data as
usually reported. For hig and/or concentrations, it has been observed that the
viscosity increases over time under constant stegaror stress. An exampkeshown in
Figure2-41A.
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Figure2-41: lllustration of the viscosity timeependence of sonsaltfree Na CMC solutions.

A. Time-evolution of the sheastress cdécted under constant sheates. Data are from Edai

al.1® 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 afterséihd 30& shearing.
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The viscosity# was calculated by the present author-as , jI wheres is the
shearstress and the shearate. It can be seen frofigure2-41.A that, at low shear
rates, the viscosity first increases over time, before it reaches a constant value when a
steag-state flow has been established in the rheometer. When theratee@rincreased,

the time to achieve a steadige decreases and becomes very close to 0. The values of
the viscosity calculated at early time(60s) and after the steadyate flav has been
achievedi(e.300s) were plotted by the present author as a function of the-skteaand

are displayed ifrigure2-41.B. The flow curve of the steadytate values of the viscosity
(i.e. A(300s)) exhbits the expected she#rinning behaviour (see discussion above),
while the flow curve of1(60 s) exhibits a sheathickening behaviour at low shegates

and a sheathinning behaviour at high sheeates, as reported bgenchabane and
Bekkour?” and seen irFigure 2-40. Thus, the hypothesis that the unusual behaviour
observed by Benchabane and Bekkéucomes from the flow curves repredagtthe
instantaneous viscosity rather than the stesdte viscosity seems to benfirmed This

also explains why the overlap concentratdns higher thartheusually reportedalues

(see next sulsection and able2-6). c* indeed needs to be determined from stestdje

flow data.

The results reported Balmacedaet al?® show an opposite behaviour to the ones of
Benchabane and Bekkddf as the sheathinning behaviour was observed at high
NaCMC concentrations while the shdharckening behaviour as observed at low
Na CMC concentrations

The models used in the literature td\fa CMC solution flav curvesare reported iffable

2-5. The equations of the models have been harmonised with the hiegpadin ad

Pricldo s ¥ ¢ooekable an easier comparison. The reader should thereforee not
surprised if the notations and the way the equations are presented in the cited articles vary
from the ones given in th€able.The list does not pretend to be exhaustive. In fact, the
papers from Lopez and sworkerst14®where NaCMC solution flow curves are fitted

to the Carreau model as discussed for polyelectrolytes in S&efidh(Eg.2-3) and
illustrated inFigure2-38 arenot listed in the Table.

It is not very surprising that the use of the Newtonian model is limitedhaspreviously
beenshown that most of the NaMC solutions are shed#ninning. Moreover, the

Newtonian model is anyway included in all the ralsdwhich establish a relationship
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between the sheatresss and the sheamnatel . When the models = f(' ) were compared
with each other, the power law was often found to be the most appropriate as the

parametessy (yield stress) was very close@o

Table2-5: Models used in the literature to fit \k(AMIC solution flow curves

Model Equation Ref Best fit Selected
model
Newtonian . = 105 Power law Power law
130 quer law (higit) Power law
o ah Bingham (lowc)
Bingham B .| Power law (higrt)
or v om r : Power law
linear Bingham (lowc)
93 Power law Power law
105 Power law Power law
: Power law (higlt)
131
HershleyBukley Y Of Bingham (lowc) Power law
Power law (higlt)
131
Casson ST T T 7 Bingham (lowc) Power law
93 Power law Power law
131 | Power law (higtt) Power law
Bingham (lowc)
130 | Power law (higtt) Power law
Bingham (lowc)
127 Cross Cross
132 n/a n/a
124 n/a n/a
Ostwald de Wae| . 128 n/a n/a
ow%rr law o - n/a n/a
P 133 n/a n/a
92 n/a n/a
93 Power Aw Power law
134 n/a n/a
19 n/a n/a
135 * *
105 Power law _ |Power law
_ S 127 Cross Cross
Cross P -
— — p zz 136 *% *%
- - or
Cross with only 3 See article 136 - o
parameters
Adapted Cross - p 123 n/a n/a
model - p I
CarreadYasuda I— 5 jp 137 n/a n/a
Adapted Carreay - p 30
Yasuda (cited a{ — oI n/a n/a
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« modified
Carreau mode#)
Adapted Carrea _ 1 n/a n/a
(cited as «Carrea —
model») - T 138 n/a n/a
0 : The two first
. . ) CTOET E equations fit well
Equatons derive * w 0 the data over the
from the p. . p whole ranae of The two
relaxation theory, — =| I+ 139 sheafratesg\]/vhile first
of pseudoplastig w 0 he third does equatons
fuids pi Tc the third one doej
woo I 6_r not work at low
sheasrates.

*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 onlpa&ameters seems more efficient than the
original Cross mdel as it has one less paramgtiee authors precise that their new model requires
data over a wide range of shear stresses to be appliddcosity;l: shearstress| : shearate;

n: power lavexponentd6 06 and O6P6 subscripts refer to
sheatrates, respectivel\Ref: reference.

val ues

In a few studies and at low NGMC concentrations, the Bingham model was more
appropriate than the power laW;*** which is rather unexpected as solutiGislow

Na CMC concentrationasually exhibit a Newtonian behaviour. It may be compared with
thepreviously discusseahusual results denchabane and Bekkotff Benchabane and
Bekkour?” indeed found a shedinning behaviour at low shesates attributed to the
fact that the data were collected when the stedale flowcondition was not realisedt
means that the viscosity tends to infinity at low shreées which could come from the
presence of a yield streswhich is unexpected for solutions at such low QWC
concentrationsHowever, the authors anyway selectesgbwer 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 inder. Flow indexes of 1 correspond to a Newtonian
behaviour while flow indexes below and above 1 cpoes to sheathinning and shear
thickeningbehavious, respectivelylt is usually found that the shetlrinning behaviour
strengthens when the NGMC concentration increases, characterisgthe decrease in

the flow behavioumdex with NaCMC concentron 124125.128,133,14042

The other models are now discuss€dntrary to the power law, they enable the fitting
of the Newtonian plateau observed prior to the sti@aning behaviour with the
parametedp (zeroshear viscosity). The shegate at which the shedininning behaviour
starts corresponds to the inverse of the parameef@iso notedJand called relaxation
time) 3% In most cases, the Newtonian pkateat high sheamatesdescriled by the
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viscosity at infinite shearatedp in the models is not reached at the highest stzas
used in the experiments. &g would be very low compared t, it is neglected and
leads to the adaptedodels!®® In a similar wayasfor the power law, a flow behaviour
index can be defined. The way the equatians presentedhere leads tdhe same
interpretation of the values nfabout the sheahinning behaviour of the solutioasfor
the flow behaviour inder obtained using the power law mod&he differences in the
power index used in the different models enable to fit divelnsges of decag in
viscosity.Kulicke et al2® underlineshatthe coefficienta of the CarreasYasuda model
enables to fit the transition between the Newtonian and the-8hieaing regimes in an

appropriate way.

The models are often validated by looking at the value of the squared regression
coefficient. However, this coefficient is ndivays a good indicator of the reliability of

the model used to fit the data and it is worth looking at plots showing both experimental
dataandtheir fit(s) to the selected modelfs) doublecheck the reliability of the model.
Hence, itis obvious from tk graph shown byaseeret al1*® (Figure9 of Yaseeret ald s
papet®) that thepower lawmodelis not well suitedOnecan also guess froffigure

2-39 that the power law may not be the most appropriate model at the lowest studied
concentrations as the flow curveshibit a Newtonian behaviour at low sheaes The
authors however unfortunately neither plotted the fitting curves nor provided the squared
regression coefficients.

To conclude this Section, NaMC solution overalflow behaviour is similar to thene
reported for polyelectrolyte solutionst lov concentrations, NEMC solutions exhibit a
Newtonian behaviour while they exhibit a sh#@nning behaviour at high
concentrationsContrary to typical polyelectrolyte behaviour, though, the shegar
characteristic for the onset of the sh#anning behaviour decreases upon increasing
Na CMC concentration. This behaviour, common for polysaccharides, may come from

thetypically large polydispersity of NEMC samples.
Concentratiordependence of the zesbear viscosity

As discussed for polyelectrolytesSection2-2.2, the zereshear viscosity corresponding
to the Newtonian plateau of the flow curves can be used to calculate the specific viscosity
hspand plotted as a function of the polyelectrolyte conegioin. Such a graph obtained

for three NaCMC samples is shown Figure2-42. The investigated concentration range
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does not cover the dilute regime. The three other regimes typically reported for
polyelectrolyteqi.e. semidilute norentangled, serdilute entangled and concentrated)

can be observed. The exponents of the best power law fits to the data as well as the
crossover concentrations are showrTable 2-6, togethe with the data reported from

other studies abouwgaltfree NaCMC solutions The exponent value obtained for the
semidilute nonrentangled regime is usually around 0.7 instead of the value of 0.5
predicted by the polyelectrolyte scaling laws. Lopez ansvadkers:*® suggested that

this deviation from the predicted behaviour could come from the-#exile nature of

Na CMC and/or its polydispersity.

The values of the crossover concentrations found using eith@xffonent values from

the scaling laws or from the best fits to the data are usually very close to one another,
apart for the overlap concentratioh for high My NaCMC samples. The value of the
overlap concentration found by Truzzolile all4® for their 700,00@/mol NaCMC
sample seems anomalously higbpecially compared to the values found by Lopez and
co-workers141°This could be due to the presence of residual salt in tf@\Na sample,

and in the resulting NEMC solutionsas further explained in Secti@3.3.4about the

influence of impurities on N&MC solution behaviour.

10°

4

10 F

10° F

Nsp

0.001 0.01 0.1

Figure 2-42: Saltfree NaCMC solution concentratiedependence of the specific viscgsttsp
for three different NEMC samples. The characteristics of the@MC samples are given in the
2" (black squares),"8(blue triangles) and"(red circles) columns dfable2-6. Dashed and full
lines repreent the theoretical and best power law fits, respecti#lgonent values are provided
next to eacline. From Lopezt al 4
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Lopez et all® investigated the applicability of the polyelectrolyte scaling laws to
Na CMC. For this purpose, they not osudiedthe power law relationshifgsetween the
solution specific viscosity and NaMC concentration, but alssompared th@ower law
dependences of the crossover concentrations and the specific viscosityGvO\Na
polymerisation degret® the ones predicted by the scaling laWsey found that** did

not follow the behaviour predictday the scaling law$ Interestingly, the concentration
dependence of treorrelationpeak observed in the SANS profile (see Sec@@12.1and
Figure2-37) did not follow the expected condestion dependenaaovec** . Moreover,

a study of quaternized poly(vinyl pyridinefrried outby Dou and Colb3f showed hat

the concentration dependence of the terminal modulus atévelid not follow the
predictions from the scaling laws either. Lopzal®® thus concluded that theurrent
description of such polyelectrolyte systems based on the electrostatic blobs and the
correlation lengtlis not sufficient to describe themthat concentration rangk is worth
reminding herdhat the polyelectrolyte scaling laws do not predict the presence of the
slow relaxation modebserved in DL&bovec* (see Sectio2-2.3) and attributed to the
presence of some polyelectrolyte chain clustdence, the fact that the electrostatic blobs
and the correlation length are not sufficient to describe the polyelectrolyte solutions at
concentrations where the ungieted slow relaxation mode exists may not be that

surprising.
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Table2-6: Values of the crossover concentrations and the power law exponents obtained from the
polyelectrolyte scaling laws applied$altfree Na CMC solutions

Ref 15 14 14 1,14,15 15 118 143 143

Mw 90,000| 250,m0 | 250,000 | 250,000 | 700,000 |Blanose90,00Q0 700,000

(g/mol) |(70,000) (210,000)| (310,000)| (320,000)|(1,200,000] 13M31H

DS 0.7 0.650.9 | 0.80.95 | 1.151.35| 0.80.95 | 1.23 | 0.7 |0.80.95

Supplier| Sigma| Sigma Sigma Sigma Sigma |Aqualon Sigma| Sigma

Herculeg

cst* (g/L)| 0.73 0.059 0.036 0.031 0.00069 0.6 0.15

cer* (g/L)| 0.92 0.07 0.0061

3(SD| 0.65 |0.68+0.050.68+0.040.68+0.04 0.74 0.54

CesL(g/L)| 4.0 1.5 1.7 29 0.95 5.5 2
Cesr(g/L)| 4.5 4 1.1
3(SD] 15 1.5 15 1.7+0.2 1.5 1.55
cs** (g/L) 21 9.8 8.8 14.4 4.4 40 15
CarF*™ 18 14.3 3.9
(9/L)
3(col 34 55 55 3.4+0.3 3.4
Ref: reference; SD NE: sedilute nonentangled; SD E: sendilute entangled;
conc:concentrated3: exponent of the power law * w . Subscipts SL and BF refer to

crossover concentratis obtained using the power law fitith the Scaling Law exponents (SL)

and the Best Fit (BF) exponentespectivelyCrossover concentrations in italic were calculated

by the present authdrom the data pndded in the corresponding papers. The values predicted
by the scaling laware: 1, 0.5, 1.5 and 3.75 for the dilute, SD NE, SD E and concentrated regimes,
respectivelyValues ofMy, into brackets are the ones measured by the authors while the other
valuesare the ones provided by the manufacturEms. the data collected by Lopez and co
workers, c* was obtained by extrapolating the power law describing the SD NE regime to
hsc*) = 1.

After establishing thatc** does not follow the predictions of the sogli laws,
Lopezetal.'® successfully fitted theifisp = f(Cnacmc) data usindEq. 2-24 which contains

only one characteristic concentration within the fitting regime, chosen as the previously
determined entanglement concentratigrEq. 2-24'° is a simple parameterisation of the

dsp VS Cnacmc data above*, which uses a single characteristic concentraticoutside

the dilute regime and includes two parametensdq to describe the power law exponents
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in the norentangled and entangled regimes. To account for variations sinipe ofisp

VS Cnacme as the behaviourhangedrom the low tothe high concentration power law
behaviou, a lastparameteq is added.

- - & 0 jd Op 0 j® (2-24)
Kastneret al.8 have reported the presence of another concentration regime thiftirey
to as o6gel 0. Such 0ge MgNaCMG samptesie. gbove b s e r
70,000g/moal), as lower My NaCMC samples become insoluble before QMC
concentration is high enough to reach this staleis worth noting that though Kastner
etal®r ef er t o t hlesauss of the seliika macrascopig ehadiour of the
NaCMC formulations these formulationscould simply be networks of entangled
polymer chainswhich are dense enough to trap and immobilise the water molecules
Indeed, Naions cannot act as crebskers to form physical gels as multivalent ions
would be able to, and theradnot been any chemical crosslinking to form chemical
gels®” Another hypothesito explain the formation of thegeklike structures would be
the presence of intethain hydrogen bonds as reported whenON&C films are

preparec!144

2-3.3. Influence of NaCMC characteristics on its behaviour insolution

Now that the behaviour of NaMC in saltfree solutions has been reported from a general
perspective, the influence of NGMC characteristics defined in Secti&#3.1 on the
behaviour of N&CMC solutiors is reviewed. Here too, the focus is on scattering and
rheological investigations.

2-3.3.1. Molecular weight M and My distribution

Brown et al!?° used SLS to studihe influence of N&CMC molecular weight on the
radius of gyration of the chains in the dilute regime in presence of various amounts of
NaCl. Asillustrated inFigure 2-43 and expected (see Secti®#-2.1 and 2-2.3.3, the

radius of gyration increases with KM C molecular weight. The influence of the amount

of added salt is discussed in Sectisd.4.1
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Figure2-43: Squared entb-end distanc&;? of NaCMC chains as a function of the reciprocal
of the Debye screening length (see Eg2-2) for NaCMC samples of vaniusMy, (indicatedin
the legendl Data reported by Browat al!?° and Schneider and Détyare highlighted with *
and **, respectivelylnvestigated NaCl concentrations are 0.005, 0.01, 0.09&d NacCl.
Replotted and adapted frdamown et al12°

Figure2-44illustrates the influence of NaMC My and concentration omoththe zere
shear viscosity and the viscosity measured at a-shtaof 5s1. An increase ilNaCMC
My generally leads to an increasetire viscosity of the solutioff-81:87.94.18143.145 o
strengthening ofthe sheathinning behaviour with the molecular weight was also
observed by a couple of authdfé!*'The fact that the difference between the =#rear
viscosity and the viscosigt 55 increases wittMy in Figure2-44 can be a consequence
of this strengthening of the shehinning behaviour and/or the smaller sheste at
which the sheathinning behaviour is expected to start for gty NaCMC
samples’®’ The crossoverconcentrationdetween the different concentration regimes

(seeTable2-6) are shifted towards lower valuesths molecular weighihcrease§*143
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Figure 2-44: Solution viscosity as a function of NeMC molecular weight. Coloured curves
indeed represent the solution viscosity as a functioNa€MC molecular weight. The curve
starts atM, = 0.5x 10° g/mol. The two other curves correspond to the solution viscosity as a
function of NaCMC concentration. Temperature: 25&tlapted fromKulicke et al*° Copyright

© 1996 Elsevier Ltd, with permission from Elsevier.

As repoted at the end of Secti@h3.2.2 Kastneret al®! found that their lowM,, NaCMC
samples became insoluble beyond a critical entration, while their highévly NaCMC
samples could form gdike structures at high concentrations. Furthermore, as mentioned
in Section2-3.2.2 a broadening in th®ly distribution (characterised by an inase in

the polydispersity indekw/Mn) leads to a broadening of tekeasrateregion where the

solution behaviour transitions from the Newtonian to the stig@aning behavioup!#’

2-3.3.2. Substitution

As shortly mentioed inSection2-3.1, the DS strongly influences NaMC solubility in

water as the carboxymethyl groups are responsible f@M@ solubility in water. Non
substitutedi(e. cellulose) or poorhsubstituted N&CMC fibres are therefore not at all or

only partially solubilised. A decrease in the DS is thus often linked with an increase in
theamount of undissolved particlé&®?1*Sever al aut hors lawes 6o0b
with optical microscopes and have shown that they wer€M@& fibres at different
swelling stages as described by Stawitz and KagE592°83 whose schematics are
displayed inFigure2-45.A. Hopplet'®*a r eady reported the pres
NaCMC solutions in 1942 ase@ in Figure 2-45.B. Other more recenéxamples of
micrographs showing different swelling stages found in &NMi& solution are dispiged

in Figure2-45.C.
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Figure2-45: Different swelling stages of NaMC. A. Swelling stages described Byawitz and
Kage?® Reprinted by permission from Springer Natutellulose Jardebyet al?® Copyright ©
Springer 2005.B. Micrographs of different swelling stag. From the left to the righ more
advanced swollen stageReprinted by permission from Springer Natukalloid-Zeitschrift
Hoppleri®® Copyright © Verlag von Theodor Steinkopff 194@. Micrographs of different
swelling stages presemt & NaCMC solution (obtained with a microscope equipped with phase
contrast) Reprinted by permission from Springer Natu€e)lulose Jardebyet al?® Copyright ©
Springer 2005.

The first swelling stage corresponds to 1swdlen NaCMC fibres. NaCMC fibres are
then ballooned (ballooned fibres are defined
a swoll en s29 Abmok advancedvsavklling stages, swollen rings can be
seen. According to Stawitz and Kage, these swollen rings wouldsi#uals from the
cell walls separated into dis€sJardebyet al?® rather think that they would come from
the ballooned fibres. Then, the fibres become very swollenHgeee 2-45.C). When
fully dissolved {.e. molecularly dispersed), thegan no longer beseenby optical
microscopy. Fully soluble N&@MC fibres undergo all these stages when put into water
while nonfully soluble fibres iie. whose DS is too low) are not able to go up to the final
stage and remain at some intermediate swelling stage inosolddrdebyet al2® gave
some rough correspondences between DS values and swelling ptageted inFigure
2-46.
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Low substituted fibres Ballooned fibres Gel particles Dissolved Na CMC
DS=0.1 DS=0.3.5 DS =0.9.6 DS > 0.6

i E8EE

Figure 2-46. Correspondences between the swelling stage oEM@ fibres and their DS.
Adapted by permission from Springer Natu@ellulose Jardebyet al?® Copyright © Springer
2005.

It is worth noting that the substitution pattern also influences the dissolution@©M{a
fibres. Indeed, low substituted NLMC samples which are homogeneouslpsiituted
are able to undergo advanced swelling stages as they do not contain lengpsiituted
segments responsible for poor AKIC solubility! This explains why the DS value
corresponding tohe lower solubility boundary varies from one article to ancth&y?®
Non-fully dissolved fibres can still be found in solutions prepared fronCM& samples
whose DS is as high as 0.95" As the substitution becomesorerandom for DS above
1.} such NaCMC samples are expected to be fully soluble. Logteal! showed with

SANS measurements that their DS 1.2QMC sample was fully soluble in water.

It can be expected from the above discussion that solutions containirgvobten
NaCMC fibres, swollen N&MC fibres or molecularly dispersed KMC behave
differently. It is indeed generally observed that an increase in the DS first leads to an
increase in the solution viscosit§*%!'%as seen iffigure2-47, wherethe DSdependence

of Na CMC solution viscosity is showirrom DS values around 019 a further increase

in the DS leads to a decrease in the solution visc#sity
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Figure 2-47: Viscosity as a function of DS he graph also displays the storage modulus at a
frequency of 1.0ad/s as a funizin of the DS.Characteristics of NEMC samplesM,, varies
from 1,170,00@/mol to 1,740,00@/mol. Reprinted from Kulickeet al** Copyright © 1996
Elsevier Ltd, with permission from Elsevier.

The evolution of the solution viscosity with the DS can be explainetN&d¢MC
dissolution stage#s the DS increases, N\GMC becomes more andamre swollen. The
viscosity of the solution, initially driven by insoluble I€MC particles is then driven by
microgetlike particlesandthe solution viscosityncreases®*! The demonstration based

on model equédns can be found iR r a n ¢ i '@ healectase i Isadution viscosity
observed at high DS is more complex to explain. It should first be noted that the molecular
weight ofthese samples decreases with DS; which, iteelfld explain the decrease in

the solution viscosity (segection2-3.3.1about the influence dfly on NaCMC solution
behaviou). Kulicke et al3° suggested it could also be due to the formation of aggregates.
A studyinvolving both flow field flow fractionation anthirefringence measurements

published a couple of years lateess to support this second hypoth&¥is.

The substitution pattern influences the viscosity of the solufinebo et al®8andHeinze

et al® showed that solutions made with more heterogeneously substitut€MSa
samples exhibit a high viscosity than solutions made with more homogeneously
substituted N&CMC sampleslt is worth noting that low substituted regions or chains are
more likely to be crystalling’ 12147149 The influence of crysilinity on NaCMC

behaviour in solution is reviewed in Secti®y3.3.3

As mentioned in Sectio®-3.2.1, Lopezet all* investigated three NGMC samples of
similar My but different DSs using SANS. The SANS profiledmigure 2-36 show that
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the lowg-upturn depends on DS. For all studied solutions, it can be described by a power
law. Thepower law exponentalueis maximum {.e. 3.6) for DS= 1.2, where it is also
independent of N&MC concentration. For DS0.7 and DS-0.8, the power law
exponent absolutealue is3.4 at lowNa CMC concentratios similarly to the higher DS
sample, and decreasesltat high NaCMC concentrationd_opezet all4 suggested that

the low g-upturn could be related to the dams typically reported for DLS
measurements on polyelectrolyte solutions (see Se2tibB.2). They also suggested that
NaCMC solutions whose@-upturn is described by a power law exponent of 1 could
contain fringed ntelle aggregates, whichave been reported for other cellulose
derivatives. Fringed micelles can be described as a body of aggregated parallel chains
with dangling end$? From the NeCMC concentration dependencegfshown inFigure

2-37, Lopezet all* found that NaCMC chains are more extended when ©82 than

when DS=0.7 or 0.8. This is coisent with the fact that the chains are expected to be
more stretched when their charge density is higher (see Se2tibbhand2-2.2).14

2-3.3.3. Crystallinity

As mentioned at the end of Secti®3.1, DS and crystallinity are usually correlated;
NaCMC samples of low DS also having a higher crystallinity deffredlore
undissolve matters are typically found in solutions made fromQW&C of higher
crystallinity degree$®*1111%4though the absence of undissolved fragments in solutions
made from crystalline N&@MC was reported by Dirig dnBanderet!! NaCMC
solutions prepared with more crystalline QBIC samples usually have a higher
viscosity!1+124147This higher vscosity is often explained by the fact that crystalline
NaCMC could associate in solutionia hydrogen bonds, thus forming some
structuret!112DeButtset all*’ also suggested an association of the crystalline parts in
solution butvia electrostatic o’Van derWaals interactions. They observed that the
viscosity of the solutions decreased upon shear and that the solution viscosity recovered
after a restingoeriod. 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 nfluence of the presenaé residualsaltsin NaCMC soutions such asNaCl from
Na CMC synthesigsee Sectio2-3.1), has been extensively discussed by Logteal 1°
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Similarly toBo r i s a nfHstudy ofl sbayud poly(styrene sulfonate), they have
shown that the presence of residual salts iICNEC solutions can lead to an anomalously
high value of the power law exponent characterfstithe concentrationlependence of
hspin the semidilute norentangled regimenideed, mstead of the predicted value of 0.5
for polyelectrolyteg~ 0.7 for NaCMC!1415 see Sectio@-3.2.2, values of the power
law exponent clasto 1 as predicted for the dilute concentration regiane,found. This
may explain why the overlap concentrat@rdetermined by Truzzolillet al}*3for their
700,000g/mol NaCMC sample is significantly higher than the one found by Lagiez
al.’® for a similar sample. As a rule of thumb, Lopeizal®® proposed that NEMC
solutions characterised laypower law exponent of 0.880.02 in the semdilute non
entangled regime could be considered asfezdt The behaviour in presence lifgher

saltconcentrations is detailed in Secti®3.41.

2-3.3.5. Simultaneousariation of My and substitution

Kastneret al® showed that the viscositf the solution is determined by the molecular
weight whenboth My, and DSare varied together. However, it is worth paying attention
to the DS as thdehaviour ofNaCMC samples withdifferent DS values and/or
substitution patternsandiffer from one andteras discussed in Secti@3.3.2

In this Section, it has been shown that the variability that often exists withCMGa
samples makes the investigation of GllC behaviour in solution difficult. Indeed, the
variability in terms of substitution and crystallinity may lead to the presence efonon
poorly dissolved fragments, making the solution heterogeneous, and would lead to
additional difficulties when performing light scattering measurements. The presfence
salt impurities from N&MC synthesis can also significantly modify the behaviour of
NaCMC in solution.

2-3.4. Influence of some external factors on N&MC solution behaviour

After having reviewed the influence of \LMIC sample intrinsic characteristic o1$ it
behaviour in solution, the influence of tvweaternal facta 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 saltvhose influence olNa CMC solutions has been studied the mdisis
thus usedhereto explain the most common mechanisms occurring when salts are added

into NaCMC solutions. The behaviour of other satthencompared to the one of NaCl.

Figure 2-48 shows the influence of NaMC and NaCl concdrations on NaCMC
solution flow behaviour. Wen NaCl is added to solutioaslow NaCMC concentration

the viscosity of the solutions decrease¥41:87:119.126.15¢ hjs s commonly explained by

the fact thathe Nd ions brought by NaCl screen the negative charges of the QOaps

on NaCMC chains. As the number of charges onQM4C chains decreases, they become
more coiled. As coiled chains show less resistance to flow than extended cleains (
polymer ch&ns 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 chaindl1°1152As seerfrom Figure 2-48, athigh NaCMC concentrations, the
addition of NaCl to the solution does not modify its flow behaviour. Indeed, at such high
NaCMC concentrations, electrostatic interactions are expected to be sciseeed
Section2-2.1 and 2-2.2) so thatsaltfree NaCMC solutions behave like solutions of

neutral polymers.
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Figure 2-48: Influence of NaCMC and NaCl concentrations on KMC solution flow curves.
The investigated NEMC sample has a molecular weight of 2.09 x @060l and a DS of 0.99.
Reprinted from Kulickeet al*® Copyright © 1996 Elsevier Ltd, with permission from Elsevier.

The influence of salt addition ohsp=f(Cnacmc) data is shown irFigure 2-49. As
previously seen with the flow curves, at high Gl&lC concentrations, salt addition has
no effect on the observed rheological behaviour, wher€M& solutions with and
without added salt behave like nealpolymer solutions. At low NEMC concentrations,
NaCMC solution viscosity decreases upon NaCl addition. Above a critical NaCl
concentration, all charges along NBC chains are screened and HeCMC solutions
behave like neutral polymer solutionserte, inFigure 2-49, a power law exponent

of 1.3, characteristidor neutral polymer solutions in the sedilute nonrentangle
regime, is found for the serdilute norentangled regime when NaCl concentration is
above 0.09V.
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Figure2-49: NaCMC and NaCl concentration dependence of the specific visdagitya CMC
characteristics (from the supplierMy = 250,000g/mol; DS=1.151.45; supplier: Sigma
Aldrich. Reprinted with permissionrém Lopezet al®* Copyright © 2017 American Chemical
Society.

A couple of article¥®”11°153mention that NCMC becomes less soluble at high NaCl
concentrationsBrown and Henley® thus observed flocculation in their solutions when
NaCl concentration was above O while Hoogendanet al’®’obser ved mor e
p ar t upord ieciedsing NaCl concentratiandPals and Hermah® obtained more

turbid solutions at high NaCl concentrations.

When other monovalent salts are added, the behaviour 6BM& 0lutions is identical
to the one observed in presencetlid same concentration of Nattf4%15! Studied

monovalent salts include LiCl, KCI and CsCI.

For multivalent salts, the outcomes are-dafpendent. Theyra summarised imable2-7.

For the salts found in several articles, the outcomes are even-sepeedent. This could
either come from the fact that the studies were performed over different salt
concentrationsrad/or at different N&€MC concentrations, or from the differences in the
studied NaCMC samples. For exampleginzeet al® have shown that heterogeneously
substituted N&CMC samples were much less influenced by the additiosalké than
homogeneouslgubstituted ones of similar DS. Indeed, ss@mples would contain more
non-substituted monomer glucose units, which cannot interact with ions as they are not

charged.
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Table2-7: Influence of the addition of multivalent salts onGIC solutions.

lon

Salt

Studied
parameter(s

Main
outcome(s)

Comment(s) from the cited article/
from the present authors

Ref

CATIONS

Al®*

Flow curve
VS Galt

G U
Gelation
at highcsar

—u

Data not shownSee F& from the same
reference for detailed explanations.

147

Alx(SOy)3

h= f(CsaIt)

G U _u

41

/7rel

f(AI**/COO)

G U
w

Gelation
at highcsar

W in A: would be due to the shielding ¢
COO groups by At*ions. The chains
would then be less extended. Then /
is stronger than for Caions as the
charge is higher for the same
anion/cation ratio.

Gelation: crosdinking of NaCMC
chains by C% ions.

94

h = f(Csdt)

The aluminium salt would be
successively hydrolysed and
polymerised. The OH groups of the
resulting polymer chains would then b
Na CMC chains through H bonds. Seeg
paper for further details.

126

Ba?*

BaCkb

h = f(Csan)

TheW in Ais much stronger than for
NacCl, even if the comparison is made
identical ionic strengths.

41

(o

CaCb

h= f(CsaIt)

o) U
—Wuw

15tW in A: Cé&*ions screen the charges
Repulsive interactions are reduced,
molecules shrink angW.

U in /7 polymer coils wou extend as
there would be repulsive interactions
between the excess of positive charge
outside the polymer coils. It could alsg
be due to the formation of
superstructuresia bridging C&" ions.
2"W in A: due to phase separation
(flocculation occurs)Depending on the
conditions, it can be reversiblieg(
precipitates can be dissolved again by
adding some water) or irreversible.
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TheW in A is much stronger than for
NacCl, even if the comparison is made
identical ionic strengths.

41

/7rel

f(Ca2*/COO)

Gelation

Win /. would be due to the shielding ¢
COO groups by C# ions. The chains
would then be less exteed. TheV in A

is less strong than for Alions as the

94
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at highcsar  |charge is lower for the same anion/ca
ratio.
Gelation: crossinking of NaCMC
chains by C% ions.
TheW in A is much stronger than for
Co** |Co(NQs)2| h=f(csa) | Y  —W|NaCl, even if the comparison is made| *
identical ionic strengths.
5 FIovt/;:urve @ G:Iatio; ’ Data not shownSge F& from thg sameg ,,,
o CL*ICOO | at highCan reference for detailed explanations.
¢ w U —WWin A as COOgroups electrostatically
CuCh | A =f(Csan) Gelation shielded, N&CMC chains adopt a less | 1%
at highcsar  |expanded conformation.
U in 4. F€* ions link NaCMC chains
x together but their concentration is not
Flowcurve | Y  —U |~
5 Vs Gelation high gnough to fprm a 3betwork. 147
Fe*/COO | at highCear Gelation: formation of a. str.ong 3p
Fe* network due to the crosmking action
of Fe** ions.
©w VU —WWin A as COOgroups electrostatically
FeCk | A =f(Csan) Gelation shielded, N&CMC chains adopt a less | 1%
at highCsar  |expanded conformation.
I 5 B = f(Coa) A v Data not shownSge C& from the sameg g,
s WU W reference for detailed explanations.
ANIONS
The studied N&EMC products were
@ U  0OW|NaCMC gels in a NePOJ/HCI buffer.
t NaCMC gel{These results should be taken careful
PQ® | NaPQ: | J = (Coar) more diffic?JIt as the outcomes with NaCl presented !
to deform [the article are oppsite to the ones of
other publications.
The studied N&EMC products were
o U ow glaﬁCMC gels in a KEPOs/NaHP O,
uffers.
HPQ‘? KH-PQJ J = f(Csan) t Na CMC geIThese results should be taken careful| 154
/PO4* | NaoHPQy more difficult )
to deform as the.outcomes WI'[.h NaCl presented
the articleare opposite to the ones of
other publications.
TheW in Ais identical to a similar
PO/ | NasP.O7 | A=f(Csa) @ Y  —Wisolution of NaCl (pH around 10; 4
identical concentration of N#ns).

?: data not provided in the pap&rcompliance (higher values &torrespond to more deformable
materials)

The SLS measurements performed byprand Herman& on NaCMC solutions
containing different salt concentrations show thatexcess Rayleigh ratio imases with
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the amount of added salt (deigure2-35.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 exponentlescribing the concentratiatependence 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 sulfonat@utionsin 0.05M NaCl by
Tanahatoe and Kuif shown inFigure 2-19.B and discussed ineStion2-2.3.3 but
different from the expected value of%’*

All the studies of NCMC in presence of different amounts of added salt in the dilute
regime show thahe radius of gyration of the chains decreases when the amount of added
salt increase¥ 11912 Sych a decrease in the size of BMC chains upon salt addition

is consistent with the coiling of the polymer cless the charges on the polyions get
screened by the added gake Sectio-2).

Dogsaet al!® studied thebehaviour of 2%w/v NaCMC solutions in 0.M electrolyte
using SAXS and LSCompared to theSANS profiles obtained by Lopez and-co
workers'# (see Figure 2-36), Dogsaet al.6 s S A X Ss® da moff exhibi any
correlation peak. Indeed, the correlation peak charactdosioolyelectrolytes has been

shown to disappeapon salt additiorf>1°°

Regarding their DLS measurements,Dogisal6 s r eported t he presence ¢
and the slow relaxation modes typically observed for polyelectrolytes even if their

NaCMC solutionscontained 0.M electrolyte. This is consistent with the behaviour

reported foipolyelectrolytegsee Sectio2-2.3.2. The IAC data were fitted using a sum

of a single exponential and a stretched exponentialeszribe the fast and the slow

relaxation modes, respectively. The fast mode was found to be diffusive, while the slow

mode exhibited @*-dependence; suggesting that the size of the domains was large and

that internal relaxation modes were also probed &ectior2-2.3.2.

2-3.4.2. Sonication

Sonication is used to break the chains of cellulose derivatives, includiGlyiSa before

NMR measurements to characterise the substitution along the 8h&it%.Indeed,
contrary to chemical and enzymatic hydrolyses, no additional component is added to the
NaCMC solutions which can then be directly analysed with NMR. It has been shown
that the substitution pattern is not altered byication3%87156Apart fromthis usage, to

my knowledge, only two studies about the influence of sonication dDNWa solutions
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have been publishéd?® Hence, as sonitian is an important technique used in

Chapterd, the present review has been extended to polymer solutions in general.

Ultrasound is defined as high frequency scuraves that are above20 kHz, which is
beyond the human hearing perceptidff-1>"1>Depending on their frequencies, they can
be divided into two main class&%*(i) destructiveultrasoundalso referred as power or
high-intensity ultrasounditlow frequencie$20 kHz-2 MHz** depending oneference)s
and (ii) nondestructive ultrasoundalso referred as diagnostic or lomensity
ultrasoundjt high frequenciegabove 510 MHz*4). The former has been widely used to
chemically and/or physicallynodify polymers*®441%° During sonication, cavitain
occurs which corresponds$o the creationand the growthof bubbles in the liquid
submitted to sonicatioBubble sizesncreasan a sinusoidal wayntil a critical size is
reached, whereupon the bulsbleecome unstable and collaf$&® At this stage, both
the local temperature and the local pressure are extremely itegh $,000°C and
1,000atm}®’ respectively),and the cooling rate following the collapse is very quick
(i.e.about 18°K.st). These points are termed hot sf6t8? and may damage the
polymer chains, creatinigns and radical% The main mechanism attributed to polymer
chain breakage is however not related to these hot spots, but to the high afbar
strainrates created by cavitation over broader lersgiles i(e. micrometre¥ causing
chain extension and scissith->"1°%169Breakage usually occurs ihe middle of the
polymer chains, which is a structurally weak posntd/or wherechemicalbonds are
weaker}+46:159.161\echanicalinduced scission only occurs for polymer chains whose
molecular weightMy is high enough®'5%1% A critical My of around 30,000
40,000g/mol has been determingef:16°

Mechanical degradation of polymer chains has beenrtexpdor a wide range of both
synthetic polymers and biopolymérs:*6*A number of different factors influencing the
breakage of the chains and their effects are sureedain Table2-8. When available, for
each factor, outcomes of investigations onQWAC are provided after the commonly
reported effects have been described.

Table2-8: Example of factors influencing polymerath mechanical breakage upon sonication.
The results obtained from investigations on@MC are provided when available.

Factor Influence on breakage

Cavitation Cavitation is a necessary condition for breakage to détur.

Temperature Low temperatures ¢45°C¥) favour breakage as cavitati(
bubbles collapse less violently at higher temperatiiré®
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Indeed, there is more vapour in the bubbles; which cush
their collaps€®'* The lower the temperature, the mag
breakage and the faster it!$§1%°

Polymer concentration

Low polymer concentrations favour breakage as the chain
more extended and possibly less or not entangled, and thg
more freely move aroundétbubbles where the high shears
strains are locate®® A study on NaCMC reported similal
results!® while another showed the existence of an optin
concentratiort®> The optimum was explained by the fact that |
concentrated N&MC solutions have a low viscosity induci
a decrease in the shear forces, while highly concent
NaCMC solutions have a high viscosity which dantpse
collapse of bubble$

Frequency

Portenl @nger % mubstightiens on clextea
solutions have shown that a frequency ofkB& induced
significantly more mechanical breakage than frequern
between 50&Hz and 1.68MIHz, which gave comparable resu
as oradiations. The latter results suggests that high
frequencies induce reaction rather than mechai
degradatiort®® Meanwhile, Kodaet al6 '8! investigations or|
five different aquasoluble polymers at 20 and kB@ and
under constant delivered ultrasonic powee.(opposed tg
constant electricabr input powers see paragraphs followin
this Tabl¢ have shown that higher frequencies led to m
significant breakage. Using a radical scavenger, they sh
that the significant increase in chain degradation at
frequencies was due to the incre@iseadical degradation 4
high frequencies. They also showed that radical degrad
occurred at low frequencies, though to a much lower etttan
at high frequencies. The apparent discrepancy with the re
reported by Portenlanger and HeusiAtfean dextrans is likely
to come from the fact that they did not keep the delivg
ultrasonic power constant so that the delivered ultrasonic p
was lower at higher frequenci&s. However, Mohod ang
Gogaté® found that the degradation was significantly m
pronounced at 2kHz than at 204r 694kHz for both NaCMC
and polyvinyl alcohol I.B: the ultrasonic dissipated powe
were higher for the highest frequencfé§)o the influence of th
frequency on the degradation may differ from one systel
another.

Solvent volatility

Low solvent volatilty favours breakage. In a similar way as
the temperature, cavitation bubbles in volatile solvents co
more vapour, leading to a weaker collapse of the bubtiles.

Solvent surface tension

Low surface tension solvents favour break&ge.

Viscosity

Low viscosity favours breakade?® Indeed, if the viscosity i
high, bubble explosion is dampethis has been demonstrat
by independnt studies of bubble dynamics, where an incr¢
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in the viscosity led to a decrease in the pressure whe
bubbles collapse upon cavitatitfrin the context of this thesi
the viscosity is controlled by both the polym#&t, and
concentration, so that deternrig the contribution of each ¢
these factors on the overall behaviour of the studied syste
not trivial.

Muw

The higher My, the more significant and the faster {
degradatiort®%%16° There is a criticalM, about 30,000
40,000g/mol under which no breakage océtt®®1%Above this
critical value, higheMy polymers are more broken than low
Mw ones. Under this value, polymer chains are small enou
follow the high elongational flows so that they do not unde
mechanical scission. They can still be broken by rad
reactions'® The results about mechanical degradation i
confirmed for NaCMC > Experiments were even performed
solutions of identical viscosities made with di#fat My,
NaCMC samples to exclude the effect of the solut
viscosity?®

Polymer conformaon

Linear polymers are more easily broken than linear ones ag
are more easily extended upon elongational fltW/.

Polymer hydrophobicity
(for aquasoluble polymer)

Polymers which are more hydrophobic mlag more easily
degraded as they would tend to gather at the surface ¢
bubbles 161

Sonicationrmean
andultrasonic intensity

Ultrasound probes are more efficient at breaking the ck
compared to ultrasound baths widely available in

laboratories and categegid a s 0 c | ,easultrasougd
probe energy inputs are higher. Typical integsitalues are
5 W.cn? or below,and14-500W.cnt? for probes and cleanin
baths respectively*®®1%2164  further details about th
determination of such values are provided below this T&ble
pectins, it has b shown thathe degradation increased wi
theenergy input for intensities ranging from 121 to 39Zn1?
and plateaued above 302.cnm2.1%® For both NaCMC and
polyvinyl alcohol solutions, a probe and a bath with sim
dissipated ultrasoundfrequency 20kHz) were compared
Results showed that degradation was more pronounced
the probewas used and attributed to a higher local activity
cavitation. It was however noted that the power density
30times higher for the probe than for the b&th.

Horn depth
(for sonication probes)

The horn depth influences both the rate and the exte
polymer chain degradation. Indeed, the flow patterns gene
in the solution depends on the position of the horn in
solution, which needs to be optsad to obtain homogeneo
degradation. This has been shown for bothON&C and
polyvinyl alcohol?®

Air injection

Upon air injection, the initial degradation rate of GIC
chains is higher. This is thought to be due to the fact tha
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injected air bubbles act auclei for the cavitation process
However, after long sonication times, chain degradation is 1
significant without air than upon air injection. Air injection m
add too much gas in the systems which would reduce
intensity of cavitation at collapse and/or would affect

ultrasound wave propagation, thus decreasing the ef
available for cavition:*®

Salt addition Upon NaCl addition, degradation of KMC and polyvinyl
alcohol is promoted. This is more significant for polyvir
alcohol and explained by the fact that salt addition would |
hydrophobic polyvinyl alcohol towards tihebbleinterfacesso
that polyvinyl alcohol chains would experience more the |
shear rates and straiffs-or the more hydrophilic NEMC, it
is suggested that NaCl addition could lower the attenuatig
ultrasound wave¥.
Surfactant addition Addition of Sodium Lauryl Sulfate to NCMC solutions led tq
a decrease in the degradation compared to surfefotan
solutions as the growth, the coalescence and the stability
cavitation bubbles were modifi¢él.

Numerousultrasonication studies report the sonication intensity either asldtugrical
consumption of the generator or as the electrical enérgyrovides?>16%164 The
ultrasound energy actually transferred to the mediusnhowever different than these
values as it not only dependsthie 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 gaghd environmental conditions (temperature, pressétéHence,

to compare experiments, the sonication intensiggtually transferred to the medium
should be estimatel§#1° Calorimetric methods are the most commonly used msthod

for this purposé® 162165 They are based on the assumption that all the mechanical energy
is transferred into he?1%°so thatl can be determined by measuring the temperature
increase /dt at the beginning of the sonication procasig Eq-25 and 226.16%165

0 66— (2-25)
(o J (2-26)

whereP is the ultrasonic power (also termed acoustic power or power output), m is the
mass of the sonicated mediueajs its heat capacity arffimiingSurface is the aa of the
emitting surfaced. g.Smitinga I € a2 fora horn tip of radius'®®.Examples of values
found in the literature for various geometries and sizes of sonicatiamsrasaprovided

in Table2-9.
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Table 2-9: Examples ofvalues of sonication intensitiesactually transferred to the sonication
medium.

SonicatioP'menS'ons FreaquencyElectrica] Model; Sonicated T
mean power manufactureg system Ref
(kHz) | (W) (°C)|(W.cm?
V1A; Sonicg
& Materials
Probe 1.2cm 20 600 4552
Inc. Danbun
CT
0
300 x 150 J— 10% w/w soy
Bath 40 300 _ |protein aqueous |n/a| 2 162
x 150mm Sonomatic _
suspensions
ES01/06/92
500 |Undatim
Bath n/a 100 _ <1
(512%) [Ultrasonics
S.A.
Soybean
S3000; suspensions in
- 16.4
Probe n/a n/a 20 |Misonix hexane, 25 476 163
Incorporategisopropanol or '
hexane:isopropan
Fungsonics
mod. 28L;
Bath n/a n/a 20 ) 5.2
Fungilab
S.A. Pok loin ina
saturated NaCl 2 147 164
0.6cm /a Sonics | ine |
& Materials 21.3
Probe 100 20
Inc. 29.2
1.3cm Connecticut 75.8

*Provided dimensions correspond to the internal dimensions and to the tip diameter for sonication
bahs and probes, respectiveligffective frequency providealy the authordThe different values

of | were obtained by varying thelectrical power of the traducer. n/a. nonavailable.

Ref: reference.

Investigations on carrageenan solutions akH¥48 showed a significant decrease in the
sheasviscosity*3 The decrease in the sheascosity was only temporafy,and Ipropose

that aggregates and/or polyion clusters usually observed in polyelectrolyte solutions could
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have been physically broken and would buifslagain at rest. Such changes, rather than
chain breakage would bsonsistent with redts obtained for walnut protein isolates
where sonication did not induce any changklinbut broke down protein aggregateés.

The sonicated samples were further characterised and it was shown thiatictineesof

the proteins had been modifieduggeshg that physical bonds could have been
broken!®” A LS study of hyaluronan solutions sonicated in a bath also suggested that

polymer aggregatesan bebroken dowrupon sonicabn.'6®

2-4. Conclusions

Usingthe scaling law description of polyelectrolyte chaisee or four concentration
regimesare predictedor low or highMw polyelectrolyte solutions, which are the dilute
regime, the senddilute regime (divided into a neentangled and an entangled regime for
high My polyelectrolytes) and the concentrated regime. The concentration dependence of
the solution specific viscosity can be described by power laws whose exponents are
characterist for each concentration regime; thus allowing the determination of the
concentration regingeand the associated crossover concentratidhg power law
exponents obtained for sditte NaCMC solutions are in agreement with the predicted
values. The valel obtained for the serdiilute norentangled regime is however slightly
larger than the predicted value; which is thought to come fror@M@ semiflexible

nature and/or its polydispersity.Hasalsobeen found that the crossover concentration
between tk semidilute and theoncentratedegimesc**, 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 outcomeés furth
supported by SANS experiments on GBIC 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 relaxatianahod
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 shaezs®nd
relaxation mode characterised bloager relaxatiortime, hence called slow relaxation
mode appears. Its origin is still not understood, but it is commonly attributed to polyion

clusters t e Thaetler rélakationaniode,sdaferresifast 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 gdtisey 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 Mighpolyelectrolyes, a third crossover concentration

can be observed for the slow relaxation mode, but this crossover concentration is not
probed bySLS; which suggests that this transition is related to changes in solution
dynamics rather than structure, and | have sugdeg 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 unknostpand the discrepancies
observed between the investigated polyelectrolyte systems, a few common features have
been establishedhe slow relaxation mode is not due to the presence of impurities. An
ageing study performeaver a couple of years hasownthat the slow relaxation mode
couldweakenover time until an equilibrium state is establish€lis weakening of the

slow mode would be caused by polyions leaving the domains while the domain sizes
remain constant; implying that the arrangement of thgignud 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 sizelt would be interesting to investigate this ageing behaviour for other systems
as the present studies which do not repory ageing behaviour may not have been
performed over timacale 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 LForces applied during either centrifugation or
ultracentrifugation seem to be high enough to break the interactions responsible for
polyion cohesion in the domairiBhe domains may reappear after centrifugation, further
supporting the fact that domaiosrrespond 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 loMy polyelectrolytes, the domains even disappear upon salt
addition. This disappearancetbé domains could be due to a change in the concentration
regime from a polyelectrolyte sefdilute concentration regime to a screened dilute
concentration regime, where only one relaxation mode is expected. A combined LS and

rheological study could helpnswering this question too. It could be interesting to
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investigate other techniques that could break the domains to collect more infarmatio

about their properties and getting closer to understand their nature and origin.

The review of NaCMC characterists has highlighted that bothlbatchinter- and intra
variabilities can be significantSuch variabilities include differences in substitution
(average DS and substitution homogeneity along polyion chains) and crystallinity, which
are key to the behaviouf dla CMC in solution as nonor poorly substituted NEMC
fractions cannot undergo full dissolution, leading to more complex sample preparation
for light scattering measurements. The presence of salt impurities coming fréMGla
synthesis has also beeroghn to significantly alter the rheological behaviour. Finally, the
broadMy distribution typically reported for NEMC samples makes the comparison with
monodisperse synthetic polyelectrolytes more complicated and could be at the origin of
the opposite carentration dependenagbserved forthe onset of the shedtinning

behaviour compared tmonodisperse synthetpolyelectrolyte systems.

The literature review has also demonstrated that no extensive LS investigation has been
performed on saliree NaCMC solutions in the semdlilute regime. In fact, no extensive

DLS study of NaCMC solutions has been carriedt®o far. The influence of sonication

on NaCMC solutions under the polyelectrolyte perspective has notsiadiedeither.

The next two Chapterspert two studies of N&EMC behaviour in water combining both

LS and rheology. The first of them, ChapBernnvestigates the behaviour of skéie
semidilute NaCMC solutions, while the second one, Chagtestudies the influence of

sonication on N&MC solutions with and without added salt.
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Chapter 3: Characterisation of Sodium Carboxymethyl
Cellulose (Na CMC) agueous solutions using rheology and

light scattering

The content of thi€hapter has been submitted®GS AppliedPolymer Materialsunder

the title CChalcterization of Sodium Carboxymethyl Cellulose (Na CMC) Aqueous
Solutions to Support Complex Product Formulatioa Rheology and Light Scattering
St u,cndds currently under review

3-1. Introduction

Sodium Carboxymethyl Cellulose (\GMC) is widely used itndustry for its thickening

and swelling properties*® The NaCMC global market represented hiftion USD in

2014 and keeps expanding with a compounded annual growth rate aroufid 4%.
Application areamclude pharmaceutical, food, home and personal care products as well

as those of the paper industry, paint, water treatment and mineral proééssing.

NaCMC is a linear, negatively charged, wasetuble, semilexible polymer derived
from cellulose®>28which is the most abundant organic polymer on EaftNa CMC

has the same linear backbone as cellulose I-glucose maomers linked byb-1,4
glucosidic bonds) with some of the hydroxyl groups of the raw material cellulose
substituted by carboxymethyl group¥:280n each monomer, all three hydroxyl groups
can, in principle, be substitutéd.However, full substitution is rarely achievé.
Commercial N&CMCs typically have an average of @& substituted hydroxyl groups

per monomer, which is referred to as its absolute Degree of Substitutior®@8)is

the presence of these carboxymethyl groups that mak&M@asoluble in watef®
308283 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 esubstituted, N&CMC

does not fully solubite in water?®2%:30.828384aterogeneously substituted (or blocky)
NaCMCs are commonly used in laundry detergents as their low solubility facilitates
deposition on fabric and enhances stain remtval while homogeneously substituted
NaCMCs are commonly used in toothpasteBecause the raw material from which
NaCMC is synthesed comes from natural sources, there is a great varahilibhe size

of the polymer chains in N@MC samples, as characted by large polydispersity
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indicesMw/Mn.232425Common values o¥lw/M, are around 1:8.613242°put values as

high as 8.5 and 8.7 have been repotfed.

The influence of N&LMC characteristics on its rheological behaviowas hbeen
extensively studied in aqueous solutions. The rheological behaviour@MTain water,

with or without other compounds.. salts®3041:81.126gart 132 or surfactantsh119,

or in solvents suclylycerin/water mixture$? propylene glycol/water mixturés or
cadoxeh®™ has been characteed. Studies investigating the swelling properties of
Na CMC!®®and its ability to form films on its own, or issociation with other polymers,
have also been performed. Only a few light scattering (LS) studies have been performed
on NaCMC solutions, and none, to the bestof knowledge, have been performed on
Na CMC solutions without added salt. Several StatghtiScattering (SLS) studies were
performed in the 19509608%121122o0n NaCMC in the presence of NaCl and focused
on the intrinsic properties of the \LAMC polymer without the effects of charge. Also,
three reent light scattering studies that combine LS with other experimental techniques
have been published: Dogstal!® studied NaCMC chainconformationas a function of

pH while keeping the ionic strength constant at\d, 1Guillot et al'!® investicated the
behaviour of N&CMC in the presence of a surfactamind Hoogendamet all®’
charactegedthe conformation of N&EMC 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 widelytosed
charactege polyelectrolytes in aqueous solution. Synthetic polyelectrolytes such as
sodium poly(styrene sulfonate) (R$SS)%° poly(methacrylic acid{PMA)"° or poly(N-
methyt2-vinylpyridinium chloride) (PMPVP$! as well as natural polyelectrolytes such

as DNA/21"* chitosar®® xanthard®®” or hyalurona®’ have been investigated. For
polyelectrolyte solutions above their overlap concentrations, either without added salt or
at relatively low salt concentrations so tblaarges 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 potyiSias 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 polyelectbéites, commonly

termed &d mai nso.
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The relaxation rate of the fast mode is usugfiylependentd is the scattering vector

T

defined as) , With n the refractive indexd the scattering angle arsthe

laser excitation wavelength); implying it has diffusive charat&¥>>3"1"2The fast

mode relaxation timédis typical y around a few &s and t he
coefficientDs ~ 10° cn?.s1.22%9The slow mode is charactseid by significantly longer
relaxation timedy, that are typically in the range ois to 10s225°The slow mode has
commonly been found to also exhibitfadependencé’333%37.17%or which a diffusion
coefficient can be calculat®dand an apparent hydrodynamic radius of the domains can

be estimated® However, otheg-dependences have been observed for the slow fdde,

where it has been suggested that the characteristic size of the domamdarge
compared to the probed lenegbale so thagl >> 1 and internal relaxations within the

domains are also probét®®

To understand the nature of the slow mode, the influence of both the polymer intrinsic
properties €.g. Mw,>2333" degree of iorgation’>’%") and the eperimental conditions

(e.g. polyelectrolyte concentratioit;>*®" sample filtratior?>’® centrifugations®°
dialysis/>"®salt additior’>"®"8packbone solvatioh,>"8pH'"9 have been extensively
studied Nevertheless, there appears to be relatively few outcomes that can be ggeherali
across all the investigated systems. For example, some studies show that, at a given
polyelectrolyte concentration, the size of the domains does not varyvite: while

another shows it doé€s$.In a similar way, a study shows that at a giviel,
Rg.apdomans)increases with the polyelectrolyte concentratiowhile others show that

it does not'? (seeSection2-2.3.4andFigure2-21). However, there does seem to be an
agreement on the fact that both filtration and centrifugation can modify the
domains®236.7%80Fjltration using small pore size filters can even fully remove &P

or, at least, reduce their size to a level that is below the lescgths probed by LS in the
particular experimerf Ultracentrifugation has also recently been shown to remove the
domains, suggesting that centrifugal forces can break the cohesive interactions in the
domains®® This observation was suggested to support the idea thatoitmains result

from electrostatic forces and are formed by polyelectrolyte chains sharing countérions.

It has also been suggested that they are temporal, in that the polyelectrolyte chains of a
domain are continugl exchanged with polyelectrolyte chains present in the rest of the
solution®?3¢ In some cases, it has been reported that the number of chains forming a

domain decreases over long periods of tifhe.
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Finally, a third relaxation mode is sometimes observed in polyelectrolyte soltfidns,

which is generally either slower than the slow mbd@or situated between the fast and

the slow mode&>’! The reported origin of this relakion varies significatly between

different system&? "3 For example, as an intermediate mode, it has been attributed to the

motion of polyelectrolyte chain sections that do not belong to the doffaingp the

motion of hydrophobic domains formed by uncharged segments of the polyelectrolyte
backbon€l!whi | e as|a@mwdo6unotdrea it has been attribut ¢
polyelectrolyte chain&

The present work combines viscosity measurements with SLS and DLS over a wide range
of polymer concentrations for sditee aqueous N&MC solutions. The solution \@ssity

is studied as a function of polymer concentratibime obtainedesults are compared to

the predictions otthe scaling theory for polyelectrolytes and to recent results from
literature; leading to the identification of two concentration regimes tantheir
assignment to the serdilute nonentangled and entangled regimes. Moreover, a
comprehensive SL-BLS 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

NaCMC of average molecular weight 700,0§@nol and DS 0.8.95 (supplier
specification) was obtained from SigrAddrich (product number: 419338; lot number:
MKBR1032V). Usingthe acid wash method from the ASTX#the DS was found to be

0.85+ 0.03. The moisture content of the polymer powder was 8.2%, which was

taken into account for the preparation of the polyelectrolyte solutidisUl t r apur e o
water type | (called deioggéd DI water in the following) was obtained from either a

Milli -Q® Advantage A10 ultrapure water station (Merck Millipore) or a PUREI®AB

OptionQ station (Elga). Isopropanol from VWRChemicals (AnalaR NORMAPUR

ACS, Reag. Ph. Eur. analytical reagent; product number: 20842.323) and toluene from

Fisher Chemical (analytical readeproduct 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%QW&C (all concentrations
quoted in thiChapterare inwt%) were prepared by adding the appropriate amounts of
Na CMC powder to filtered DI water (using naterile Fishertand® syringe filters with

0.2e m p9gize ylon membranes) under stirring with the help of a magnetic stirrer at
850rpm. Stirring was pursued fort2 These initial solutions were diluted to 0.60.88%

Na CMC and kept overnight before rheology measuremaats carried out.

All rheology measurements were performed at 25°C using a Discove/ iHBometer

(TA Instruments) equipped with a bob and cup geometry (bob with a conical end).
Preliminary measurements of the th@eolution of the viscosity for differérconstant
shearstress values (data not shown) were performed to determine the most suitable
shearstress range and time parameters for flow curve acquisition; these include the
equilibration timeqdg, which is the time during which the shesress is applied before

data acquisition to allow a steady flow to be achieved, and the averagingdinvehich

is the time during which data are taken and averaged. All viscosities were measured using
thestresscontrolled modegpdywas set to 208 for NaCMC concentrations up to 0.18%

and to 30s for all other concentrations. For each solution, flow curve data were collected
usingpdv = 200s andgpdy = 300s to confirm that the value gbd; was adeqate 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 i8ection3-2.2.2 and filtered isopropanol (nesterile
Fisherbranl syringe filters with 0.2 m psize RTFE membranes) before being dried
in a dustfree environment ata. 50°C. Solutions ranging from 0.018 to 0.92% GlC
were prepared directly by mixing the appropriate amounts o€M& powder and

filtered DI water.The preparation procedure was the same as that used for the rheology
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samples, except that the solutions prepared for LS were transferred into glass vials

(rimless PyreX culture tubes 75 x 1m), suitable for LS, and then kept overnight

before the measuments. During the sample preparation tests for the LS measurements,

using filtration and/or centrifugation to try to remove contaminateiy.dust), the

solutions were filtered usingaP5 (AlGe m por e s i %Berdsilicdte 3.3fikeP OR

tunnel (ROBLWY) before being transferred into LS tubes, and/or centrifuged directly in the

LS tubes using a HeraeusE Megnifit')gaifped 6 R Cent r i
with a Rotor swingput TX-400 4x 400 mL (Thermo Scientiff®"); both procedures are

described in detail in Sectid3.3. The referencei.g. toluene) and solvent.¢. water)

samples requik for excess Rayleigh ratigpRcalculations were filtered through

previously mentioned PTFE and nylon filters, respectively.

LS measurements were performed at 25005°C using a 3D LS spectrometer (LS
Instruments, Switzerland) equipped with a HeNe laserg32.8nm, power: 2InW), an
automated laser attenuator and two avalanche photodiode (APD) detectors. All
measurements were performed with vertically pedatincident and vertically polaad
detected light and in pseudooss correlation mode, which removed afialsing effets

and allowed the investigation of lag tirméss low as 2%s. All samples were transparent
and it was confirmed that multiple scattering did not have to be taken into account; thus,
al |l measurements were performed using a stand
performed within a few days followg solution preparation and did not last more than a
week, which is important since NGMC solution properties such as the viscosity have
been shown to change over tifté1*?Further details about the measurebmocess and

data analysis are given 8ection3-3.3.

3-2.2.4. Fitting of the data

All fits were performed with Origifi and the Levenberg Marquardt algorithm with

6i nstrumental weightsd was used.

3-3. Results and discussion

3-3.1. Optical microscopy of NaCMC solutions

It became evident upon the initial preparation of theCIN&C solutions that a very small

proportion of nordissolved cellulose residuals remained, even after extended mixing.
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Microscopy was use@tunderstand theiratureand categoristhem based upon different
observed morphologies, with examples showrrigure 3-1. The presence of similar
residuals in N&CMC solutions was reported as early as 1942 by Hoppiéturther
investigations on N&EMC samples with a low DS (around 0.7) were performed more
recently by Jardeby and-weorkers?®#283who concluded that these residuals were made

of non- or poorlysubstituted cellulose originating from less reactive cellulose fragments
in the raw material used for NGMC synthesis. Because of their lower DS, these residuals
could not undergo full dissolution and would exist in solution as fibregdd®&a 0. 1) ,
6bal |l oone ddwasB i BOSEw gel gadicles (DSiquasd  €0.6)3° The
presence of undissolved residuals in@MC solutions for samples with DS values as
high as 0.95 has previously been repoffédint he f ol | owi ng, the t
will be used for the residuals observed in the studied samples.

Consistent with Jardeby and-aoo r k e r s 6 s 2°§%6% anécroscapy rievealssthe
existence of particulaseas fibresKigure 3-1.A), swollen and ballooned fibre&ifure
3-1.B), or swollen ringlike fragments [figure 3-1.C) at more adanced dissolution
stages. It is worth noting that studying these particulates using optical microscolpg c
difficult. As an example, Figural-1 shows the same particulates agigure3-1.C for
different foci. Moreover, similar morphologies to those shown kigure 3-1.D were
observed in microcrystalline cellulose suspensions, as shovifigureAl-2; which
supports assigning these to non poorly substituted cellulesfragments.
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Figure 3-1: Examples of particulates observed in GMC solutions under the microscope.
A. 0.18% solutionB. 1.8% solution,C, D.0.018% solution (the black spot in D belongs to the
backgroundand not to the sample).

3-3.2. Concentration dependence of N&€MC solution viscosity

The scaling model for solutions of uncharged flexible polymers in good solvents classifies
their behaviour into three concentration regimes: dilute,-siote and concentrated>!

In the dilute regime, the polymer chains are well separated and can be described as a
sequence of t hesf foddngthédalbssmalerdhanarf(i.e. svithin the
blobs), the excluded volumeteractions are weaker than the thermal endrbywnd
chains adopt a nearly ideal chain conformation, while for leagéttes larger thasy, the
excluded volume interactions are stronger tkiand the chains can be viewed as-self
avoiding walks of thernlablobs?® As the semiilute regime is entered at the overlap
concentrationc*, a new lengtlscale, the correlation lengtls; approximately
corresponding to the distance between polymer chains and defirgadjesth correlation
blobs, is introducetf At length-scales smaller thas the chain conformations are the
same as in the dilute regime, while for lengtales larger thag the excluded volume
interactions are screened and each chain can bediasa random walk of correlation
blobs?® As the polymer concentration is fher increased, the distance between polymer
chains and correspondingtydecreasé!®! and whe 3 becomes smaller thasy, the

polymer chains behave like ideal chains at all lersgtiles; this is called the concentrated
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regimél®! and the concentration at which it is entered is catteéd Moreover, if the
polymer molecular weight is high enough, the chains in the-déuté and concentrated
solutions can be entangled, and the crossover concentration between ttdutemon
entangled and entangled regimes is then called the entanglement concentration

A common method to identify these concentration regimes istal@ specific viscosity

dsp (EQ. 3-1) as a function of the polymer concentration, wltgses defined as:

- - -- (3-1)

with dp the polymer solution zershear viscosity ands the solvent viscosity. According

to the scaling laws for polymer solutig!>*®each concentration regime is characterised
by a power law- * &, with a characteristic exponebtthat depends not only on the
concentration regime, but also on the solvent quality.thetasolvent, good solvent}:*®

For an uncharged flexible polymer in a good solvent, the predicted values of the
exponenb for the dilute, the semdilute norentangled, the sendillute entangled and

the concentratecegimes are 1, 1.3, 3.9 and 3.75, respectitai§.

Importantly, similar concentration regimes have been observed for polyelectrolytes in
saltfree solutiond>*® The rdevant lengthscales are here defined by the effects of
electrostatic interactiorf8:>1 The key lengtkscale of the polyelectrolyte scaling theldfy

is that charactesing so called electrostatic blobs of size Within these blobs,
electrostatic interactions are screened and chains act as if they were uncharged, whereas
on lengthscales larger thamse, the chains addpstretched directed random walk
configurations in the dilute regime due to repulsive interactions between the electrostatic
blobs1" Within the semidilute regime, neighhwing chains screen electrostatic
interactions on lengtiscales above the correlation lengthwhere chains behave like
random walks of correlation bloB%1’*The power law exponent in the dilute regime is
predicted to be 1 for saltee polyelectrolyte solutions, as for neutral solutions chus
typically much lower for polyelectrolyte chains of similar molecular weight due to the
significant chargénduced chain stretchirf§ The power law exponents of the sedtiliite
nonentangled and entangled regimespetlicted 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 reginme?’48
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Examples of N&CMC solution flow curves spanning the full range of investigated
concentrations are shown Fkigure 3-2. Flow curves obtained witkpd, = 200s and

opdv = 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 shbanning belaviour. The values ofjy were
obtained by fitting the flow curves with the Carreau mb¢@so shown irFigure3-2).

The equation as well as the fitting parameters corresponding toirves shown iRigure

3-2 are provided inSectionAl-2.1 The values ofdp were combined with the
experimentally determined solvent viscodiky= 0.948 + 0.02 mPa.s to calculate the
specific viscositiegdsp (Eg.3-1), which are shown ifrigure 3-3 as a function of the

Na CMC concentation.
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Figure3-2: Examples of viscosity curves across the studied range of concentradiiprs200s.
The black lines are fits to the Carreau model, used to determine the values of tbleeaero
viscosty dp.

For the studied range of Na CMC concentrations, the increasgvith cna cmcmay be
described using three different power laws (dashed linEgyure 3-3). The determined
power law exponents are shown below the fitd-igure 3-3 and were found to be
consistent with those previously reported for otheNAC solutionst%143"However,

a comparison to the exponents theoretically predicted by the scaling theory for
polyelectrolyte¥*® (values in brackets iffigure 3-3) clearly shows that the exponent
value found for the sentilute norentangled regime is higher than the prediction from

scaling theory. Lpezet al® 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 purifiedCN& samples as well as NGMC
samples containing low amount$ residual salts, where the value of the power law
exponent for the sendilute norentangled regime was measured to be 0.68 + 0.02. These
authors argue that NaMC samples characterised by similar exponents can effectively
be considered as sditee!® The exponent ofhe presntNaCMC sample in the semi
dilute nonrentangled regime is found to be 0.74 + 0.04, thus similar to the value found by
Lopezet al. within experimental error, and can therefore also be considered effectively
saltfree. For salfree NaCMC solutions, Lopz et al'® also suggdsd that both
polydispersity and chain rigidity could contribute to the discrepancy observed between
experimental and predicted power law exponent values in thedsiere norentangled
regime. The scaling laws for polyelectrolytes have indeed beenisiséabfor flexible

polymer chains, while it is known that \EMC polymer chains are setftexible. >4
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Figure3-3: Determination of the concentration regimes fitbmn specific viscositgs,vsNa CMC
concentrationcna 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 brackdislow the name of each concentration regirhe. inset shows

the same data set fitted using BeRb whereb = 0.74andc. = 0.17wt% (values obtained from

the best power law fits)The fit with the power law exponent predicted by the scaling law is
shownin FigureAl-3.
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The crossover concentrations are showd able 3-1. It is worth noting that as nen
fractionated N&CMC samples are generally polydispetsthe transitions between
different concentration regimese expectetb be charactesed by a concentration range
instead of a single characteristic concentration. Thus, the concentrations determined using
the power law fitting approach should be viewedl as estimates. Because the exponents
of the best power law fits are different from those predicted by the scaling laws, the
crossover concentratiornes, ce, and c**, calculated as the intersections between the
power law fits of two successive concetiion regimes, differ depending on whether
theoretical or best fit exponents are considered pper and lower lines dfable3-1
respectively). The fits of the serdilute norentangled concentration regime abed

with both theoretical and best fit exponents were extrapolateghto 1 to obtain the
values of the overlap concentrations. These processes are illustraigdraAl -3.

Table3-1: Crossover concentrations calculated with different methods

Calculation method| c¢* (%) Ce (%) c** (%)
Scaling law fits 7.7 x10° 0.10 0.46
Best power law fits | 5.2 x 10* 0.17 0.45

By studying how the crossover concentrations and the specific viscosity behave with
Na CMC molecular weight, Lopez and-@mrkers-1° concluded that the scaling laws of
saltfree polyelectrolyte solutions may not be the most appropriate model to describe salt
free NaCMC solutions above*. Their study® indicated that there may be only one
crossover concentration, instead of the two separateentrations,ce and c**. This
hypothesis was reinforced by the absence of the expected change in the Small Angle
Neutron Scattering (SANS) profile et*, which suggests that the current description of
such systems based on the electrostatic blobs anaietation length is not sufficient

to describe therhas well as by the fact that viscosity data could be successfully fitted
outside the dilute regime using a simple expression (Ep)3hat ontains only one
characteristic concentration within the fitting regime, chosen as the entanglement
concentratiorce determined as discussed above. E9al° is a simple parameterisation

of the dsp VS Ctnacmc data abovee*, which uses a single characteristic concentration
outside the dilute regime and includes two parametarglq to describe the power law
exponents in the neentangled and entangled regimes. To account for variations in the
shape ofdsp Vs cnacmvc as the behaviour transitions from the low to high conceatra

power law behaviour, a final paramegis introduced.
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- - @& 2w jd Op 0 j® (3-2a)

An attempt to fit the present data outside of the dilute regime witB-Bly, adaptedrom
Eq.3-2a to avoid any assumption on the valuegsgft*) andc*, is shown in the inset to
Figure3-3. Hereais the exponent of the best power law fit within the sditite nor
entangled regima.€.0= 0.74), ceis the entanglement concentration determined from the
scaling law analysis described above (see valdable3-1), andA, Q andq are fitting
parameters.

- 6 2o Jp 0 @ j® (3-2b)

The fit is also shown ifrigureAl-3, where it is compared to that using the exponent
predicted from scaling theoryd€.2= 0.5) and where all parameters are provided for both
fits. Eg.3-2b is found to fit the data well,hich 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 Cotd§.While the graph oftsp VS Cpolymer Was
consistent with the scaling law predictions, the concentrategpendence of the terminal

modulusG did not show thexpected inflection at**.

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 theiragddws for polyelectrolytes. The
determined power law exponents slightly differ from the theoretical predictions, but are
consistent with those previously determined forQMAC samples of varying/w and

DS 11415 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

characteising the onset of entanglements within the sditute regime.

3-3.3. Optimisation of light scattering measurements

LS measurements are very difficult to perform for®MC concentrations below 0.018%

due to the low scattering intensity. It was thus decideohtib the LS study to NEMC
concentrations starting from 0.018% and covering the concentration range investigated
with viscosity measurements (see SecBe32).
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Sample preparation

LS measurements ideally recaisamples free of dust and residual componérifs.
Observations of the N@MC solutions using optical microscopy, howewrowed the
presence of particulates (s&egure 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
purpose339760.2e m psize gyringe filters were tried first. However, the scattering
intensities of the N&MC 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 O6domainsd responsi
contribution was determined to be aro@® nm (see SectioB-3.5andFigure3-15).

Jardeby and cworkers have previously isolated particulates fromQW4C solutions
(seeFigure 3-1 and Jardeby and emorke r s 6 2%528jpusing dilters, and the same
filter types (.e. ROBU® VitraPOR® Borosilicate 3.3 filter tunnels) were thus tried in the
present study, using the smallest available pore sizel(@€®Om) . fa@atiort tesis

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 ‘€€llse centrifugation
acceleration and deceleration speeds were set to the lowest available values tseminimi
any modificsion of the solution structuré:®® 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 behavsignificantly, as several studies have
shown that centrifugation can alter the solution propetti€sBoth the filtration and
centrifugation trials were performed on 0.018%@MC solutions. The effectiveness of
thesepreparation protocols to remove dust and residual components were evaluated using
LS. The intensity autgorrelation data corresponding to a range of different preparation

protocols are shown iRigure 3-4.
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Figure 3-4: Normalised intensityautocorrelation data at 90° scattering angle collected during
sample purification trialsi.e. centrifugation and/or filtration) for a 0.018% KMC solution.
Each data series ian average of 386 measurements (See details about normalisation and
averaging irSectionAl-3.2).

All intensity autecorrelationdataexhibit two decays: (i) a main decay with a relaxation
time around either.01s or 0.003, and (ii) a secondary decay at much longer relaxation
times. The main relaxation (i) was assigned to the slow relaxation normally reported for
saltfree polyelectrolyte solutions abow#, and thought to be due to the presence of
polyelect ol yt e aggr egat e s?¥aedisausséddBectios d-2.3a0do ma i n
3-1. None of the investigated centrifugatigparameters modified the value of the
relaxation timeld of the slow mode significantly, which demonstrates that the behaviour
of the NaCMC solutions was not altered by the centrifugation procedure. Conversely,
filtration led to a significant decrease W 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 $ade polyelectrolyte solutiod$®®

and with an observed 12£20.6% decrease of the viscosity upon filtration (data not
shown). The origin of the secondary decay, referred to here as thsloNirenode, is not

clear. The corresponding relaxation times are long, suggdkanghe ultraslow mode

is due to the presence of large particulates present in solution (see S&6&dor a

more detailed discussion). As neither centrifugation nor filtration completely removed
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the ultla-slow mode, and filtration even significantly altered the slow relaxation mode,
the LS measurements were performed using unprocess€d/iS8asolutions. The next

two subsections describe how data collection and processing were adapted to account for
the pesence of the ultralow 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 -aateelation 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 ultshow mode) will eventually interfere with trecattering

from the Na CMC solution. Indeed, the intensity actorelation data ifrigures 35.A-

C demonstrate that the effects of the u#i@v mode increase with the measurement
duration, which is consistent with the interpretation that more of thgcydates
responsible for the ultralow mode enter the scattering volume during long
measurements as compared to short ones. Also, as shbignriie3-5, for measurements

at a fixed acquisition time, the ultow 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 nsthown), 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 imfgcsedttering from
particulates can be discarded. Subsequently, the remainincadsdaeraged across
several independent measurements to enable good statistics for samples at low
concentrations, where the intrinsic scattering is low, without signifieffieicts of

scattering from particulates.

Figure 3-5.0 shows that the normalid scatteringintensity Inorm (calculated as

§O) ) 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 foraeh angle and each solution. It is worth noting that individual SLS
measurements weperformedover shorter periods of time than DLS measurements to

further minimse the influence of particulates.
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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 attorrelation data collected
over different periods of time at scattering angles of 50, 90 and 135°, treslye®. Normalised
scatteringntensityln.om as a function of the scattering andleError bars represent the standard
error (plotted only when there were at leapt@oer quality measurements).

Data processing

The LS data need to be collected witthie 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 d8ttionAl -

3.1 Hence, the first data processing step was to remove all messuseduring which

the scatteringntensities were outside the detector linear range, which occurred for some
experimental runs influenced by the stronger scatteringribation from particulates.
Subsequently, the scattering traces. §catteringntensity over time) were investigated

and traces which contained clear contributions to the scattering from particulates, as

identified by sharp peaks with significantly hgy 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 fmasbove the mean for SLS data.
The obtained SLS data were used to calculate the excess RayleighRasiog Eq.3-3%°

VY — f i Y (3-3)

h

where nsample aNd Nioiuene are the measad sample refractive index and the toluene

refractive index respectively, afthiueneis the Rayleigh ratio of toluene at 632.8nm.

For DLS on the solutions with low polymer concentration (0-:0183%), the intensity
autocorrelation data from multlp experimental runs were averagedbtainthe final
intensity autecorrelation curves. The data processing methodology is summarised in
FigureAl-5.

The way of fitting the data depended on theQWAC concentration. As an example of
the data fitting apmrachesFigure3-6 shows raw and processed intensity axdarelation
data for solutions of low (0.038.073%; Figures -8.A; and A), intermediate (0.18
0.37%; Figures 6.Band B) and high (0.58.92%; Figures-&.C;, C; and G) NaCMC
concentrations. Figures@A;, B: and G show the intensity autoorrelation data of
individual measurements at a given angle while FigurésA3 B, C; and G illustrate
the fitting of these data setise( the averaged intengitautecorrelation data foFigure
3-6.A2 and individual measurement data for all other FigurésB3, C; and Q).
Eq.3-4'338 could be used to fit all the intensity awdorrelation data, where s andus
refer to the fast, slow and ultsbow mode respectively is the amplitude of the mode
i, bi is the stretching coefficient of the modand({,is an effective relaxation time of the

_h

modei. The average relaxatidime () of the modé is linked to(d; with 1 3 —
where 0 is th%®®gamma functi on
Qt p 6Q 86Q F 56 Q A (3-4)

The fast mode could not be observed forttiree least concentrated solutiqisgure
3-6.A2), so hereAs was set to 0 and only the slow and the edlav mode were fitted.

For the high N&CMC concentrations, it was not possibleotziaina satisfactory fit with
Eq.3-4. Therefore, the contributions of the fast and the slow modes were determined
using two different fits as detailed BectionAl-3.2 and FigureAl-5, and illustrated in
Figures3-6.C; and G.
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Figure3-6: Measurement reproducibility and data processingféow Na CMC concentrations
(0.073%);B. intermaliate NaCMC concentrations (0.37%) ad high NaCMC concentrations
(0.5599. A:. Individual intensity autecorrelationdataat 130°; A2. Averaged intensity auto
correlation dateat 130° and correspondirfg (yellow dashed line)B;. Individual intensity
autocorrelation data at 90°B.. Intensity autecorrelation data of measuremeéntand
correspondindit (yellow dashed line)C:. Individual intensity autacorrelation data at 130°;
C.. Intensity autecorrelationdata of measuremerz and fit of the fasend the slow modes
(vellow dashed line)Cs. Intensity autecorrelationdataof measuremerf and fit of the slow and
the ultraslow modes (yellow dashed line). Fit residuals giveRigureAl-6.

The residuals of the fits shownHkingure3-6 are displayed ifrigureAl-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 accurateafs that
the slow mode; which is both due to its very low amplitude (see S&:8dy and to
generally noisy data at the relevant short lag times. The fast mode can however be
adequately described using either gk or a stretched exponential with a stretching
parameteb 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 literaturé-32

3-3.4. Static light sattering measurements

The excess Rayleigh ratip R calculated from SLS data, is plotted as a function of
scattering wawector q in Figure 3-7.A. pRincreases with increasing NEMC
concentration and decreaseghwincreasingg, following an approximate power law
relationship (see dashed linedHigure3-7.A). At low g and highcna cvg the data points

are more scattered and fall above the power law fits; the likelyrrdasthis 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 showifrigure 3-7.B for samples of varying
NaCMC 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. Simibr values have been observed for other polyelectrolytes such as
PMPVP (ds = 2.2+ 0.2) or poly(N-benzyt2-vinylpyridinium bromidey? (d: = 2.7). This

power law exponent has sometimes been interpretdtieafractal dimension of the
system. However, given the relatively smaltange 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, Zeaalg'’® have shown that

the value of the exponent for a polyelectrolyte can vary significantly depending on the
experimental conditionse(g. solventnature) and suggested that the structure of the

domains is not universal.

118



Chapter 3: Characterisation of KIC aqueous solutions using rheology and light scattering

A B
10 014
t ¥ % 2 ]
3 ¥- T ]
10 i::i‘~ o ¥ c ’_\-1—_
RSN o 4
- s EHig, 28 |
€ 10" 1.3 "\y:a;,;:t;ﬁ‘ o ‘IJI:-z—_ . . . .
~ N s iy i -
= L 6““*-..,: 26 . * . e
g 10_5 [ ] DDlBDA) N S . “V; — B 3 b
x ® 0.046% anu ag" ka o .
& 3, oot I
.24Y -
106 4| < o B N
0.55%
® 0.73% 4
B *_0.92% E
107 T — -5 ——r g ——rm
0.01 0.02 0.03 0.01 0.1 1
g (nm?) Cna cme (%)

Figure3-7: g- andcnacmc-dependence of the excess Rayleigh ratiRA. Excess Rayleigh ratio
p Ras a function of the scatteringatorq 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 wagtor limitq= 0, R (, Bijm

plots (0 &b iYY "Qn whereK is an optical contrast constdhtsee EqAI-3))

were produced, for which an example is shown in Figur8.A. However, for most of

the studiedsolutions, theq = 0 intercepts werslightly negative, which indicates the
presence of excess scattering at tpand thus the presence of large structtt@erry

(08 iYY 8 "0 )*and Guinier { &b iYY "Qn )*plots were

also considered as they might be more successful at limgptie data at lowg valueg®

and examples are shown in Figikk9. As the linear part covered a wider rangegof
values for Berry plots as compared to Guinier plots, further calculations were performed
with the data obtained from the Berry plots. l@arml 8 obtained similar Berry plots for
dextran solutions abow. It is also worth noting that, as showrSactionAl-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 ttemains responsible for the slow mode.

The obtained values gbR ( &@s)well as the values gb Rat different angles, are plotted
as a function of N&EMC concentration inFigure 3-8. For each angle, the data
YY Q® were fitted using power laws (dashed $ne Figure 3-8), and the

power law exponents for all angles were found to be $@.02. Sedlak and Amis

obtained similar results, though their power law exponents were slightly aséve 1.
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Figure3-8: Concentration dependence of the excess RayleighopdRiq adf different angles. The
values of the excess Rayleigitios at 0° (o = 0) were obtained by linear extrapolation of the
Berry plots at long? values. Dashed lines are power law fits whose exponent values are provided
next to each fit.

In conclusionjt is found thaitp R- qlj across the investigated concetita range with a
concentratiorindependent power law expondit -2.36+ 0.05. It is also foundthat
R ( €chacmc” With a consistent power law expondmts- 0.9. Thus, from SLS)0

evidence for a change in structure actbgsnvestigated concentiah ranges found

3-3.5. Dynamic light scattering measurements

Examples of normalised intensity atdorrelation data at different scattering angles for
three solutions, illustrating low, intermediate and highQW&C concentrations, are
shown inFigure3-9. For each solution, the characteristic relaxation time of the slow mode
is shifted towards longer times as the scattering angle decféasesever, for some
data sets, the amplitude of the uislaw mode is significant; particularly for the two
lowest scattering anglefiown inFigure3-9.B. To address this issue, the uistaw mode
wasaccounted fom the fitting procedure, as described in Sec8éh3andFigureAl-5.

Also, as dscussed previously (Secti@.3), the fast mode cannot be observed for the
least concentrated solutions, despite their concentrations being above the overlap
concentratiorc*, which is likely due to it beingitiden in the noise observed at low lag
times U When the fast mode can be observed (at higher concentraiisnglative

amplitude (compared to the slow mode) increases for increasing scattering*amplss.
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is explicitly shown inFigureAl-10 and agrees with the commonly observed behaviour
for polyelectolytes3>3’FigureAl-10, however, also shows that the relative amplitude of
the fast mode is concentratiamdependent, which is different from the behaviour

reported for some polyelectrolytés®>37.172
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Figure3-9: Normalised intensity autoorrelation data for a wide range of angles in steps of 10°,
for three different NECMC concentrations. Shown data are averageshgitly autecorrelation
data for A, while they are angtepresentative data for B and &.0.073% NaCMC solution
(low concentration rangeB. 0.37% NaCMC solution(intermediate concentration rang€).
0.55% NaCMC (high concentration rangyle

Intensily autecorrelation data for each solution are compared at three given scattering
angles (6Q 90 and 130) in Figure 3-10. The relaxation time of the fast mode is
concentratioindependent?’? The relaxation time of the slow mode, conversely,

increases across the concentration r&ge.
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Figure 3-10: Normalised intensity autoorrelation data over the full range of concentrations at
three different scattering angles. The data are averaged intenskyoargiation data for 0.018,
0.046 and 0.073%a CMC, while they are angleepresentative curves for all the other GldC
concentations.A. 60°. B. 90°. C. 130°.

Ultra-slow mode

The ultraslow 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 significant degree (see Secti@3.3). As mentioned in
Section3-3.3 the presence of particulates in the®MC solutions (seEigure3-1) could
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explain the presence of the ulslbow mode. The size of the smallest particulates
determined by optical microscopyigure3-1.C) isintherange of-10e m, but di ffi cul t
in determining tk size using optical microscopy made exact size determination difficult
(see SectioB-3.1). While the smallest particulates could pass through the glass filter
(pore size: 1.4.6e m) s o me | a mgyealso gp through i€ thely haveetlse
ability to deform and change shape during filtration. Assuming the diffusion of these 1
10e mdiameter particulates solution is Brownian in the 0.018%CNKC solution and

the viscosity they experience tat of the saltion (see Eg3-7), the corresponding
relaxation times at a scattering angle of 90° would be in the range e0.@.89while

they would be in the range of -11I20s for the 0.73% N&MC solution under the same
hypotheses. For both N&MC concentrationghese relaxation times are longer than the
relaxation times of the slow mode, but smaller than those observed for thelawra
mode Figure3-10.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 latgesticulates, sucs the filbe shown

in Figure 3-1.A, would, in effect, hide the contribution from smaller particulates, and

result inthe very long observed relaxation times

The amplitude of the ultralow mode was typically highr for lower NaCMC
concentrations (sed-igure 3-10), which is reasonable since, at low QKIC
concentrations, the scattering of the Gl C solutions themselves would be very weak
and the particulatesvould thus beobservedto 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 ultralow modefitting parameters vary significantly between repeat
measurements, which strongly suggests that the-sltiva mode relaxation time is too
long compared with measurement durations to collect statistically reliable data for this
mode. Thus, the fitting ohe ultraslow 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 RayleighopeRi@alled fast mode

amplitude by Sedl&R) is g-independent within experimental error as shown in
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FigureAl-11and is proportional to the NaMC concentration. A similag-independence
of ppRwas found for N&SS in an organic solee N-methylformamide, and in the

presence of various amounts of N&@ks well as for poly(acrylic ad) (PAA) in water’®

Theg- andcnacmc-concentration dependences of the fast relaxation are shown in
Figure3-11. The curves of  "Qn superimpose well within the experimental error for
all the studied solutions, which confirms that the-fasde is independent of NGMC
concentration (asiscussed in relation teigure3-10). Theg-dependent data can be fitted
by a power law with an exponent value of 2.6.3. This is close to the usually reported
value of 22>3"and characteristifor a diffusive process; this small discrepancy is thought

to be due to the difficulties encountered in the fitting of the fast mode (see Se8t@)n
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Figure3-11: g- andcnacvwc-dependences of the fast mode. Fast relaxation(iagea function of
the scattering vectayfor solution concentrations of 0.188& CMC and above. The curves were
fitted with power laws which are not regented for clarity. The average exponent across all
concentrations i2.5+ 0.3.

Considering the fast mode as a diffusive process, attempts were made to calculate the fast
mode diffusion coefficienDs. The different methods used are explained below and
further illustrated irFigureAl-12. For each solution, the data  "QnR  were fitted

using Eq.3-5.

T 06 0on (3-5)

whereA is the intercept of the linear curve and is either set to be free or set 10335 Eq.

with A = 0 is expected for simple diffusive behawiy:’?> while Eq.3-5 with Al 0
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accounts for a small uncertainty in the determined valuds(eée SectioB-3.3). As
shown inFigure3-12, which displays the values Bt obtained using differg calculation
methods, the two methods used to deternidpdead to consistent results within the
accuracy of the data. Two other calculation methods were also investiDatedues
were computed at each angle with t 13 (equivalentto Eq.3-5 with A = 0)*3
before being fitted as a function gfwith Eq.3-6 forB=0 andB i 0.

O OnR m 61 (3-6)
The results of these calculations are also showigure3-12. The values obs obtained
from all four calculation methods are close to each other and are of theosdenef
magnitude as those generally observed for other polyelectrStjtés-’5(i.e. around
10° cn?.s1). A value ofDs of (3.1+0.2) x 10° cn?.st is obtained using E®-5 with

A =0 and Eq3-6 with B = 0; which are the simplest methods and correspond to what is

expected for diffusive behawin
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Figure 3-12 Fast mode diffusion coefficients as a function of ®MC concentration. The
calculation methodare explicitlyshown in FigureAl-12.

Slow mode
The contribution of the slow mode to the total excess Rayleigh qaBdcalled slow
mode amplitude by Sedl&R)is g-dependent, as shown iRigureAl-13, and is

proportional to the N&MC concentration. A-dependence ap Rhas been observed for
Na PSS in water without added £alas well as in an organic solvent in the presence of
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salt’® The g- and cnacmc-concentration dependences of the slow relaxation tiraee
shown inFigure 3-13. It is found that as the NaMC concentration is increased, the
relaxation timeld also increases. Thg and cnacmc-concentration dependences of the
stretching exponeriis (see Eq3-4) are illustrated in the inset &igure 3-13 for a few

Na CMC concentrations. Within the accuracy of the measurenmfanssindependent of
NaCMC concentration, but decreases wghlts value is around 0.7; which is in
agreement with the value found by Doggaal!® for NaCMC solutions of sraller DS

and My, as well as with values usually found for polyelectrolyte solutions whose slow

mode is successfully fitted with a stretched exponetftril.
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Figure 3-13: g- and cnacuc-dependence of the slow mode. Slow mode relaxation tiras a
function of the scattering vectqifor all studied concentrations. Dashed lines are power law fits.
The average exponent value across all concentratiebglis 0.2. Exponent values are shown in
FigureAl-14. Inset shows the stretching coefficidatas a function ofy, for a few NaCMC
concentrations.

The relationship between the slow mode relaxation time andNi@ concentration is
also shown irFigure3-14.A, which presents] at 90° scattering angle as a function of
cnacmc across the studied range of concentrations, as welFaguireAl-15which shows
the concentration dependencelddt two other scattering angles. FigsiB-13, 3-14.A
andFigureAl-15 all confirm that including the ultralow mode in the fits is successful
in removing its influence on thd values.Figure3-14.A also comparekl(90°) with the

specific viscositydsp 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
concentrabn range. A similar result waund by Esquenet and Buhiérfor high
molecular weight xanthan and hyaluronan samples (average molecular weights of
4.2x 1 and2 x 1@ g/mol respectively) in 0.M NaCl. In the presentcase, the
g-dependence of the slow mode can be described using power laws, where the average
value of power law exponents across all concentratioi2s4s 0.2 (the exponent values

for each studied concentrations are giveRigureAl-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 diffig in determiningl for very dilute
solutions and/or to the presence of additional relaxation contributegse]axation
contributions of internal modes). These effects are also illustrated in the data

representation shown FigureAl-16.
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Figure3-14: Polymer concentration dependences for the slow mode relaxatiok tame: slow
mode diffusion coefficienDs. A. Concentration dependence of the slow mode relaxationdime
at 90° scattering angle and the specific viggoB. Concentration dependencel®ffor Ds values
calculated with four methods (as shown for the fast mddlef.oncentration dependence [@f
with the Ds values retained for further calculatior3s values fromO O R m  6n).
Daghed lines are the best power law fitsdf "Q@
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The same methods as for the fast mode were used to calculate the diffusion coBfficient
of the slow mode (see previous subsection for more details). Valllrobtained with

the fou methods are shown Figure3-14.B. For the most concentrated solutions,@ke
values are very close, regardless of the calculation method. For the three least
concentrated solutions, the values are somewhédereiift from each other. This
discrepancy is most likely due to the fact that the slow mode is not stfialigpendent

at these low concentrations (deéiguresAl-16 and At17 illustrating theDs calculation
methods for a low and a high KMC concentratins respectively) which is usually
attributed to the large size of the domains and to their polydisp&rsity.

Ds = f(cnacmc) suggests a change in the concentration behaviour for an intermediate
concentration, Were the behaviour can be approximately described by power laws at both
low and high concentrations, as showrkigure 3-14.C which displays the values D
obtained using E®-6. The equivalent graphs obtainfmt the three other calculation
methods are shown Figure AF18, where the fitting parameters for all four methods are
reported inTableAl-2. This type of behaviour has previously been observed in the
literature for high molecular weight polyelectrolytia saltfree solutions above*.56:170

The power law exponent of the fit describing the low concentration regiorb#t: 0.04,

which is in a similar range compared to the valueD&5 and-0.7 obtained by &llak

and ceworkers obtained for NRSS® and poly(methacrylic acid), respectivély. The

power law exponent describing the high concentration regi¢h2s 0.2; which is much
higher than the values 0f0.83 and 1.4 found for the two previously cited
polyelectrolyte$®170lt has however been showrathhe value of the power law exponent

g of the relationshifDx & increases with the polymer molecular weitht.

The crossover concentration determined from the intercept of the two power ldkss for
presensystem is- 0.21% (as determined from the fits showfrigure3-14.C; the values
obtained using the other methods are similar and can be fodrableAl-2; as for the
crossover concentrations determined from rheology data (see S&ti#n these
concentrations are only estimates of where a change in behaviour o8adtigkand
Amis®® found a similar crossover concentration in &S solutions. They also observed
that this crossover concentration does not correspoaotf tpredicted by the version of
the scahg laws for polyelectrolytes improved by OdfkThe crossover concentration
for the present system is close to the entanglement concenteatiOrl 7% 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 ralaxdime shown irFigure
3-14.A. The fact that the change in concentration behavioubDsofscnacmc IS not
observed for low molecular weight polym&¥°is consistenwith this hypothesis, since

low molecular weight polymer chains are too short to be entangled.

Using the values ddsplotted inFigure3-14.C (.e.assuming the slow mode is diffusive),

the apparent hydrodynamiadii Ry app Of the domains were estimated using &q.

Y g e (3-7)

wherek is the Boltzmann constank,the temperature argithe solution viscosity. The
obtained values d®+,appare plotted irFigure3-15 together with the estimated valuafs

the apparent radii of gyration of the domalfys,pp Obtained from the Berry plots of the
excess Rayleigh ratio associated with the slow nogp&Details on the determination of
Ry.app are provided irSectionAl-3.5.3 Ryapp is relatively independent of the NeMC
concentration and an average value of 2@0 nm is estimated across the studied range
of concentrations. This value is of the same order of magnitude as the one obtained for a
~900,000g9/mol hyaluronan sample in OXI NaCl3’ Ry app has also been found to be
independent of the polyelectrolyte concentration alavfer two hyaluronan samples of
smallerMy,*’ for PMPVP! and for chitosan in an electrolyte solutiSwhile they have
been found to increase with the polyelectrolyte concentration f¥3832329t is worth
noting that Buhler and Rinautfchighlight the fact thaRyis likely to increase with the
polyelectrolyte concentration and to be larger tRga,, The valuesof Ry app in the
present study are of the same order of magnitud®, as It is found that thevalues
decrease over the studied range of concentration; which e&aitffrom the results of
Buhler and Rinaud8 who studied chitosan in the presence of a background eleetrolyt

and found thaR appinstead increased with increasing chitosan concentration.
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Figure3-15: Apparent hydrodynamic radil: app (blue squares) and apparent radius of gyration
Ry,app (green circles) of #a domains as a function of KEMC concentration.

3-4. Conclusions

In this Chapter, the behaviour of KMC in aqueous solutions without added salt was
investigated for a wide range of concentrations, using rheology and light scattering

measurements.

For the stdied 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: shluie nonrentangled, semi

dilute ertangled and concentrated. The-daiermined power law exponents slightly
differed from the theoretically predicted values but were consistent with those previously
found for NaCMC. Alternatively, the data could be described using a simple empirical
equaton which links two power law behaviours only including one crossover
concentration. The success of this approach suggests that only thdilsgannon

entangled and entangled regimes are observed.

To further test this, N&EMC solutions covering the samencentration range were
investigated using both SLS and DLS. The excess Rayleigh ratio, as determined from
SLS, was found to vary linearly with N&BMC concentration. For all the studied solutions,

it followed a power law relationship with the scatteringrev&ectorg and a power law
exponent of2.36+ 0.05, which was independent of the G&IC 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 obsknvpdlyelectrolytes.

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, latdta collectiorand processing were
adapted to account for the presence of this mode; thus allowing the detailed LS
charactesation to be performed on the original Na CMC solutions, which are relevant
for industrial applications. The diffusion coefficiedt of the fast relaxation mode was
found to be concentratieindependent and equal to (2D.2) x 10°cn?.stl. The
relaxation time of the slow mode showed a similar crossover behaviour to that found for
the specific viscosity. Interestingly, no suchange in behaviour with N@MC
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 (NaCMC) solutions
characterised with rheology, Size Exclusion
Chromatography (SEC) and Light Scattering (LS)

4-1. Introduction

Ultrasound is defined as high frequency socwaves that are above the human hearing
perception(i.e. above ~20kHz)#344157.158pepending on their frequencies, they can be
divided into two main classéd#* (i) power ultrasound (also referred as destructive or
high-intensity ultrasound) within the low frequency range-{D®kHz** or 20kHz-

2 MHz** depending on referencesnd (ii) diagnostic ultrasound (also referred as
destructive or lowntensity ultrasound) within the high frequency range (above
5-10 MHz*%. The former, also called sonochemigthy>°has been widely used to modify
polymers¥44159\where such modifications may be chemicati/an physicaft*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 incrase until a critical size is reached, whereupon the bubbles become unstable and
collapse**15%At this stage, both the local temperature and the local pressure are extremely
high (.e.~5,000°C and 1,008tm!°’ respectively), and the cooling rate following the
collapse is very quicki.e. about 18°K.s?). These events are termed hot spbts’and

may damage the polymer chains, creatirghlyi reactive radical species and/or iéhs.

The main mechanism attributed to polymer chain breakage is however not related to these
hot spots, but to the high sheand strairrates created by cavitation, whigypically

cause effects on lengHtales of micrometres, causing chain extension and
scissiont*157:159.16@Bregkage usually occurs in the middle of the polymer chains as it is a
structurally weak point, and/or wieebonds are weak#ét#6:15%163\echanicallyinduced
scission only occurs for polymer chains whose molecular welMht is high
enought31°°160nd values around 30,0@0,000g/mol have been found for this critical

molecular weight>%16°

Upon sonication, mechanical degradation of polymer chains has been reported for a wide

range of both synthetic polymers and biopolyntét$® 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 diwaming behaviour at high
shea-rates has been report&d.Investigations on carrageenan solutions at 23, 48 and
83kHz showed a significant decrease in the shdacosity at 4&Hz only, suggesting

that no degradation had occurred at either 23 dtH8B3* The decrease in the shear
viscosity was temporard? and Ipropose that aggregates and/or polyion clusters usually
observed in polyeictrolyte 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 chakfyeout broke

down proteiraggregate$®’ It was suggested that physical bonds could have been broken,
and such structural changes were responsible for changes in walnut protein properties
such as watesolubility which was increaséd! A Light Scattering (LS) study of
hyaluronan solutions sonicated in a bath also suggested that polymer aggregates were
broken down'®® In that study, a single relaxation mode, attributed to the diffusf
polymer aggregates, was observed in 18 The corresponding diffusion coefficient
increased upon sonication time; the increase was very fast at the beginning of sonication
and slowed down afterwards. Afterng sonication times, the authors suggested that

polymer chains may also be broken, however to a small €£fent.

Size Exclusion Chromatography (SEC) is a separation technique based on the volume of
the objectpresent in a samplé™’® As the volume occupied by polymer chains varies
with their molecular weight, it can be used to determine the molecular weight distribution
of polymer sample¥.”1" It has thus been widely used in sonication studies to follow the
breakage of polymer chains during sonicaffot®'%? However, as highlighted in
Section2-2, the size of polyelectrolyte chains not only varies Wikly 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 vided in Sectiod-2.2.3 where the methods are explained.

SEC has also been widely used to investigate the presence of protein aggregates and
aggregation phenomen;®* especially in the pharmaceutical field, where the presence

of aggregates in drugs can cause serious effects in patieifd.S detectors are often

used as detectors to detect thenpounds after they have been separated as well as to
determine their size and study their conformatf§i®l1® However, as already

mentionel 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
conformationt® Hence, it has been advised to use other techniques such as LS
measurements on bulk solutions to assess the reliability of the obtained SEX¢at&*

The previous Dynamic Light Scattering (DLS) investigations of-fseét NaCMC
solutionsshown in ChapteB highlighted the presence of a fast and a slow relaxation
mode, as typically reported for polyelectrolytes within thenisdéilute regime (see
Section2-2.3.2. 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-sltti@ mode, and the measurements
were thus performed on original KEMC solutions. It was also demonstrated that, in the
semtdilute regime, the slow relaxation mode observed in DLS measurements, and the
specific viscosity of N&MC solutions, were both probing solution dynamics
characterised by the transition from pemtangled to entangled concentration regimes
and Static LighScattering (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 understeeel
Section2-2.3.4). Sonicating N&CMC solutions allowed getting new insights regarding
the nature of the slow relaxation mode and its relationship to the rheological behaviour
of NaCMC solutions. To study the effect of sonication onMAC solutions, rhelogy,

SEC and LS measurements were combined. The elution behaviourGifl@asamples
during SEC measurements was first investigated to check the reliability of the method
and its appropriateness to determine the molecular weight distribution of the polyme
chains in the samples. The influence of sonication o8& 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 wWieethe
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 N&MC solution in general as well as on the behavafuthe 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 Cl3qjsee Sectio3-2.1
for details). Also, deionised water obtainean the same water stat®was used for all

experimentgsee Sectiol-2.1).

Sodium nitrate (NaN§) reference: S5022kg), sodium phosphate (NaPt, 2HO;
reference: 7150Qkg), sodium azide (Naj\ references:712895g and 7128%0q),
sodium chloride (NaCl; reference: S76b&y), all from Sigma, as well as isopropanol
from VWR® Chemicals (AnalaR NORMAPURACS, Reag. Ph. Eur. analytical reagent;
reference: 20842.323), and sodium hydroxide from Merck (NaOH; erafer
1.06498.1000) were used.

An Acrylamide Tertiary Butyl Sulfonic AcidPolyacrylamideco-polymer €o-ATBS-
PAM) of high molecular weight (~ I@/mol) and high anionicity from SNF (reference:

Flopaam AN 132 VHM) was used to determine the void volumbeoSEC column.

4-2.2. Methods

4-2.2.1. Sample preparation

NaCMC solutions were prepared in conical flasks by batches ofy15be required
amount of N&CMC powder was added to the appropriate amount of DI water under
magnetic stirring at 85€pm. Stirring was pursuedf@ h and the solutions were stored
overnight before further use. N\GMC concentrations are given invto They take into

account the N&EMC powder moisture content.

Batches were divided in 4@L vials. 21g 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 (frequencykHg power: 140V; internal
dimensions (width x depth x height): 137 x 240 x #080;'° Fisherbrandontainirg

~1.1L of DI waterfor various amounts of time. The bath temperature was maintained
below 50°C using ice packs which were changed evergiB0A preliminary study had
shown that maintaining the NGMC solutions at temperatures below 60°C fdr did

not have any influence on their rheological behaviour (data not shown). Changes in the
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NaCMC solution behaviour after ultrasonication are tlexpected to be caused by

ultrasonication rather than to the solution being heated to temperatures up to 50°C.

0.18% NaCMC samples of 21) were also sonicated at an amplitude of 40% with a
Fisherbrand 50%o0nic Dismembrator (frequency: RBlz; power: 500V; Fisherbrand)
equipped with a 6.8am diametemicrotip probe. To prevent solutions from heating up,
sonication was performed in a pulsing rather than in a continuous way, alternasing 30
sonication periods with 36 breaks. Moreover, solutions had be&aced in the fridge

before sonication and were placed in an ice bath which had a temperature below 20°C at

all times.

459 of 0.18% NaCMC were heated at 80°C in a rodbdttom flask equipped with a
refrigerant for 1h (the solutions were effectively hedtep for 1h 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 ofveter was added to compensate for

this.

All experimental conditions were tested in duplicaies. on two separate solutions

coming fromdifferent batches.

4-2.2.2. pH measurements

pH measurements were performed with an (
electrode (Ter moFi sher Scientific) connect-ed t
meter (ThermoFisher Scientific). The electrode was calibrated with the pH 4.01, 7.00 and
10.01 buffers provided -in®netEhepHr bafhEer
(ThermoFisher Scientific). Themperature of the buffers and the eluent was monitored
with a FisherbrandE TraceableE digital
measurements were performed under light magnetic stirring; the sample containers being
isolated from the stirring plate byphéece 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 Whicban be estimated.

Hence, to determereliableM,, distributions, the polymer chains should not interact with
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(i) each otheri(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),
(i) 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 polymeris removed. As explained within Sectig+2.1, in the dilute regime, the size

of polyelectrolyte chains in sditee solutions changes with polyelectrolyte concentration.
Indeed, as the polyelectrolyte concentration increases, the chains become less and less
extended to minimse repulsive interactions between similarly charged chains. To
measure reliable sizes, salt must be added so that the charges alongside the chains are

107 preparing NeaCMC solutions in

screened. Finally, according to Hoogendatral,
water first, and diluting them afterwards with a salt solution at appropriate salt

concentration, minimises aggregatenfiation.

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 thiersondi
required to collect reliable data were met (see discussion in the paragraph aablee).

4-1 summarises these conditions and indicates how they were checked in the present
study. It also provides more detadn some unwanted phenomena that can occur during
SEC measurements and lead to biased results.

Table 4-1: Summary ofthe parameters of importance to collect reliable SEC data for
polyelectrolyte systems andgposed experiments to ensure SEC data reliability.

Proposed o _
Parameters _ Objectives/hypotheses Technique
experiments

Results should be the same
indicating polymer chain
conformation is similar in both
solvens

Compare the
Eluent type | chosen eluent witk
NacCl

LS

Salt concentration needs to be hig
enough so that all the charges on LS
the polymer chains are screehéd

Eluent Try different salt
concentratiorn] concentrations

Polymer concentration needs to b

Try different - Low enough so that the solutior LS
Polymer olvmer 4
concentration poly _ cgncentra}tlon belongs to the SEC
concentrations dilute regime of concentrations,

meaning that the polymehains
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- High enough so that the polyme

- Not too high to avoid

do not interact with each other
(otherwise, their hydrodynamic
volume will be smaller and the
6domainsdé usua
polyelectrolyte solutions could

be present)

chains can be detected

overloading effects, adsorption
on the column packing (favoure
at low salt concentrations due t
possible electrostatic interactior
and at high salt concentrations
hydrophobic interactions appea
hydrogen bonding can also
occur), sheascission 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 diérent; fractions
of the samples are retained for
longer periods of time in the
column and appear smaller that

they truly arey’"178
o . The elution volume should not var
Injection Try different . .
T with the volume of sample injecte¢  SEC
volume injection volumes | . : :
in the size exclusion chromatogra
Compare a non
filtered sample N
with sam Iez Filtration shauld remove both
Filtration P impurities and dust but not the LS

filtered through
different poresize
membranes

polymer itself
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