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ABSTRACT

Cellulose nanocrystal (CNC), a new breathtaking nanomaterial, is of scientific and
commercial interest because of its low density, renewability, biodegradability, non-toxicity and
wide range of application potential such as personal care, paints, pharmaceuticals, coatings,
drilling fluids, etc. *. Besides the non-isotropic orientation or percolation, rod-like CNC particles
in suspensions result in self-assembly, elasticity, thixotropy and birefringence at low
concentrations. In the presence of electrolytes, polymer solutions, micelles, foams and other
colloidal particles, the degree of ordering of CNC particles can be controlled in mesoscopic
level, leading to certain macroscopic properties useful for a wide range of products. Therefore, in
this research, interactions between CNCs particles with neutral (polyethylene oxide) and anionic
polymer (carboxymethyl cellulose) chains in aqueous solutions were investigated in terms of
rheological measurements, structure formation, stability of particles, turbidity and Nuclear

Magnetic Resonance (NMR) measurements.

The steady-state shear flow and dynamic oscillation measurements were carried out to
investigate the rheological properties of CNC suspensions in carboxymethyl cellulose (CMC)
and polyethylene oxide (PEO) solutions. CNC particles due to their short length (L<250 nm)
does not cause any significant viscosity increase in water at dilute and semi-dilute concentration
(<4%). By contrast, adding both dilute (0.5%) and semi-dilute entangled (1.00%, 2.00% and
3.00%) CMC solutions in CNC suspensions, within the concentration range of 0.33-2.00 vol%,
increased the viscosity drastically. When linear viscoelastic properties was measured, it was
found that the structure formation in CNC-CMC mixtures led to G’ >G” and gel-like behavior.

Adding polyethylene oxide (PEO) in CNC suspensions showed a different shear viscosity trend



than CMC solutions and didn’t cause any significant change in the steady-shear viscosity and
viscoelasticity. The presence of anionic CMC and non-ionic PEO in CNC suspensions led to

different phase behaviors due to different interaction mechanisms.

The structures of CNC in the presence of polymer solutions were investigated by Scanning
Transmission Electron Microscopy (STEM) and Polarized Optical Microscopy (POM). Ordered
CNC structures, as nematic flocs, were observed in STEM images of dilute CMC-CNC
solutions. POM images of CNC-CMC solutions showed phase transitions from the isotropic state
to nematic and chiral nematic phases, indicating depletion interactions. In the case of dilute PEO-
CNC solutions, there were no specific alignments of CNC particles in PEO matrix. However,
birefringence structures, which are a sign of the nematic order of CNC particles, were observed
in the case of 2.00 vol% CNC suspensions in 5.0 wt% PEO solutions.

Stability of particles was studied in terms of dynamic light scattering and zeta potential and
turbidity measurements. The diffusion coefficient of CNC decreased in the presence of CMC
chains since the depletion flocculation was more probable. Moreover, the values of
electrophoretic mobility didn’t change in the presence of CMC chains. The adsorption of PEO
chains onto the surface of CNCs increased the zeta potential values from -56 mV to the range
between -29 and -22 mV.

'H spin-lattice relaxation NMR data direct techniques for understanding interactions of CMC
and PEO chains with CNC particles. The minima of the specific relaxation rate, (R,), constants
with respect polymer concentration showed depleted CNC nanoparticles in CMC and PEO
solutions. In the case of CNC-PEO solutions, obtaining two different spin-spin relaxation time

(T,) values indicates the adsorption of PEO chains onto CNC.



Consequently, the depletion flocculation was identified as the main interaction mechanism
between CMC chains and CNC particles in an aqueous medium. This mechanism created
nematic flocs of CNC particles. The presence of blob structures from nematic flocs in CNC-
CMC solutions resulted in a dramatic increase in the steady-steady viscosity and gel-like
behavior. The PEO adsorption onto CNC surfaces weakened depletion interactions so viscosity
and viscoelasticity of CNC suspensions didn’t change significantly in the presence of PEO
chains. This study explained that the different interaction mechanisms between polymers and

CNC nanoparticles can generate different structure and rheological behaviors.
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Chapter 1. Introduction

Since the early 1800’s, scientist have studied on colloids, even definitions in colloidal
research area were not as clear as today. In 1861, Thomas Graham introduced the term of
“colloid” that was derived from Greek meaning ‘“glue-like.” Colloids received little attention
until the discovery of modern physical chemistry by van't Hoff, Oswald and Nernst. In the
beginning of the 20" century, colloids gained importance, as they were involved in industrial
processes. Colloidal science became a fundamental part of everyday products such as polymers,
agrochemicals, pharmaceuticals and food products, and technologies such as nucleation,
chromatography and flotation **. With the discovery of nanoscience, colloids were clearly
defined as dispersed-phase particles with at least one direction with a dimension between 1 nm
and 0.1 um. Moreover, colloidal science became a bridge to nanoscience in the last few decades.

Addition to dimension range, colloidal systems can distinguish six major aspects *:

1) Brownian motions

2) Near absence of inertial effects

3) Negligibility of gravity

4) Intermolecular interaction

5) Size effect on intensive thermodynamic properties

6) Interaction with electromagnetic radiation

In the 1940s, Derjaguin and Landau, Verwey and Overbeek introduced colloidal interaction

studies to literature with the experiments of dispersion of charged particles in an electrolyte
solution with the focus on Van der Waals attraction and electrical double layers >°. This
foundation for the stability of colloids is known as the DLVO theory and has been remarkably
successful in explaining the results of a vast number and broad range of experiments. It was
discovered that forces between colloidal particles affects physical properties of suspensions and
colloidal suspensions. Therefore, colloidal suspensions became a promising research area in the

last decades *.

Mixing colloids with polymers or other colloids results in phase transition or aggregation;

these cause gelation, crystallization, glass transition, flocculation, or fluid—fluid demixing of the



dispersion. When a polymer coil in a solution approaches the colloidal surface, coils are either
depleted from or adsorbed or anchored to colloidal surfaces that leads to strongly influence
colloidal interactions. With that influence, phase behaviors, stability, rheological properties of

polymer solutions can be manipulated °.

In the literature, several researchers were interested in interactions of colloidal spheres
between polymer chains with the focus on interaction forces, colloidal stability, phase behaviors,
and rheological properties. For instance, McConnel and Howard (1966) worked with silica
suspensions in polyethylene oxide (PEO) solutions to observe adsorption of spherical silica
particles on PEO chains ’. De Gennes and coworkers (1979) studied colloidal stability and
interaction of semi-dilute polymer solutions with spherical colloidal suspensions, theoretically ®.
Senff and Richtering (1999) investigated phase behaviors and rheology of soft sphere particles in
poly(N-isopropylacrylamide) solutions °. In addition to spherical colloids, some researchers
started working with other geometries of colloidal particles such as platelets and rod-shaped
particles. Nabzar and coworkers’ study (1984) on kalonite with polyacrylamide is an example of

platelets like particles *°.

Among spherical particles, theoretical calculation shows that depletion interactions between
rod-like colloidal particles and polymer chains are more effective due to the aspect ratio of rod-
like particles °. Carbon nanotubes (CNTs) became the most prevalent rod-like colloidal particles
after [ijima brought carbon nanotubes (CNTs) to the awareness of the scientific community with
his report in 1991, even though Radushkevich and Lukyanovich first discovered CNTs in 1952 **
. However, studies of CNTs suspensions with polymer solutions are limited due to dispersion of
CNTs. Thus, natural based cellulose nanocrystals (CNCs) attract attention because of its
dispersion properties, sustainability and functional groups. CNC is natural based rod-like
nanoparticles with a width of 5-10 nm and a length up to 300 nm and is produced by isolation of
crystalline chains of cellulose by applying acid hydrolysis techniques 2. Moreover, physical
properties, stability and phase behaviors of polymers solutions can be manipulated by
introducing CNC into a polymer matrix due to molecular interaction such as depletion or
bridging effect. Therefore, this PhD study will investigate interactions between CNC suspensions
with polymer solutions considering molecular forces, rheological properties, and phase

behaviors.



1.1 Rod-Like Colloidal Suspensions

CNC suspensions will be studied by itself to interpret interactions between CNC and polymer
in aqueous systems. Understanding of interactions between CNC and a polymer chain is essential
with the examination of the flow behavior to investigate the mesoscopic structure of CNC
suspensions. The flow behavior of CNC suspensions changes with volume fraction (®), particle

shape, and the presence of electrical charges in the system.
1.1.1 Dilute Suspensions

Excluded volume interactions, interparticle forces, hydrodynamic forces, and Brownian
motion affect the flow of colloidal suspensions. These interactions lead to an increase in the
energy dissipation and in viscosity. With the absence of interparticle forces in dilute regime
suspensions; the flow behavior of dilute suspensions was defined with Einstein relation in

Equation 1.1:

Nr = nl 1+ [n]¢ Equation 1.1

: =
where 7, 1s reduced viscosity, 71, is the viscosity of the suspension, 1 is the viscosity of the
suspending medium, [n] is the intrinsic viscosity of the particles and ¢ is the volume fraction of
particles in suspension **. Theoretically, intrinsic viscosity [] (Equation 1.2) depends on particle

shape, being 2.5 for rigid spheres suspension **.

[n] = lim,_, (77%) Equation 1.2

where 754, is specific viscosity, which can be calculated with the flowing equation:

Nsp = Mm—no)/no=1n,—1 Equation 1.3



1.1.2 Concentration Effect

Colloidal suspensions exist in the semi-dilute phase when the relative motion between
particles affects the flow behavior of suspensions with hydrodynamic interactions. In semi-dilute
case, the reduced viscosity was expressed with the introduction of higher-order terms to Einstein

relation by Batchelor and Green

Ny =14+ M@+ c,% + c303+... Equation 1.4

In Equation 1.2, the higher-order terms are hard to calculate and also interpretation of these
terms are complicated due to multibody interactions; therefore, the coefficient of the quadratic
term ¢, is used to explain interparticle forces and microstructure of suspensions . For dilute

suspensions of hard spheres, ¢, term is derived as 6.2 by Batchelor in 1977.
1.1.3 Brownian Motion

Brownian motion becomes an effective force that acts to keep particles well distributed when
the size of particles are in the order of 1um or smaller. Brownian motions lead to a diffusive
particle motion due to thermal energy (kpT) that affects the flow behavior of colloidal
suspensions. Brownian motion’s contribution to suspension can be determined by using Peclet
number (Pe); this parameter represents the dimensionless ratio of hydrodynamic shear to thermal

motions, Equation 1.5 **:

y 2 a3
a 61 a
Pe:)/s — STNmYas

Dy kpT

Equation 1.5

where y is the magnitude of the shear rate and a; is the spherical particle radius. When shear
forces are effective, Pe number will go infinite whereas, Pe will be smaller than 1 when
Brownian motion dominates the flow behavior of suspensions. It can be simply summarized that
Pe goes infinite at higher shear rates and at lower shear rates the Pe will be smaller than 1.
Therefore, Brownian motion will dominate the flow behavior of suspensions at lower shear rates

(Pe) ™.
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Figure 1.1 Relative viscosity as a function of the Peclet number for a monolayer of hard sphere: (-o-) total

relative viscosity; (--A--) Brownian contribution; (-0-) hydrodynamic contribution without the self-part ",

Reprinted from: Bossis, G.; Brady, J. F. The rheology of Brownian suspensions. Journal of Chemical Physics 1989, 91, 1866-
1873.

1.1.4 Shape Factor

Particle shape is another factor that affects the flow behavior of suspensions. Non-spherical
particles can be found in different geometries such as spheroid, rod or disk. The flow behavior of
rod-like particles will be focus of this paper as CNCs are rod-like nanoparticles. Rod-like
particles can be characterized by an aspect ratio (r), defined as the ratio of the dimension of
symmetry axis (length, L) to the dimension of the cross direction (diameter, d). Therefore, to
consider rod-like particle shape effect on the flow behavior, the Einstein relation can be rewritten

as

N =1+ My, L2 + c;(v,L7)* + c3(v, L) +.. Equation 1.6

where v, is the number density of the rods. Brownian motion does not affect the flow behavior
of very dilute hard sphere suspensions, however; for non-spherical particles, translational
Brownian motion affects the particles’ position and rotary Brownian motion (rotational
diffusion) randomizes the orientation distribution. In dilute rod-like suspensions (VL3 < 1),

translational diffusion motion is negligible compared to rotational Brownian motion to



investigate the change in flow behavior; thus, the ratio of shear forces to Brownian motion is

defined with the rotational Peclet number (Pe,.) ":

Pe, = — Equation 1.7

where D, is rotational diffusion coefficient which is defined in Equation 1.8 for rod-like

particles.

In(L/d)-0.8

TNmL3

D, = 3kgT Equation 1.8

Brownian motion and hydrodynamic interactions contribute the flow behavior of rod-like
particle suspension. Brownian rotations lead to an additional friction in the fluid; therefore, this
direct contribution was considered in intrinsic viscosity calculation for prolate spheroids by

Onsager

4 12 .
[T]] =i Equation 1.9

for r>1Pe;o1K<1. For prolate spheroids with finite dimensions (r>15 and Pe,,<1) low

shear intrinsic viscosity is derived as *:

r? 1 1 .
[n] o ? (3(ln 2r—1.5) t+ (In 2r—0.5)) +16 Equation 1.10

Mansfield and Douglas (2008) calculated intrinsic viscosity of rigid rod-like particles

suspensions at low shear rates (low Pe;y) as ™"

8 r? .
[T]] = wlnr Equation 1.11

At higher shear conditions, intrinsic viscosity of rigid rod-like particles suspensions became

as

n] = 0.315— Equation 1.12

Inr



for r>1 Pemt<<r3. With the direct and indirect contribution of Brownian motions, the

intrinsic viscosity in high-shear limit is smaller than in the low-shear limit *°.

In the semi-dilute region (I/L’«& v «1/ (L*d)), particles cannot rotate freely because of
entanglements and log-jamming. The entanglement of rod-like particles restricts the
perpendicular translation diffusion and log-jamming hinders the longitudinal translation
diffusion. Therefore, particle shape, aspect ratio and microstructure of rod-like particle

suspensions will affect the flow behavior of CNC suspension in dilute and semi-dilute phases *°.

1.1.5 Electroviscous Effect

CNC nanoparticles are negatively charged particles, and an electric double layer surrounding
CNC also contributes to the flow behavior that is called an electro-viscous effect. For rigid
colloids, two electro-viscous effects can be marked: 1) Primary electro-viscous effect and 2)
Secondary electro-viscous effect. The primary electro-viscous effect contributes to the intrinsic
viscosity due to shear-distortion of the double layers. As an electrical body forces are affected by
ions in the double layer that changes the flow and increase the viscous dissipation **. Increase in
viscosity can be calculated by introducing primary electro-viscous effect **:

L=1+(nlo+Mle)p ¢ — 0 Equation 1.13

No

Viscosity of electro-viscous effect is calculated (Equation 1.14) with the strong Brownian

rotation of the particle in the low-shear limit by Sherwood *.
Moy = lc(logdi)?/4(logd/1D? (1> k™' > a)  Equation 1.14

Moreover, the intrinsic viscosity of colloidal suspensions can be manipulated with the
addition of the electrolyte that leads to a decrease in intrinsic viscosity because of compression

of the double layer thickness (') .

The secondary electro-viscous effect modifies the bulk stress because of the interactions
between overlapping double layers. Large repulsion between overlapping double layers causes
yield stress as the dispersion does not flow before the application of a certain minimum shear

stress .



1.1.6 CNC Suspensions

In the literature, the flow behavior of CNC is generally studied to understand the phase
behaviors and microstructure of CNC suspensions (Table 1.1). Isotropic-nematic phase range
changes with dimensions and aspect ratio of CNC suspension. In other words, phase change
starts in lower concentrated suspensions with higher aspect ratio due to excluded volume
interactions of CNC nanoparticles and electro-viscous forces. In addition to phase behavior
change, Boluk and coworkers (2011) measured the intrinsic viscosity of dilute CNC suspension
to calculate the shape factor of CNC rods by considering electro-viscous effect *'. Interestingly,
dilute and semi-dilute rheological behavior of CNC suspensions was not investigated in detail in

the literature.

Table 1.1 Studies on phase behaviors of CNC suspensions

Article Length  Width (L/D) Isotropic

(nm) (nm) Concentration Range
Liu and coworkers (2010) * 90 10 9 0.91%-3.17%
Shafiei-Sabet et al. (2012) ** N/A N/A 13-20 3.00 wt%-7.00 wt%
Urena-Benavides et al. (2012) * 100 20 5 3.07 vol%-10.40 vol%

1.2 Polymer Solutions

In our study, water soluble polymers are incorporated into CNC suspensions to generate CNC
suspension in dilute and semi-dilute polymer solutions. In the last section, we reviewed the flow
behavior of colloidal suspensions without the presence of polymer. Here we will review
conformations and the flow behavior of water-based polymer solutions in dilute and semi-dilute
concentration regime without the presence of colloidal particles. These two sections will help in
an investigation of the flow behavior CNC suspension in polymer solutions. Since we are going
to work with CNC suspension in non-ionic (polyethylene oxide, PEO) and anionic
(carboxymethyl cellulose, CMC) linear flexible polymer solutions in dilute and semi-dilute
states, discussions in this section focus on conformations, dilute and semi-dilute states and the

flow behavior of such polymer solutions.



1.2.1 Molecular Weight and Length of Polymers

Polymers are organic macromolecular chains that consist of “z” number of repeating units,
formed by polymerization of monomers. The number of repeating units, n, is also defined as the
degree of polymerization. It is generally in the range of 10° and 10°. Molecular weight of
polymers cannot be a single value as polymers are polydisperse, containing unequal length of
polymer chains. Therefore, the molecular weight is defined as the distribution of chain lengths *.
The different approach of defining the contributions of distributions of long chains allows
different expressions of molecular weight. The number average molecular weight (M,) is

statistical molecular weight of polymer chains *:

Y NiM;
2N;

M, = Equation 1.15

[TEEE]

where M, is the molecular weight of chain “i” and N; is the number of chains with the
molecular weight, M;. Equation 1.16 is the average of the molecular weights of the individual
polymer chains. M, values are determined with colligative measurements methods such as
ebulliometry, cryometry, osmometry and end group determination *. The second approach to

determine the molecular weight is the weight average molecular weight (M,,) and it is defined as

25,

2
__ X NiM{

My, = Y NiM;

Equation 1.16

Larger macromolecules will have larger contributions to M,,. M,, is experimentally measured
by using static light scattering and ultracentrifuge methods. Gel permeation chromatography is
the best method not only to determine M, and M, but also obtain the whole chain length
distribution *°. Furthermore, the molecular weight distribution is practically expressed by the
ratio of M, to M, which is called as polydispersity index (PDI) or heterogeneity index (HI). PDI
explains how polydisperse is the polymer sample. PDI is equal to 1 when the polymer is

monodisperse, and PDI is larger than 1 when the polymer is polydisperse. *°.



1.2.2 Single Chain Conformations

A molecular structure of polymer chains and interactions between solvent molecules and
polymer molecules result in different chain conformations. Dimensions of polymer chains in
solutions depend on number of monomer repeating units, chain length, and their chemical
bonding structure and polymer solvent interactions. Conformations of dilute polymer solutions in
good solvents can be modelled based on dimension of a single chain. A single coil conformation
can be defined for the calculation of the end-to-end distance, R... based on random walk model

(Figure 1.2).

Figure 1.2 Illustration of random coil with the end-to-end distance, R....

When all bond lengths are the same, there is no correlation between the directions of bond
angles, and there is no treatment of torsional angles, the polymer chain is considered as an ideal
flexible chain. The end-to-end distance, R of flexible chain is calculated with the Equation 1.17

which is based on one dimensional random walk %’

(R?)1/?2 = In/? Equation 1.17

where [ is the length of bonds between repeating unit monomers, and n is the number of
monomers. In a real polymer chain, the valance between angles and between bonds is fixed, and
also rotations of the bonds are not totally free. Therefore, the limitations to the flexibility of

chains are defined by characteristic ratio (C,) in Equation 1.18 %/,

(R2>1/2 = Coolnl/z = lkNl/Z Equation 1.18

10



where /; is Kuhn length and N is the number of segments. For freely jointed chains, the Kuhn
length (/) and the number of segments (N) are equal to C,l and n/C,, respectively. The larger
values C,, correspond to the larger the spatial distance between intermolecular interference with
free movement. Furthermore, /; describes the minimum length between two points on a polymer

and (Figure 1.2) where the orientation of each segment is independent of all others .

There is no direct experimental method to measure the R.... Therefore, the radius of gyration,
R, is used to define the dimensions of the chain. Ry is the distance from the axis, where all mass
can be concentrated to obtain the same mass moment of inertia; it is an experimentally measured
property. For an ideal chain, linear and uniform flexible chain with a sufficient long random
walk, Ry is %’

1/2 172 .
(Ré)l/z = Cso/zl (%) = [ (E) n>1 Equation 1.19

1.2.2.1 Excluded volume interaction

When two polymer segments on a single chain are far apart from each other, the long-range
interactions between monomers affect the chain dimension. In real chains, excluded volume
interaction restricts the random walk of chains that affects the distance along the chain. In other
words, chains repel each other and that results in an expansion of the chain size. Coil expansion

of polymer is expressed with a relation between Rand N .
(R*)Y/? = [, N3/5 Equation 1.20

1.2.2.2 Hydrodynamic interaction

In the presence of solvent, the hydrodynamic interactions due to the solvent presence
influence the chain conformation. Hydrodynamic interaction is caused by molecular friction
coefficient (Z,) which is the proportional constant in Stokes’ law. In Stokes’ law, the frictional
force has an effect on polymer molecules, and drag solvent molecules along the same direction.

In dilute suspensions of hard sphere, the friction coefficient is calculated as *’:

Z, = 6mngR Equation 1.21

11



In strong interactions, the polymer chain act as the hard sphere with a radius Ry as the chain
interior is shielded from the flow. For the long chains, the hydrodynamic radius, R}, is predicted
with *7

KT

Ry, = p—— Equation 1.22

where D, is the diffusion coefficient of the chain.

1.2.2.3 Extension of polymeric chains by external forces

Stretching of chains is observed due to external forces and the extended chain length, (r) 7 s

expressed with . The dimension of a chain due to stretching can be expressed as:

2o Ko Equation 1.23

(T)f =

where R, is the chain dimension. Configurational entropy decreases due to external forces
such as thermal, shear and extensional deformation that always stretch the chain and extend the

end to end distance *’.
1.2.3 Polymer Solutions and Flory Huggins Theory

The molecular structure of polymer chains and interactions between solvent molecules and
polymer molecules result in different chain conformations. Solvent addition results in polymer
dissolution as solvent molecules surround the polymer chain. Miscibility of the polymer in a
given solvent is well explained by the Flory-Huggins lattice theory. The change in interactions
such as hydrogen bonding, van der Waals interactions and dipole-dipole interaction affects
enthalpy of mixing which governs the miscibility. These interactions are defined clearly with the

change of the free energy of the system changes upon mixing %

AGpix = AH iy — TASix Equation 1.24

Based on thermodynamic response, solutions can be categorized into four kinds: (1) ideal, (2)
athermal, (3) regular and (4) irregular (real) solutions. In ideal solutions, the enthalpy of mixing

(AH,yiy) equals to zero ,thus; the entropy of mixing (AS,,;,) affects the Gibbs free energy change
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(AGix). In athermal solutions, the enthalpy of mixing is zero but entropy of mixing known as
excess entropy is different than ideal solutions. In regular solutions, entropy of mixing is the
same as ideal solution but enthalpy of mixing is not zero. In real solutions, the enthalpy of
mixing and the excess entropy have to be taken into account, and the enthalpy decreases by
dissolution. According to Flory-Huggins theory, AS,,;, is defined with the comparison of the
number of possible arrangement of polymer chains on available sites with the number of possible

arrangement of polymer chains before mixing give AS,,;, >

ASmix = ~kpnsic [ 1n¢p + (1~ $)In(1 — )] Equation 1.25

where ¢ is the volume fraction ng;;, is the number of available sites, and N is the number of
monomers. However, the value of AS,,;, is much lower in polymer—solvent systems especially in
dilute state. Therefore, the change in enthalpy affects solubility of polymer. AH,,;, is related to

Flory interaction (chi) parameter (y) that determines the miscibility trend *.
AHpmix = Z Ny [€SM - % (emm + 555)] ¢(1—¢) Equation 1.26

X = Z [SSM - (‘SMM - ggs)/Z]/kBT Equation 1.27

where Z is the number of neighbors of monomer site. x is positive when the monomer—solvent
contacts are less favored compared with the monomer-monomer and solvent-solvent contacts. A
negative y donates monomer-solvent contacts are preferred, promoting solvation of the polymer.
According to relation, with the increase temperature, the magnitude of y decreases. Moreover,
the pair interactions also depend on the temperature and y usually changes from negative to
positive with the increase of temperature. Therefore, the quality of the solvent for a given
polymer can be changed either by changing the temperature or by changing the mixing ratio of a
good solvent to a poor solvent; the value of the y parameter also defines the solvent quality
(Table 1.2). Solvent quality is defined as athermal solution when AH is zero. In athermal
solutions, the chain sizes have same dimensions as in good solvent. The solvent quality depends
mainly on the specific chemistry determining the interaction between the solvent molecules and

monomers. It can be changed by varying the temperature.
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Table 1.2 Solvent quality change with respect to y parameter for neutral polymers 72,

Solvent Quality % parameter Chain Size (R)
Athermal Solution =0 = N*?
Good Solvent <12 = N*?
Theta Solvent =1/2 =, N"*
Poor Solvent >1/2 ~ [, N

The conformation of polymer chain is changing constantly with the presence of solvent (Table
1.2 and Figure 1.3). In a poor solvent and dilute concentration range, neutral polymers at shrink
into globule with the size R= [y N 13 due to attractive interactions between monomers 2. On the
other side, neutral polymers in dilute concentration range in theta solvent exhibit monomer-
solvent interactions and monomer-monomer interactions are similar, leading to random walks
with ideal end-to-end distance R = [; N'??. This is also valid for polymer melts and concentrated
polymer solution systems. In good solvent or in the extreme limit of athermal solution, chains of
neutral polymers extend due to excluded volume and favorable interaction between monomers
and solvent molecules. The size of neutral polymers in good solvent is described with self-
avoiding walks, and defined with the Flory end-to end distance, Ry = /; N2 In polyelectrolyte
solutions with no salt, charge repulsion controls the chain conformation so chains stay apart from
each other and have the extended directed random walk conformation with length L proportional

to N %,

good solvent

8-solvent

s

\h\
Ja,

(\ }{x -

-

i

>4 e & J
— B v, B

“—R,~ | |

dilute polyelectrolyte with no salt
- e e 208, n—

L

Figure 1.3 The conformation of neutral and nonionic polymer chains with respect to solvent quality 2
Reprinted from: Colby, R. H. Structure and linear viscoelasticity of flexible polymer solutions: comparison of polyelectrolyte and
neutral polymer solutions. Rheologica Acta 2010, 425-442.
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1.2.4 Stability and Phase Diagrams

Stability and phase diagram (Figure 1.4) of polymer solution can be determined theoretically

by using chemical potential relation with chi parameter .

Apy/ksT =1ndp + N[x — 1+ (1 = 2X)¢ + x¢?] Equation 1.28

The boundaries to the instability can be found from dAu,/0¢ . In phase diagrams (Figure
1.4), the coexistence curve and the spinodial line divide the diagram into three main regions: 1)
Unstable region, 2) Metastable region, and 3) Stable region. Above the spinodal line, the system
is unstable and the solution is separated into two phases spontaneously. The solution between

two lines is metastable.

unstable
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Figure 1.4 Phase diagram of polymer solution > Reprinted from: Teraoka, I. Polymer solution: an introduction to
physical properties; Wiley: New York, 2002.

Interactions between solvent molecules and polymer chains determine the miscibility of
polymer in certain solutions. However, not only polymer chain solvent interaction but also
temperature is an effective parameter for phase separation as it influences entropy and enthalpy
change. Phase separation is observed at elevated temperature unless enthalpy and entropy change
decrease too rapidly from their initial values. Moreover, the mixing ratio of solvent or

composition of solution is another effective parameter. In polymer solutions, upper critical
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temperature and lower critical temperature shows higher and lower temperatures on the

coexistence curve, and between these temperatures phase separation can be seen in Figure 1.5.

Figure 1.5 Upper critical temperature (a) and lower critical temperature of polymer solution in phase
diagrams 5 Reprinted from: Teraoka, 1. Polymer solution: an introduction to physical properties; Wiley: New York, 2002.

1.2.5 Concentration Regime

Concentration regime is a fundamental concept of interactions in polymer solutions. So far we
discussed the properties of dilute and concentrated polymer solutions. The transition from dilute
to semi-dilute concentration leads to different conformations of polymer chains in solutions. The
concentration regime of polymer solutions varies with the change of molecular weight and
concentration (Figure 1.6). With an increase in concentration, the individual chains start to
overlap each other at a certain point which is called overlap concentration. The overlap
concentration is the transition point from dilute to the semi-dilute concentration regimes. In the
dilute regime, the polymer chain interacts primarily with the solvent molecules. The solution is

close to an ideal solution. In the dilute regime, concentration is below overlap concentration (c*)

28,29

* N

c ~ N173v Equation 1.29

~ 53
Rgitute

where Rginee is directly proportional to N' and v is equal to 1/2 for 0-solvent, 3/5 for good

solvent, and 1 for polyelectrolytes without salt.
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Figure 1.6 Concentration regime of polymer solution with the respect to molecular weight and

concentration 2 Reprinted from: Baumgartel, M.; Willenbacher, N. The relaxation of concentrated polymer solutions.
Rheologica Acta 1996, 35, 168-185.

When the concentration is above c*, the polymer solution is in the semi-dilute regime, and the
excluded volume interaction involves other interactions. The blob model is introduced to explain
the structure of solution with respect to concentration in a semi-dilute state. In the model, the

blob size is equal to correlation length; ¢ is used to understand the structure of solution (Figure
1 7) 25,28

Figure 1.7. A blob of size ¢ has monomers of size b from the same chain ?* Reprinted from: Teraoka, I. Polymer
solution: an introduction to physical properties; Wiley: New York, 2002.
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When the chain length is smaller than ¢ the blob size polymer chains have conformations
similar to dilute solution conformations (except for poor solvent). When the length is larger than
¢ the chain conformations have a random walk of correlation blobs of size & In this case, a
monomer on a given polymer chain will interact with other monomers in different blobs.
Furthermore, an increase in concentration leads to a decrease in blob size. In polyelectrolyte
solutions, repulsion interactions also become part of other interactions and the correlation length
is termed as screening length. In 1979 de Gennes determined the dependency of the correlation

length *:
& = Ryjute(c/c*) = c7V/Gv=1) Equation 1.30

where ¢ is independent of N. The random walk of correlation blobs gives the end-to-end

distance of the chain in the semi-dilute solution %:

R ~=§(N/g)Y/?~N1/2c~(=1/2)/ Gv-1) Equation 1.31

where g is the number of monomers per correlation blob. Moreover, g is equal to ¢, é3 and ¢,
is the number density of monomers. The correlation length can be listed in Table 1.3 with respect
to solvent type and polymer type.

Table 1.3 Correlation length and end-to-end distance with respect to polymer and solvent types *>**°,

Polymer Type Solvent Types v '3 R
Neutral Polymer Theta Solvent 12 ~c! ~N"? ¢
Neutral Polymer Good Solvent 3/5 ~c 70 ~N"? 012
Polyelectrolytes Solvent with no salt 1 ~c 2 ~N"

1.2.6 Viscosities of Polymer Solutions

Conformational changes of polymer in dilute and semi-dilute solutions are described above;
however, polymer solutions are not in a static state. Position and shapes (structure) of polymer
chains and solvent molecules change constantly due to thermal energy. Rheological
measurement is a method to understand polymer dynamics as viscosity and viscoelasticity of

polymer solutions, which give information of the structure of polymer solutions.

18



The intrinsic viscosity, /#/ which is already defined in Equation 1.2 and 1.3 can be used as a

measure of polymer coil in solutions. A simple intrinsic viscosity measurement method

developed by the extrapolation of 77% in Equation 1.2 *°.

=2 =[] + Kyu[n)?c Equation 1.32

where Ky is the Huggins constant. Molecular weight and the intrinsic viscosity relation are
determined with the Mark—Houwink—Sakurada Equation. This equation is applicable to many

polymers and is extensively used to determine molecular weight *° :

[n] = KnMS Equation 1.33

where M, is the viscosity average molecular weight, and K;, and a both are constants. The M,
is a property that is empirically determined with rheological measurements. The order of
magnitude of M, is between M,, and My,. K;, and a vary with polymer and solvents. The exponent
a determines the polymer chain's three-dimensional configuration in the solvent environment
and varies from 0.5 to 2.0. When a values are from 0.0—0.5, the polymer chain reflects as a rigid
sphere in an ideal solvent. "a" values from 0.5—0.8 correspond to a random coil in a good
solvent. "a" values between 0.8 and 2.0 refer to a rigid or rod-like configuration (stiff chain).
When a exponent is close to 0.75 or higher, the solvent quality of polymer solutions called

“good solvent”. In poor solvents, a exponent is close to 0.5 *.

The intrinsic viscosity also shows a relationship between molecular weight and chain

dimension. When we assume polymer chains as hard spheres, we can merge Equation 1.32 with
Equation 1.4. The definitions of 7 and Ky derived as §(¢> /c) and 0.99, respectively. The volume
fraction, ¢ of polymer chains in the solution is the product of molecular number density, v and
pervaded volume, vy, = 47TR3 /3. The mass concentration is the product of molecular number
density per molecule, ¢ = vM /N,. Therefore, M-Rg relation is expressed as *’:

[n]~ 107N R

Equation 1.34
3 M

Additionally, [n] measurement is used to define overlap concentration defining in previous

section. The overlap concentration is directly proportional to the chain dimension (Equation
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1.28). In good solvent, ¢* can be approximately related to the intrinsic viscosity [n] (Equation
1.34):

. 1

C' ~— Equation 1.35
] d

Equation 1.35 is consistent with Equation 1.31 when we can neglect the higher power-terms
of concentration. Polymer solutions exhibit in non-Newtonian range. The measurement of zero
shear viscosity, 1o of polymer solutions can be used for the concentration range determination as
Mo 1s the viscosity of polymer solutions that exist in the Newtonian range. The change in
concentration and molecular weight are directly proportional to n, (Figure 1.8). For instance, an
increase in concentration and molecular weight (My) results in an increase in 77y because of an
increase in polymer molecule interactions. After a certain critical point, entanglement formation
occurs and concentration regime changes from semi-dilute unentangled state to semi-dilute
entangled state, leading to a drastic increase in 1. This critical point is defined as critical molar
mass (M,,) when the change in molecular weight is considered. Below M, 1o increases linearly
with respect to M,,. Above M,,, no is proportional to M;;*. Consideration of the change in
concentration, “critical concentration, ¢** term is used to define concentration transition point.
Moreover, the crossover point (¢**) in Figure 1.9 corresponds to transition concentration from
semi-dilute unentangled to semi-dilute entangled solution *. Also, Equation 1.35 is used to
determine the transition concentration between semi-dilute unentangled and semi-dilute

entangled >,

c*™ =8c* Equation 1.36

In addition, the viscosity dependency of polymer concentration in a good solvent in the semi-

dilute regime can be summarized as *:

{ac1'25 Semi—dilute unentangled
n c*25-45 gemi—dilute entangled

Equation 1.37
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Figure 1.8 Zero-shear viscosity as function of molecular weight and concentration ** Reprinted from: Clasen,
C.; Kulicke, W. -.. Progress in Polymer Science 2001, 26, 1839-1919.

Polymer solutions even at diluted concentrations, display Newtonian (shear independent)
viscosity only at very low shear rates, (dy/dt). Viscosities of polymer solutions decrease as shear
rate increases after reaching to a critical shear rate. Figure 1.9 shows a general picture of shear
thinning polymer solutions. This linearly on a log-log scale plots (Shear thinning fluids).
Therefore viscosity becomes a function of not only molecular weight and polymer concentration
but also rate of shear deformation. It is necessary to know: 1) at which critical shear rate the
shear thinning behavior of viscosity starts; 2) The slope of viscosity versus shear rate on the log-

log plot during the shear rate dependent region.
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Figure 1.9 Viscosity vs. shear rate plots of a cellulose ether polymer at various polymer concentrations *°

Reprinted from: Clasen, C.; Kulicke, W. Determination of viscoelastic and rheo-optical material functions of water-soluble
cellulose derivatives. Progress in Polymer Science 2001, 26, 1839-1919.

The characteristics time behavior of polymer solutions at dilute and semi-dilute
concentrations have to be considered for the analysis of non-Newtonian behavior of polymer

solutions.

1.2.7 PEO and CMC Solutions

In this thesis, we are working with polyethylene oxide (PEO) and sodium carboxymethyl
cellulose (Na-CMC); thus, the previous studies with PEO and Na-CMC are the focus in this part.
Kjellander and Florin (1981) studied phase behaviors of aqueous solutions of polyethylene oxide
(PEO) *. They found negative values of enthalpy and entropy change due to the overlap between
hydration shells of neighboring chains. This property of PEO shows that PEO with a certain a
MW has the upper critical and the lower critical temperature values. To determine the phase
separation experimentally, the cloud point method is commonly used. In this method, cloud point

temperature, in which the solution becomes turbid, is determined with the use turbidity analyzer.

Devanand and Selser (1991) developed two relations between molecular weight and radius of
gyration and second viral coefficient for different molecular weights of polyethylene oxide by

using multi-angle light scattering experiments **.
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Ry = 0.215 MG;>83+0-031 Equation 1.38

Daga and Wagner (2006) determined the c*and the c¢*™ of aqueous polyethylene oxide
solution with the combination of Equation 1.33 and 1.34, Mark-Houwink-Sakadura relation
(Equation 1.31) and the rheological measurements *'. They theoretically calculated the ¢* and the
c** values as 0.23 wt% and 1.83 wt%, respectively. They empirically found the ¢** about 3.2
wt% with the the determination of the change in slope of n¢ versus concentration. They
empathized large molecular weight polydispersity in the PEO caused the difference between

experimental and theoretical values.

Kulicke and coworkers (1995) characterized CMC structure by varying molecular weight
from 200000 to 2 000000 gmol™. The [n]-M relationship, were determined with multi-angle
laser light scattering and size exclusion chromatography (Equation 1.38). The influence of
concentration and the influence of the molecular weight on zero-shear viscosity were found as

no % ¢*3 and ny < M3, respectively *.
[n] = 1.43 x 1072 M%*° (cm3g™1) Equation 1.39

Chatterjee and Das (2013) determined radius of gyration of Na-CMC with different molecular
weight with [1] measurements. They used M-Rg relation (Equation 1.33) to calculate and they
observed that the value of the radius of gyration is decreased with an increase in concentration,

whereas the radius gyration’s values increase with an increase in molecular weight **.

Benchabane and Bekkour (2008) studied the rheological properties of Na-CMC with the M,
of 700 kDa and found the critical concentration c** around 1% by plotting specific viscosity
based on concentration change. The zero shear rate viscosity, 17, is used as intrinsic viscosity to

calculate specific viscosity (Equation 1.3) .

1.3 Nanoparticle Suspensions in Polymer Solutions
When colloidal particles are incorporated into polymer solution, polymer chains can either be
adsorbed onto particles or deplete particles. Adsorption and depletion can be defined with respect

to change in polymer chain composition near the particle interface.
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1.3.1 Adsorbing Polymers

Adsorption can be considered when the concentration of the polymer chains increase in the
interfacial region which can results in both bridging and aggregation of particles or steric
stabilization of polymer chains. Thermodynamically, adsorption depends on the net adsorption
energy of polymer chain. The net adsorption energy of polymer chain is the difference between
the free energy of chain-surface contacts and that of solvent- surface contacts. If difference is

negative, adsorption will be observed *.

Adsorption of polymer chains on the surface can be distinguished as two types. When the
formation of chemical bonds between chain and surface occurs, this is defined as chemisorption.
Otherwise, physisoprtion term is used when physical interactions such as van der Waals
interactions, dipolar couplings and hydrogen bonds exist between polymer chain and surface. In
physisoprtion case, the adsorbed chain may be displaced by another chain from the bulk solution
but there is no possibility such displacement for grafted (chemisorbed) chain. In chemisorption,
polymer molecules are attached to surface. In the case of adsorption, there are various systems:
physisorbed homopolymers, polyelectrolytes, block copolymers and terminally attached chains®.
Homopolymer adsorption case, chain length, chain length distribution, solvency and adsorbent
properties are effective parameter. The adsorbed amount at fixed concentration varies with
molecular weight depends on solvent type. In good solvents, the adsorbed amount of polymer
chain on the surface increase with the increase of chain length in low molecular weight range.
On the other hand, adsorbed amount does not depend on chain length in theta solvents especially
in high molecular range. High molecular range refers to the high-affinity character of adsorption
isotherm. Copolymers consist of more than one type of structural unit, therefore; primary
structure of copolymer is a dominant parameter to determine the adsorbed amount. Random
copolymers are similar to homopolymers whereas block copolymers are rather different. In that
case, only one type of block tends to adsorbed onto surface and other block extends away from
the surface. In polyelectrolytes, electrostatic interaction play important role, thus; charge

densities of polymer and surface, salt concentration are significant variables *.

Adsorption causes conformational change of polymer chains. Adsorption of polymer chain
onto surface can be seen schematically in Figure 1.10.a, which consists of three types of sub-

chains: trains, loops and tails. Trains are the segments of polymer chain contact with surface and
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loops are non-contacted segments of polymer chains and tails are non-adsorbed chain ends. High
amount of trains refers to strong adsorption, whereas in weak adsorption tail and loop amount is
higher than train amount. As seen in Figure 1.10.b, polymers can be attached to as mushrooms,

brushes or as adsorbed chains (pancake structures) depending on adsorption energy (ys):
Xs = (uf —uz)/kT Equation 1.40

where ul and uj are adsorption energy of solvent molecule and polymer segment,
respectively. Polymer adsorbs onto surface when y; is positive, besides conformational change

occurs with the magnitude of s compared to critical adsorption energy (¥sc):
Xsc = —In(1—2;) Equation 1.41

where A;is lattice parameter which is % for a hexagonal or tetrahedral lattice. When y; is less
than y., chain is entropically repelled from the surface and mushroom structure occurs. Whereas,
pancake structure can be seen when y; is greater than . as polymer segment revisits the surface.
In brush regime, structure is independent of ys except in the region close to surface. In that case,
solvent quality plays role to determine structure. In a good solvent, brushes tend to extend and
find parabolic shape, polymer segments become more compressed and collapse when the

solvency becomes worse *°.

\6
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mushroom brush pancake

Trai Surface

Figure 1.10 Schematic representation of a) adsorbed polymer layer and b) possible structure of adsorbed
layers 3 Reprinted from: Lekkerkerker, H. N. W.; Tuinier, R. Colloids and the depletion interaction; Springer: New York, 2011.

1.3.2  Flocculation by Bridging
A polymer chain adsorbs onto more than two particles to bind them together called polymer
bridging. With the partial surface coverage, destabilization of particles occurs due to adsorbed

polymers. Bridging mechanism leads to flocculation of colloidal suspensions when the polymer
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chain is long enough to adsorb onto two particles and has a very strong affinity for the particle
surface. When polymer length is too short, the layer thickness is generally too small for bridging.
Furthermore, coverage and a certain minimum layer thickness are needed for effective bridging.
Thermodynamically, flocculation is defined with the Gibbs free energy change, AG upon the
interaction of the adsorbed layers. The flocculation occurs when AG of the overlap interaction of

the adsorbed layers is negative (Equation 1.24) *.

There are two kinds of bridging mechanism leading to flocculation. The first bridging
mechanism happens by the binding of two or more particles with one polymer molecule (Figure
1.11.a). For effective flocculation, the polymer molecule should have more than two absorbable
sites. Moreover, polymer chains should be long enough to adsorb onto more than one particle
surface. The surface coverage, 6 should be low enough for adsorption of polymer extending from
one particle to another particle *'. The second bridging mechanism occurs when the polymer
chains are long and surface coverage is higher compared to the first mechanism (Figure 1.11.b).
Generally optimum bridging occurs when the half surface of nanoparticle is covered where the
surface coverage, 0 is 0.5 *. In this case, polymer chains in different surfaces interact with
attractive surface bridging forces and that overcomes repulsion forces. The attractive energy and

force per binding molecule is determined when A<L.°®:
w(h) = —e(L, — h) /1l Equation 1.42
f(h) = —¢/l; Equation 1.43

where 4 is the distance between particle surface, L. equals to nlj and ¢ is the binding energy
per segment. The interaction energy per unit area W(h) is determined by merging tail density,

' = 1/s2 where s is the mean distance between adsorbing points®:

W(h)= 2T'w(h) = —2Te(L, — h)/l; Equation 1.44
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1 L

Figure 1.11 Schematic representation of bridging mechanism; a) two particles by one polymer molecule
and b) two particles by two separately adsorbed polymer molecules.

1.3.3 Steric Stabilization

When two particles with adsorbed polymer layers approach each other at a distance below a
few R, interaction of the two layers takes place (5). This interaction generally results in a
repulsive osmotic force because of the unfavorable entropy. Thus, the adsorbed layer is
compressed and the polymer segments present in the interaction region lose configurational
entropy. In this case, this interaction named as steric repulsion or stabilization. The degree of
stabilization can be defined thermodynamically in terms of AG occurring upon the interaction of
the adsorbed layers (Equation 1.24). If AG is positive upon the overlap of the adsorbed layers,

the steric stabilization will result *°.

The steric interaction forces depend on the coverage of polymer on each surfaces, quality of
the solvent and adsorption type of the polymer (physisoprtion or chemisorption). For
chemisorbed polymer chains on flat surface with the low surface coverage in theta solvent, there
i1s no entanglement or overlap of neighboring chain and each chain interacts opposite surface
independently. For this case, repulsive energy per unit area can be defined when the distance
regime is in between 2R, and 8R, as the chain conformation is like mushroom shape on the

surface °:
W(h)= 2TkTe ""/*RG + ... + 36 k yTe ™Rs ~ 36 k sTe™™Rs  Equation 1.45

For the high coverage chemisorbed or physisorped chains, the chain extends away from the
surface more than R, or Rg. This conformation is named brush conformation. For brushes in theta

solvent, thickness of brushes, ¢ is directly proportional with MY where v varies from 0.5 to 1 that
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corresponds to from very low coverage to high coverage. In good solvent, the segments repel

each other and they generally don’t become entangled, the layer thickness can be defined as °.
o= nlks/3/sz/3 = F1/3nlk5/3 = Rp(Rr/5)%/3 Equation 1.46

When two brushed covered surfaces are closer than 2L from each other, osmatic pressure

leads to repulsive energy and repulsive energy can be calculated as °:
W(h)= 32I3/28kTe"™/1 Equation 1.47

1.3.4 Non-absorbing Polymers

A decrease of solute concentration near interfacial area in polymer solutions is known as
depletion. Depletion interaction colloidal polymer suspensions explained by Asakura and
Oosawa in 1954. Their theory proves the increase in free volume of non-absorbing polymers
when two hard spheres get close sufficiently (Figure 1.12). Depletion interaction can be
determined with this theory. According to Asakura-Oosawa and Vrij model, depletants with a
diameter 2R, and bulk density n, applied osmotic pressure of the polymer (/) to hard spheres
with a diameter 2R and surrounded by depletion layer with a thickness o that resulted in overlap

volume (¥,y). Interaction potential Wge, can be calculated with the relations below e

[I=nykg T Equation 1.48
Vou(h) = = (286 — h)*(3R + 28 + h/2) Equation 1.49
Wgep = h <0 Equation 1.50
=-IV,,(h) 0<h <26 Equation 1.51

=0 h > 28 Equation 1.52
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Figure 1.12 Illustration of depletion interaction between polymer chains and hard spheres ® Reprinted from:
Lekkerkerker, H. N. W.; Tuinier, R. Colloids and the depletion interaction; Springer: New York, 2011.

In Figure 1.13, the Asakura-Oosawa and Vrij interaction potential, Wg., between two hard
spheres in a solution containing free polymers is plotted. Wy, is decreasing with a decrease in
distance between two spherical particles. When the particles touch each other, interaction

potential goes infinite.

dep T

h=0

Figure 1.13 Interaction potential W, versus distance between between two spherical particles ® Reprinted
from: Lekkerkerker, H. N. W.; Tuinier, R. Colloids and the depletion interaction; Springer: New York, 2011.

1.3.5 Phase Diagrams

In colloid polymer mixture, solution can be found in several states with the function of
polymer concentration and particle concentration (Figure 1.14). Lekkerkerker pointed out that at
high concentration of particles only crystalline, fluid and fluid crystals can be seen. However, at
lower particle concentration, all phases in Figure 1.14 can be observed as depletion force

controls the range and strength of attraction independently °. For instance, Khalli (2013) worked
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on phase diagrams of CNC suspensions with several polymer solutions. In addition, her study
revealed that CNC concentration is one of the effective parameter to observe phase change *.
Moreover, Doxastakis and coworkers (2004) investigated depletion and packing effect of
polymer particle mixtures *. They pointed out that depletion interaction is dependent on particle
size to chain length ratio and concentration regime of polymer. In the dilute regime, chains are
strongly depleted in the vicinity of particle and chain length is effective parameter. In the

concentrated regime, depletion interaction is independent of chain length.
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Figure 1.14 State diagram of a colloid—polymer mixture ® Reprinted from: Lekkerkerker, H. N. W.; Tuinier, R.
Colloids and the depletion interaction; Springer: New York, 2011.

Besides, Ramakrishnan and coworkers (2004) studied concentrated depletion gels that
consisted of hard sphere octadecylsilica and polystyrene solution ** . They mentioned that
depletion interaction causes gelation in polymer solution and gel elastic modulus (G”), which

depend on polymer to particle asymmetry size ratio, R,/R and reduced polymer concentration
(Equation 1.52).

G~(RZ/R) 72 (cp/c*)0** Equation 1.53

1.4 Objectives and Experimental Design

In this section, the purpose of this study, selected materials, sample preparation procedures

and experimental methods will be discussed.
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1.4.1 Scope of Study
The overarching objective of this study is to investigate interaction of cellulose nanocrystals
(CNC) suspensions in polymer solutions with the focus on stability, phase diagrams, mesoscopic
structures and rheological properties. We would like to achieve following objectives:
*Determining bridging or depletion interaction between CNC and polymer chains.
*Investigating effect of polymer on interactions and bulk properties based on molecular
weight, concentration of polymer, radius of gyration.
Investigating effect of CNC on interactions and bulk properties based on aspect ratio,

concentration of CNC.
1.4.2 Experimental Approach
1.4.2.1 Materials

1.4.2.1.1 Cellulose Nanocrystals

Cellulose nanocrystals (CNC) from Celluforce, Inc. (Quebec, Canada) and AITF (Alberta,
Canada) were used as nanoparticles. CNC particles can be described by their shape and size
which are also critical for their applications®. To measure dimensions of rod-shaped CNC
particles, microscopic (atomic force microscopy (AFM), transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and scattering techniques (depolarized dynamic
light scattering (DDLS), small angle neutron scattering (SANS) are the most widely used
methods in the literature (ref). Since the width of CNC particles only depend on cellulose
feedstock but not on CNC preparation process conditions and also monodisperse by distribution,
STEM micrographs is a reliable method to measure the width of CNC particles. However, the
length of CNC particles is not uniform and also varies with process conditions. Therefore for a
statistically meaningful length, measurements of at least 200 particles have to be measured on

the micrographs.

Boluk and Danumah (2014) used STEM and DLS together as a practical way to determine
the width and length of CNC particles *. They calculated length of CNC with the use
translational self-diffusion coefficient (Dy) of particles and Broersma’s correlations. The diameter

of CNC is measured with scanning transmission electron microscopy (STEM). Hydrodynamic
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diameter of spherical particles (Ry,) is obtained by measuring translational diffusion coefficient in

DLS measurements *’

kT .
D, = Equation 1.54
3mNRp

where k is Boltzmann’s constant, T is absolute temperature, and n is viscosity of suspension.

Translational and rotational diffusional motions are observed ¥.
D, = L (Inp + v) Equation 1.55
t 3mnlL

with the combination of Broersma’s correlations (3-5) with translational diffusion coefficient
equation 1.56; the length of CNC can be calculated by introducing the diameter (d) from SEM

measurements ¥

v=(ln2 - 2(V||+h)) Equation 1.56
y; = 0.807 + g + ﬁ + + — Equation 1.57
y, = —0.193 + g + + (1;; + 61 Equation 1.58

2L L
where § = —andp = -.
d d

After determining CNC dimensions, concentration regime of rod-like particles can be
determined with Doi and Edwards’ method. Doi and Edwards (1986) discussed concentration
regime of rigid polymer chains that can apply on rod-like nanoparticles in solution. A thin rod-
like particle with length, L and diameter, d allows tumbling of the molecule without colliding
with other molecules *. Dilute regime of rod-like particles is defined with relation (Equation

1.59) where particles can freely rotate without interference by other particles.

v, < 1/I3 Equation 1.59
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where number density (v,,) is number of particles per unit volume. In semi-dilute regime, rod-
shaped particles occupy space in another particle’s excluded volume. Semi-dilute concentration
regime is defined in the relation below:

1/13 < vy < 1/dL? Equation 1.60

The solution loses isotropy and turns into different phases in concentrated regime that is

defined in relation 8.
1/dL? < v, Equation 1.61

According to dimension analyses, the width of CNC-1 and CNC-2 are measured 15+2.0 nm
and 8+0.8 nm, respectively and length of CNC-1 and CNC-2 are calculated as 275 nm and
214+0.4 nm, respectively. Concentration regimes of each CNCs were calculated by using Doi
and Edwards’ (1986) method. When weight fractions of CNC-1 and CNC-2 are smaller than
0.3%(w/w) and 0.2% (w/w) respectively, both CNC suspensions are in dilute regime and
concentrated CNC suspensions can be obtained when more than 7.0% (w/w) CNC-1 and 2%
(w/w) CNC-2 are used to prepare suspensions. Between these ranges, CNC suspensions are in

semi-dilute regime.

Table 1.4. Properties and concentration regimes of CNC

CNC type CNC-1 CNC-2
Width (nm) 15.0+£2.0 8.0+0.8
Length (nm) 275+2.5 214.0+0.4
Aspect ratio 18.33 26.75
Zeta potential (mV) -55.3+2.5 -56.60+£0.4
Dilute regime (v, < 1/ L3)
Number density (#ofpart./m®) 4.81x10™" 1.01x10"
Volume fraction (%) 0.002 0.001
Weight fraction (%) 0.003 0.002
Concentrated regime (1/dL? < vp)
Number density (#of part./m’) 8.81 x10™ 2.11x10™!
Volume fraction (%) 0.043 0.02-0.03
Weight fraction (%) 0.07 0.02
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1.4.2.1.2 Polymer
Carboxymethyl cellulose (CMC) and polyethylene oxide (PEO) were purchased from Sigma-
Aldrich, Inc. (Missouri, US). The properties of polymers are summarized in Table 1.5. The

characterization of polymer was defined in the section of 1.27 of Chapter 1.

Table 1.5. Properties of polymers

Polymer Material M, D.S. R g Molecular structure
Morphology (kDa) (mn)
Carboxymethyl Linear Chain 700  0.85-0.90 153 ' RO
# OrR
cellulose (CMC) Anionic 250 0.70 99 RO (om N1 Rohor
- O\Q | o
90  0.70 40 ARy om P
HO"I_ OR ONa
Polyethylene oxide Linear chain 600 - 50 H ‘E /\}OH
(PEO) Nonionic 300 - 34 © n
100 - 18

1.4.2.2 Methods

Various solutions with different concentration were prepared by mixing CNC suspensions in
water soluble polymer solutions at room temperature. Procedure of preparing these solutions can
be generalized in two steps. Initially, CNC are suspended in water by using mechanical stirring
for an hour. Then suspensions were sonicated for 5 minutes. Secondly, polymer was dissolved in

CNC suspension overnight. Prepared samples were used following experiments.

1.4.2.3 Scanning Transmission Electron Microscopy

The scanning transmission electron microscope (STEM) is used to characterize nanostructures
such as morphology, elemental composition and structure of nanoparticles. The working
principle of the STEM is similar to the scanning electron microscope (SEM). The main
components of STEM can be seen in Figure 1.15 *. Electrons are generated from an electron gun
with a tungsten filament cathode. Accelerated electrons are focused into a point on the sample by
a set of condenser lenses and an objective lens. Spherical aberration corrector is used to obtain
high resolution image, and scan coils limits the maximum angle of illumination and lead the
beam to scan over a square area on the sample surface. The electron beam scatters from and

transmits through sample, and the usual detectors are used to create a proper image. The bright
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field (BF) detector detects the intensity in the transmitted beam from a point on the specimen.
The annular dark field (ADF) detector form image from scattered electrons. Both detectors are
used to form the contrast of an image. The high-angle annular dark field (HAADF) detector
captures the high angle electrons to get Z-contrast of the image. Moreover, the secondary

electron (SE) detector is used to obtain morphological information *.
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Figure 1.15 The schematic diagram of main components of STEM * Reprinted from: Pennycook, S. J.; Lupini, A.
R.; Varela, M.; Borisevich, A.; Peng, Y.; Oxley, M. P.; Van Benthem, K.; Chisholm, M. F. Scanning Transmission Electron
Microscopy for Nanostructure Characterization. In ; Zhou, W., Wang, Z., Eds.; Springer New York: 2007; pp 152-191.

To get a high resolution image, the sample should be conductive or be coated with conductive
material such as gold, tungsten, platinum. In solution sample preparation, a standard procedure is
applied to form conductive sample for STEM measurements. Colloidal suspension with/without
polymers drops on a carbon-coated TEM grid for three minutes. The excess of suspensions is
absorbed with filter paper. The TEM grid is dried for three minutes. After, the sample is stained
with a drop of uranyl acetate solution for five minutes. The excess liquid is absorbed with filter
paper and is dried in the vacuum dryer before imaging. The structures of prepared samples are
investigated with high-resolution SEM using a Hitachi model S-4800. The accelerating voltage

of 30kV is applied in transmission mode.

1.4.2.4 Dynamic Light Scattering (DLS)

In theory, diffusion of hard sphere is related with the hydrodynamic radius. In dynamic light
scattering measurements, diffusivity of particles with respect to time is measured. A typical DLS
system consists of six main components (Figure 1.16). The first component is laser source that

provides a laser beam. The laser beam passes through or is scattered from particles in sample
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cell. Particles scatters beam in all direction and to measure scattered light a detector is placed in

any position generally with an angle either 173° or 90° *°.
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Figure 1.16. The schematic diagram of main components of DLS *°.

DLS are made on Malvern Zetasizer Nano-S instrument with a detection angle 173°. This
instrument is equipped with a 4.0 mW He—Ne laser (k = 633 nm) and an Avalanche photodiode
detector. All measurements were taken at a temperature of 25.0 + 0.1 °C. At least 3 repeat

measurements on each sample were taken for result repeatability.

DLS is an excellent method to measure the diameters of spherical particles. However, it
cannot be used to calculate the length of CNC particles from the translational diffusion constant.
Therefore, the method which is proposed by Boluk and Danumah based on using STEM and
DLS was used to calculate particle width and length (Appendix C).

1.4.2.5 Zeta Potential

Since negatively charged sulfate groups exist on CNC particle surfaces, the surface potential
has to be determined A surface of a charged particle represents schematically in Figure 1.17. For

instance, a negatively charged particle has a Stern layer consisting of positive charges. The
amount of positive charges decreases when the distance from the particle increases and this

opposite charged generates a layer called diffuse layer. Surface potential of particle cannot be
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measured directly, however; the zeta potential of particles can be measured experimentally. Zeta

potential of nanoparticles will determine by measuring electrophoretic mobility (Ug) >

2ez f(K
U = 26z f(Ka) Equation 1.62
E 3n

where z is zeta potential, € is dielectric constant, 1 is viscosity and f(Ka) is Henry function.
Smoluchowski approximation which referred to f(Ka)that is 1.5 as electrophoretic
determinations of zeta potential are mostly made in aqueous media and moderate electrolyte
concentration. Malvern Zetasizer Nano-S instrument is used to measure zeta potential of

particles.
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Figure 1.17. Schematic representation of the ionic concentration as a function of distance from the
charged particles in suspensions *°.

1.4.2.6 Rheological Measurements

We discussed the flow behavior of colloidal suspensions and polymer solutions in previous
sections. This part will focus on experimental method to determine steady-state shear flow
properties using a cone-and-plate rheometer. The fundamental parts of the cone-and-plate
rheometer are the flat stationary plate and the rotational cone (

Figure 1.18). The flow behavior can be determined by rotating a cone while the other surface
is fixed. The geometry of the cone is important as flow properties are calculated by using general
momentum balance equation. In steady-state shear flow measurements, instrument measures the

torque,7; and the angular velocity, Q. By neglecting inertial forces and edge-effects, the
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relationship between the shear stress, o and the torque, and between shear rate and the angular
velocity are computed as °*:

o = 3T,/2nR,>, for®, < 2° Equation 1.63

y=-Q/6, Equation 1.64

where R, is the radius of cone, 0, is the angle between the cone and the plate.

Q

R [

Rotating cone

Stationary flat plate

Figure 1.18. Schematic representation of cone-and-plate rheometer *'.

We use AR-G2 rheometer (TA Instruments, USA) to measure flow behavior of CNC
suspensions in aqueous polymer solutions. Cone-and-plate geometry (2° nominal angle) was used

to measure the steady-state flow and viscoelastic behavior. Temperature control is established

with a ThermoCube200/300/400 (Solid State Cooling Systems Co., USA) kept at 25.0 +0.05°C.

1.4.2.7 Nuclear Magnetic Resonance

Solvent relaxation NMR spectroscopy i1s a common method to determine interactions
between polymer and surfactant with nanoparticles. NMR is based on nuclear magnetic moment
of nuclei with external applied magnetic field (B). The initial applied field (B,) encounters

energy difference between the spin states (AE):
AE = yhB,/2n Equation 1.65

where:/ is Planck’s constant and y is gyromagnetic ratio. NMR relaxation is a measurement
technique by which an excited magnetic state returns to its equilibrium distribution. Two

mechanisms involved in relaxation NMR: (1) spin-lattice relxation time and (2) spin-spin

38



relaxation time. The spin-lattice relaxation time (77) occurs due to the change in spin orientations
resulting from restoration equilibrium magnetization. The spin-spin relaxation time (77) is caused
by the energy exchange around the nuclei without a loss of energy to the surrounding lattice. For
the 7, relaxation the situation is more complex to define interactions. The applied oscillating
magnetic field frequency is higher than the Larmor frequency (magnetic moment of nuclei) as a
result of fast tumbling solvent molecules, which leads to a longer 7. Solvent molecules bounded
with solids leading to a shorter correlation time, so the oscillating magnetic field frequency is
lower than the Larmor frequency, indicating a longer 7; (Figure 1.20). The chain mobility can be
defined in terms of 7, relaxation time as stronger dipolar couplings in the rigid phase shorten the
relaxation time of strong dipolar "H—"H couplings, whereas the higher mobility of solvent

molecules results in a longer relaxation time >,
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Figure 1.19. Behavior of 7} and T» as a function of correlation time (t.) >* Reprinted from: Cooper, C. L.;
Cosgrove, T.; van Duijneveldt, J.; Murray, M.; Prescott, S. W. The use of solvent relaxation NMR to study colloidal suspensions.
Soft Matter 2013, 9, 7211-7228.

1 . . . .
The H' relaxation measurements are carried out using a Varian Inova 400 mHz spectrometer

is used at 26.9 °C. The standard CarrPurcell-Meiboom-Gill (CPMG) sequence is employed.
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1.4.2.8 Atomic Force Microscopy

The atomic force microscope (AFM) system is a tool to observe structure of the surface of the
material in nanoscale by measuring intermolecular forces with atomic-resolution
characterization. A typical AFM system consists of a cantilever probe, a sharp tip, a Piezoelectric
(PZT) actuator and a position sensitive photo detector (Figure 1.20). A sharp tip, which is on the
mounted PZT, scans the surface. Intermolecular forces between the tip and the surface result in a
position change in the cantilever, and the laser beam deflected from the cantilever leads to the
difference in light intensities between the upper and lower photo detectors. To get high
resolution image of soft surfaces such as polymers, the tapping mode technique is generally used.

In this mode, the cantilever is oscillated using a PZT actuator *°.

In our experiments, we obtained the images of CNC coated mica surfaces by using tapping

mode technique to investigate whether polymers are adsorbed or non-adsorbed and also CNC
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Figure 1.20 Schematic of typical AFM system >® Reprinted from: Bowen, W. R.; Hilal, N. Atomic force microscopy in

process engineering: introduction to AFM for improved processes and products; Oxford ; Burlington, MA : Butterworth-
Heinemann, c2009; 1st ed: 2009.

1.4.2.9 Polarized Optical Microscopy

The mesostructure of crystals, liquid crystals, polymers, and other transparent, optically
anisotropic materials can be observed with the polarized light optical microscopy. Intensity
distribution of a light beam is captured as a microscope image is the intensity distribution, and
spatial variation in the intensity is called contrast. Contrast in images produced by polarized light

microscopes corresponds to the phase change of material *°. Therefore, the phase change of CNC

40



suspensions and CNC suspension in aqueous polymer solutions will be observed by using
polarized optical microscopy (POM) that enhanced contrasts to get advance the image quality of
birefringent materials. The polarized optical microscopy (POM) analysis of samples with various
concentrations was observed with Olympus BX50 equipped with a JVC 3-ccd video camera
(Olympus, Japan).

1.4.2.10 Stability Measurements
Interactions of CNC suspensions in polymer solutions may result in different phase behavior
or different CNC orientation in suspension by the time passes. The long-term stability behavior

>’ The schematic

of CNC suspensions with polymers can be determined by using light
illustration of stability behaviors of CNC suspensions with polymers for bridging flocculation
and depletion interactions can be seen in Figure 1.21. When the light send to suspensions, light
can either transmit or scatter. The light beam is blocked any time that it encounters a light
intensity depending on the stabilization and the distribution of light intensity. The recorded

intensity change by time can be interpreted as flocculation or depletion.

Optical analyzer, Turbiscan Lab Expert is used to evaluate stability of CNC suspensions with
polymer solutions. Instrument consists of the detection head and transmission (T) and back
scattering (BS) detectors. Detection head is composed of a pulsed near-infrared light source

(A=800 nm) and scans the entire height of the sample in each minute during at least 1 h.

Depletion
2" 2| Stabilization

Figure 1.21 Schematic representation of stability behaviors of CNC suspensions.
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Chapter 2. The Role of Dilute and Semi-Dilute Cellulose
Nanocrystal (CNC) Suspensions on the Rheology of
Carboxymethyl Cellulose (CMC) Solutions

The material shown in Chapter 2 has been previously accepted by Canadian Journal of
Chemical Engineering. This chapter investigated shear thickening mechanism of CNC
suspensions with the presence of CMC polymer. The experiments have been personally
conducted; and the images of Figure 2.3 were taken by Dr.Christophe Danumah. The authors of
this publication are me, my colleague Dr.Christophe Danumah and my supervisor Dr.Yaman

Boluk. The material published is the following.

2.1 Abstract

Non-Newtonian flow behavior of dilute and semi-dilute carboxymethyl cellulose (CMC)
solutions in the presence of spindle shaped cellulose nanocrystal particles (CNC) was
investigated. Scanning transmission electron microscopy, dynamic light scattering, and polarized
optical microscopy and turbidity measurements of CNC suspensions in CMC solutions were also
carried out. By adding CNC particles only within the range of 0.33 - 2.0 vol% into the dilute and
semi-dilute CMC polymer solutions increased the viscosities at low shear rates between 10°- 10’
time s. The flow curves of CNC suspensions in CMC polymer solutions turned highly non-
Newtonian, and their viscosities at high shear rates (>10°) still converged to the flow curves of
CMC solutions. The viscosity increase comes from the nematic flocculation of CNC particles in
the presence of a non-adsorbing CMC polymer, which results CNC flocs with water-entrapped
pockets.

2.2 Introduction

Cellulose with its linear, regular polysaccharide structure and strong intermolecular hydrogen
bonds form crystalline microfibrils and fibres. Such unique structure makes cellulose infusible at
high temperatures and insoluble in conventional organic solvents. Therefore, since 1870,
cellulose has been used as a polymer only after conversion to cellulose derivatives such as
cellulose ethers and esters or regeneration to such as viscose **. Later advancement of synthetic

polymers from petrochemicals eclipsed the utilization of cellulosic polymers and plastics.
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Nevertheless cellulose becomes an attractive material again for several reasons. First of all, it is
renewable, carbon neutral and also available from abundant wood and other plant fibers supplies.
Secondly it is a non -toxic and biocompatible material for the human body and biodegradable.
And last but most importantly, cellulose can be converted to spindle shaped nanosized particles
which will reveal unique bulk, surface, and colloidal properties *°. Spindle shaped CNC particles
are typically prepared by employing concentrated (65%) sulfuric acid ***'. The hydrolysis
process removes the amorphous segments of cellulose fibrils and releases homogenous and
defect free crystallites. In addition, sulfuric acid also creates negatively charged sulfate ester
groups on crystallite surfaces. CNC particles are typically 6 -10 nm in width and 100 -220 nm in
length ¥. Cellulose nanocrystals based products are expected breathe new life into cellulose.
Although there are many excellent studies on CNC which were reviewed by Habibi et.al ®, most
of the existing researches on high volume applications are on nanocomposites, films and coatings
with desired mechanical, optical and barrier properties **. Yet, the aggregate free dispersion of
hydrophilic CNC particles in hydrophobic organic materials is the problem for those CNC
applications hence requires additional surface modification and grafting ®*. Sulfonated CNC
particles with negative surface charges result stable suspensions in water. CNC suspensions
generate birefringence and ordered liquid phase at sufficiently high concentrations ®. In addition
to particle geometry, addition of electrolytes and nonadsorbing macromolecules also govern the
formation of nematic phase ®"*®. Rheological properties of aqueous suspensions of cellulose
nanocrystals were investigated in the literature to characterize their particle sizes ** and structural
changes as a function of CNC concentration under different conditions ****®. According to those
studies, typical cellulose nanocrystals (length =100-220 nm and width = 5-10 nm) do not show
any thickening effect in aqueous solutions unless above 7% concentration. Besides, thickening
behavior at high concentrations is not sufficiently shear thinning (pesudoplastic), which is
always a required rheological property in paints, coatings, drilling fluids and other functional
fluid formulations. Therefore cellulose nanocrystals as opposed to cellulose nanofibrils have
never been considered as thickeners. In our laboratories, the synergetic thickening of cellulose
nanocrystals in certain water soluble polymers was discovered ’°. Later, the thickening
mechanism of cellulose nanocrystals in certain cellulose ethers have been discussed "'. Hence,
spindle shaped CNC particles likely self-organize into mesoscopic physical structures in polymer

solutions, properties and interactions of these mesoscopic structures determine the macroscopic
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behavior of these systems. CNC based such soft matters will play important role in commercial
applications and new technologies, however it shall be noted that they behave fundamentally
different from traditional liquids and solids. In this study, it is our objective to investigate non-

Newtonian flow behavior of carboxymethyl cellulose with the presence of cellulose nanocrystals.
2.3 Experimental

2.3.1 Materials

2.3.1.1 Cellulose Nanocrystals (CNC)

Spray-dried CNC, which was obtained through sulfuric acid hydrolysis of commercial
dissolved softwood pulp, was used. A detailed preparation method was described elsewhere ™.
CNC particles were suspended in deionized water by using mechanical stirring and sonication
(Branson ultrasonic cleaner model 1510, frequency 40 kHz). Furthermore, CNC suspensions
were filtered through a 0.45u pore-sized membrane. The particle density of CNC was taken as

1.5 g/cm3 to calculate the volume fraction (vol%) from the weight fraction (wt%).

2.3.1.2 Carboxymethyl Cellulose (CMC)
Anionic polyelectrolyte sodium salt of carboxymethyl celluloses (Na-CMC) with 700 kDa
molecular weight and 0.80-0.95 degree of substitution was purchased from Sigma—Aldrich

(St.Louis,MO, USA). CMC was dissolved in deionized water and CNC suspensions at 25 °C.
2.3.2 Methods

2.3.2.1 Scanning Transmission Electron Microscopy (STEM)

Hitachi model S-4800 apparatus equipped with a field emission source and operating at an
accelerating voltage of 30 kV in transmission mode were used to investigate the morphologies of
samples. A drop of the CNC aqueous suspension and CNC suspensions in aqueous CMC
solutions were deposited on a carbon-coated copper TEM grid for 3 min, and the excess of
suspension was wicked off using filter paper. The TEM grid was allowed to dry at room
temperature for 3 min. The sample was then stained by depositing a drop of uranyl acetate
solution (2 wt% in water) on the grid for 5 min. The excess solution was wicked off using filter

paper, and the grid was dried at room temperature prior to imaging.
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2.3.2.2 Dynamic Light Scattering (DLS)

DLS measurements were made on Malvern Zetasizer Nano-S instrument with a detection
angle 173°. This instrument was equipped with a 4.0 mW He—Ne laser (k = 633 nm) and an
Avalanche photodiode detector. All measurements were taken at a temperature of 25.0 + 0.1 °C.

At least 3 repeat measurements on each sample were taken for result repeatability.

2.3.2.3 Rheology

Steady state shear viscosity measurements of the CNC suspensions, CMC solutions and CNC
suspensions in aqueous CMC solutions were conducted with AR-G2 rheometer (TA Instruments,
USA). Cone and plate (2°0°22”nominal angle) geometry was used and temperature control was
established with a ThermoCube200/300/400 (Solid State Cooling Systems Co., USA) kept at

25.0 £0.05°C. All experiments were performed at least two times for result repeatability.

2.3.2.4 Polarized Optical Microscopy (POM)

The quiescent state birefringence phenomenon of CNC suspensions and CNC suspension in
aqueous CMC solutions were examined by viewing the sample glass vials between crossed
polarizers. The polarized optical microscopy (POM) analysis of samples with various
concentrations was observed with Olympus BX50 equipped with a JVC 3-ccd video camera

(Olympus, Japan).

2.3.2.5 Stability Measurements

Optical analyzer, Turbiscan Lab Expert was used to evaluate stability and structure of CNC
suspensions with polymer solutions. Instrument consisted of the detection head and transmission
(T) and back scattering (BS) detectors. Detection head was composed of a pulsed near-infrared
light source (A=800 nm) and scanned the entire height of the sample in each minute during 2

hours.

2.4 Results

Dimensions of CNC particles were determined with a method explained in detail elsewhere .
In this method, STEM and DLS measurements were combined to calculate the length of CNC
particles from diameter (obtained from STEM pictures) and translation diffusion coefficient

values. The diameter of CNC was determined as 8+0.8 nm. The length of CNC was calculated as
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214 nm. Besides, the average zeta potential of CNC suspension was obtained as -56.6+0.4 mV at

neutral pH.

Figure 2.1 shows the flow curves of CNC suspensions at different concentrations, which are
reported in terms of volume fractions. Suspensions of CNC particles with a length of 214 nm and
width of 8nm are expected to be isotropic up to around 5-6% volume concentrations. Therefore,
at dilute (0.33 vol% and 0.67 vol%) and semi-dilute (1.34 vol% and 2.00 vol%) concentrations,
CNC suspensions did not exhibit any significant thickening characteristics as expected. The
Newtonian flow behavior of Brownian CNC suspensions are directly related to concentration
dependent rotational diffusion constant of CNC spindles. In semi-dilute concentration range
(1.34 vol% and 2.00 vol%), interactions among CNC spindles restrict the rotational diffusion of

rods. Hence, rods become entangled and resulted in a slightly shear thinning flow behavior.
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Figure 2.1 Shear viscosities of CNC suspensions measured at 25°C

In a similar way, viscosity versus shear rate curves of CMC polymer solutions are given in
Figure 2.2 at various polymer concentrations. Again, depending on the CMC concentration,
either Newtonian or shear thinning behavior was observed. The CMC solution at 0.5wt % was in
semi-dilute state without any entanglement and exhibited a Newtonian flow behavior. CMC
concentration of 1.0 wt. % was the onset of the non-Newtonian behavior. Above 1.0 wt%

concentration, the viscosity curves of CMC solutions showed both a drastic viscosity increase
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and higher shear thinning profiles with increases in polymer concentration. From the shape of
CMC solutions flow curves, it can be argued that 1.0 wt% CMC is the entanglement
concentration, c. and it represents the transition from semi-dilute unentangled solution state to
semi-dilute entangled solutions state. Indeed, polymer concentration versus viscosity plots of
CMC solutions for ¢>0.01 (in the semi-dilute entangled regime) followed the scaling law

2. Since the polyelectrolyte concentrations is

(no~c*’) which was within the predicted range
more effective at dilute concentration, the polyelectrolyte flow behaviors with and without
addition of monovalent salts and neutral polymers were similar above the semi-diluted entangled

%83 CMC concentrations of 1.0 wt% and 2.0 wt% solutions showed a typical shear

state.
thinning behavior with an initial Newtonian plateau. However, at 3.0 wt% CMC concentration, a
slight degree of initial shear thickening was observed at very low shear rates. Then a shear
thinning flow followed at higher shear rates (>10"'s™). A similar “shear thickening at low shear
rate” behavior were also reported for CMC solutions in the literature *’. According to Liu et al. it

is due to the “flow-induced formation of polymeric associations ".
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Figure 2.2 Shear viscosities of CMC polymer solutions measured at 25°C.

Additions of very low amount of CNC in dilute and semi-dilute CMC polymer solutions
generated a dramatic thickening effect. When sample cuvettes shown in Figure 2.3 were rotated

180°, 0.50 wt%, 0.75 wt% and 1.0 wt% CMC solutions with 0.33 vol% CNC were self-
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sustaining due to the structure formation. Among those samples, only 0.25 wt% CMC did not

produce any self-sustaining structure by addition of 0.33 vol% CNC.

CMC wt%
0.25: 0,50 095 1.00

CMC wt%
0.25 0.50 0.75 1.00

Figure 2.3 Photographs of 0.33 vol% CNC suspension in CMC (700 kDa) solutions. Cuvettes are in (a)
upward position; (b) 180° rotated position.

Viscosity versus shear rate curves in Figure 2.4 show the synergistic behavior of needle
shaped CNC particles in 0.5 wt%, 1.0 wt% and 2.0 wt% CMC polymer solutions. The viscosity
of CMC solutions increased between 10° - 10° times at low shear rates (~107s™") by the addition
of only between 0.33 vol%- 2.02 vol% of CNC particles. The flow curves of CNC suspensions in
CMC solutions turned highly non-Newtonian and their viscosities at high shear rates (>10°) still
converged to the flow curves of CMC solutions. Nevertheless, different non-Newtonian flow
curves were observed, depending on CMC polymer and CNC suspensions concentrations. As
shown more clearly in Figure 2.4.a and 4.b, unlike Newtonian low shear rate plateau-shear
thinning behavior of 0.5 wt% and 1.0 wt% CMC polymer solutions, CNC suspensions in CMC
polymer solutions caused first a viscosity increase with shear rate then followed by shear
thinning at a certain shear rate. Additions of CNC from 0.33 vol% to 2.02 vol% showed both
shear thickening at low shear rates and then shear thinning during the rest of shear rates. Increase
in CNC concentration also shifted the inflection point to lower shear rates which corresponds the
change from shear thickening to shear thinning. Figure 2.4.c shows that CNC suspensions in 2.0
wt% CMC solution behaved differently than CNC suspensions in 0.5 wt% and 1.0 wt% CMC
solutions. The shear thickening behavior at low shear rates were not clearly visible within the
measured lowest shear rate (>107s™) as entanglements of polyelectrolyte chains are more

dominant compared to CNC polyelectrolyte interactions.
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Figure 2.4. Shear viscosities of (a) 0.5 wt%, (b) 1.0 wt% and (c) 2.0 wt% CMC polymer solution with
various CNC concentrations measured at 25°C.
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Maximum viscosities of CMC solutions with and without CNC additions are plotted in Figure
2.5. Viscosity versus CMC solution concentration data points without any CNC addition agreed
with the Newtonian viscosity-Molecular weight- concentration master curve formulated by

Clasen and Kulicke *°.
no = 0.891 + 7.82 - 10_3CM19V'93 +1.77 - 10_5C2M]}l}86 +4.22- 10_12C4'09M5|)80 Equation 2.1

where 1o is the zero shear rate viscosity, M,, is the molecular weight and ¢ is the CMC
concentrations. Here molecular weight of CMC is taken as 700,000 Da. It is worth to note that
this equation was devised for CMC polymer in 0.01 M NaCl solution. Nevertheless, as pointed
out by Clasen and Kulicke, the viscosity curves of CMC solutions at different saline
concentrations and salt free water converge above the polymer concentration of 1 wt%™.
Therefore our viscosity data of CMC solutions in salt free aqueous solution was expressed very
well with Equation 1. The addition of CNC even at very low concentrations resulted in a very
drastic viscosity increases both in dilute (0.5%) and semi-dilute entangled (1.0%, 2.0% and
3.0%) CMC solutions. CNC additions into CMC polymer solutions let them to reach the
asymptotic viscosity value, which is expected to reach only at very high CMC concentrations
without CNC. It appears that additions of CNC particles cause CMC solutions behave as highly

concentrated polymer solutions.
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Figure 2.5 Maximum shear dependent viscosity versus CMC polymer concentration at various CNC
additions.
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The flow curve gradients were calculated in the linear segment of log n (viscosity) versus log
¥ (shear rate) flow curves by fitting them to a power-law fluid (the Ostwald—de Waele
relationship), 7 = Ky"'. The term n-1 was taken as flow curve gradient, m and plotted against
CMC concentration at various CNC additions in Figure 2.6. Graessly’s theoretical gradient value
of m =-0.82 for highly concentrated polymer solutions and bulk polymer melts were also
included into Figure 2.6 ™. In the case of CMC solution without CNC addition, the flow curve
gradient, m rises from zero to the predicted value of m=-0.82 for high overlap parameter values
linearly. According to Clasen and Kulicke ** , CMC solutions reach to the asymptotic value of -
0.80 at c. /#/=70 which corresponds to 4.4% CMC concentration in our case of 700,000 Da
molecular weight. In the case of CNC particles presence, the rise to the asymptotic value is
dramatic. All of CNC additions caused the CMC solution only at 0.5wt.% polymer concentration

to reach the asymptotic gradient.
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Figure 2.6 Flow curve ingredient of CMC solutions at various CNC additions.

CNC suspensions in CMC polymer solutions which show thickening behavior also exhibits a
permanent birefringence with the observation between two cross polarizers (Figure 2.7) and
under polarized optical microscope (Figure 2.8). The birefringence became more pronounced
both by increasing CMC and CNC concentrations while still staying in semi-dilute concentration
range. Images of 0.67 vol% and 1.34 vol% CNC suspensions in 3.0 wt% CMC shows thick
isotropic CMC rich phase at the bottom and birefringent nematic CNC rich phase on the top.
This arrangement is the opposite of other observations reported in the literature **”>. Edgar and

Gray reported dextran rich isotropic phase in the upper layer and cellulose nanocrystal rich chiral
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nematic liquid crystalline phase in the bottom layer. However the difference is due to the
viscosity of polymer rich phase. Unlike dextran, CMC polymer solution is getting extremely
thick once its concentration is increased in CMC rich phase. Samples prepared three years ago
are still stable and their thickening characteristics are still intact. Polarized optical micrographs

also showed the oriented nematic phase of CNC in CMC polymer solutions very clearly.

(a) 0.67 vol. % CNC in CMC polymer solutions

0.50 % CMC 1.00 % CMC 2.00 % CMC 3.00 % CMC
(b)1.34 vol. % CNC in CMC polymer solutions

0.50 % CMC 1.00 % CMC 2.00 % CMC 3.00 % CMC

Figure 2.7. Nonisotropic structures of (a) 0.67 vol% and (b) 1.34 vol% CNC in CMC polymer solutions
placed between crossed polarizers showing birefringent domains
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Figure 2.8 Nonisotropic structures of CNC in CMC polymer solutions as shown under POM.

Figure 2.9 shows turbidity results of 1.0 wt.% CMC polymer solution with and without CNC
additions during two hours of scanning. Without the presence of CNC, CMC solution was a clear
solution and resulted a very high level of light transmission. CNC addition decreased not only
the transmission of light but also caused non-uniform transmission along the height of the tube.
Nevertheless CNC particles did not cause any time dependent change in turbidity of CMC

solutions.
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Figure 2.9 Light transmission of 1.0 wt% CMC solution along the sample cell height with various CNC
concentrations.

2.5 Discussions

The visual inspections and rheological characterizations showed that the addition of a small
amount of CNC particles (which falls within the dilute to semi-dilute suspension concentration
range again) into the dilute or semi-dilute CMC polymer solutions resulted significant thickening
increases in CMC solutions. Two alternative mechanisms can be considered to explain the
dramatic enhancements of the rheological behavior of CNC particles in polymer solutions "*: As
a first mechanism, polymer chains adsorb on CNC particles and can cause weak CNC networks
by polymer-bridging of CNC particles. In polymer solutions, if particle surfaces prefer
macromolecules to aqueous medium, polymers can adsorb onto particle surfaces. If polymer
chains are long enough, some segments adsorb in the form of trains while tails protrude into the
solution and are available to adsorb on other particles. By applying polymer self-consistent field
theory and a “‘saturable” adsorption model to capture the effect of the particle size, Surve et al.
demonstrated that polymers are adsorbed on nanoparticles significantly higher than larger
particles °. Nevertheless, according to their prediction, interparticle interactions by polymer

bridging tend to weaken with an increase in the concentration of polymers. Hence, polymer
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adsorption on particle surfaces is not likely in the case of CNC particles with negative surface
charges and anionic carboxymethly cellulose. Besides, if isotropic CNC particles are bridged by
adsorbed CMC particles, there shall not be any non-isotropic pockets when inspected the
samples between cross-polarized filter and polarized optical microscope. Bridging of particles
has to result a well dispersed and transparent systems, which also did not agree with our light
scattering data. Polymer bridging of particles such as laponite and silica dispersions containing
polyethylene oxide showed shear induced thickening mechanism "”®, The viscosity versus shear
rate profiles of CNC added CMC solutions do not suggest any polymer bridged colloidal particle
suspensions. Even for the case of adsorbing polymers, our lowest concentration of 0.5 wt% CMC
polymer concentrations in the highest CNC concentration of 1.34 vol% suspensions is extremely
high to observe bridging. Since polymer bridging occurs at low surface coverage (polymer
additions of 0.0001%) bridging by adsorption mechanism is highly unlikely for CNC particles in
CMC solutions. Therefore flocculation by bridging cannot be considered to explain unusual

thickening behavior of CNC suspensions in CMC solutions.

As a second mechanism, flocculation of particles by depletion in the presence of non-
adsorbing polymers can be considered. If macromolecules do not adsorb at particle interfaces,
the exclusion of the polymer segments from the particulate volumes leads to an effective
“entropic” attraction between the particles known as the depletion interaction °. Asakura and
Oosawa were the first to formulate the qualitative analysis of depletion. They proposed that the
exclusion of polymer molecules leads to an effective attractive interaction between the particles.
This idea has been tested here in the case of CNC presence in CMC polymer solutions. CMC is
an anionic polyelectrolyte and has higher osmotic pressures than non-ionic polymers at the same
molecular weight as a result of higher radius of gyration which is caused by intramolecular
charge repulsion. Therefore anionic CMC chains do not adsorb on CNC particles and can cause
the depletion of CNC particles. This behavior is observed in many other systems such as
flocculation of silica in the presence of anionic CMC *. When investigated between crossed
polarizers, birefringent domains in Figure 2.7 and nematic CNC rich phase pockets under
polarized microscope in Figure 2.8 are the results of nematic liquid crystal flocs of CNC in CMC
polymer solutions. Light transmission results in Figure 2.9 are also further evidence of
flocculation of CNC particles and formation of pockets of flocs. The depletion of CNC in

dextran ® and filamentous fd virus in dextran  were also observed in the literature. However,
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since dextran is not a conventional thickener, there was no synergetic thickening increase due to

either CNC or fd virus.

Thus, the unusual rheological behavior of CNC suspensions in CMC polymer solutions is
explained by depletion flocculation. Figure 2.10.a which is adopted from Bouldin et.al. ** shows
the distinct solution states as a function of molecular weight and solution concentration of
polymer in a good solvent. In the case of the molecular weight of 700 kDa, the CMC
concentration range from 0.1 wt% to 1.0 wt% covers the semi-dilute but non-entangled and not
networked polymer solution state. This has been verified in our work as well as reported by
Benchabane and Bekour " and Kastner et.al.* for 700 kDa CMC. At the same molecular weight,
polymer solution becomes semi-dilute but entangled between above 1.0 wt%. A second polymer
solution state transition occurs from semi-dilute entangled solution to concentrated network
solution. This change is predicted to occur around 10 wt% *.Figure 2.10.b schematically
illustrates the CMC chains in semi-dilute and entangles solution state. Once CNC particles are
added, particles occupy volume fraction higher than their real volume fraction due flocculation
and formation of nematic floc pockets with entrapped CMC free water. Therefore, the available
volume of water for CMC chains decreases, apparent CMC concentration will become higher in
the CNC suspension/CMC solution than the real CMC concentration. As a result, apparent CMC
concentration shifts the solution state to concentrated network solution state (Figure 2.10.c) and
results an enormous viscosity increase in the suspension/solution system. High overlap
parameters of CMC solutions in the presence of CNC particles due to entanglements give a rise
both low shear rate viscosity (Figure 2.5) and flow curve gradient (Figure 2.6) close to

asymptotic levels expected for highly concentrated polymer solutions and bulk polymer melts.
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Figure 2.10 The solution states of CMC polymer as a function of CMC molecular weight and
concentration and the role of CNC addition to shift from one state to another (a); Schematic
representations of CMC polymer solution in semi-dilute entangled state (b); and CMC polymer solution
in concentrated network solution state due to the CNC presence (c).

2.6 Conclusion

Spindle shaped CNC particles cause both drastic viscosity increases and steep non-Newtonian
flow behavior in CMC solutions despite the use of only dilute or semi-dilute concentration of
both CNC particles and CMC polymer in the suspension-solution system. This viscosity increase
comes from the nematic flocculation of CNC particles in the presence of a non-adsorbing CMC
polymer which turns CNC flocs with water entrapped pockets. As a consequence, the apparent
polymer concentration rises to a highly concentrated network solutions state and result in both
high viscosity at low shear rate and high degree of shear thinning (high flow curve gradient).
CNC suspensions at low concentrations as a rheology modifier in dilute and semi-dilute polymer
concentrations has potential applications in coating formulations, drilling and fracturing fluids,
personal care and other industrial and household products. The use of such thickening systems
shall bring not only desired performance characteristics by tailoring the thickening behavior but
also address the operational concerns such as shear, thermal and bacterial degradation of the
formulations. Minimizing the concentrations of water soluble polymers in any functional fluid
while maintaining the thickening rheology by incorporating relatively shear, thermal and

bacterially stable CNC can remedy such problems in operations. Besides cellulose nanocrystals
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are easily dispersible in water and easy to formulate with a minimum mechanical action during

preparations of product formulations.

Shear thickening behavior of CNC suspensions in the presence of CMC polymer was the
main discussion of Chapter 2. Thickening mechanism was investigated in terms of steady-state
viscosity and optical measurements. In Chapter 3, rheological properties of CNC suspension with

CMC polymers were discussed with the focus on dynamic viscoelastic properties.
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Chapter 3. Depletion induced gelling in cellulose nanocrystals

(CNC) colloid carboxymethyl cellulose (CMC) polymer mixtures

The material shown in Chapter 3 has been previously submitted to Journal of Rheology. This
chapter discussed viscoelastic properties and structure-property relation of CNC suspensions
with CMC polymers. The experiments have been personally conducted expect viscosity
measurements of HEC and hmHEC solutions. These experiments were conducted in Alberta
Innovates Technology Futures in the supervison of Dr. Boluk. The authors of this publication are

me, and my supervisor Dr. Yaman Boluk. The material submitted is the following.

3.1 Abstract

The flow dynamics and mesoscopic structures of CNC suspensions in CMC polymer
solutions were investigated by studying steady shear viscosities, linear viscoelastic behaviors, the
applicability of the Cox-Merz rule and STEM and POM images. Addition of 1.34 vol.% CNC in
0.5 %, 1.0 % and 2.0 % CMC polymer solutions resulted in increases in the order of 30,000,
2000 and 800 times if one compares maximum viscosities which occurred below 0.04 s shear
rate. Both of the ideas of bridging by the adsorption of polymer chains on CNC particles and the
depletion of non-adsorbing CMC polymers around CNC particles were tested to explain the
dramatic increases in the low shear rate viscosities and strong non-Newtonian behaviors. Our
results showed that the flocculation of CNC particles due to the depletion by non-adsorbing
CMC polymer molecules resulted in gel formation. STEM image of dilute CMC-CNC solution
showed the ordered CNC structures as nematic flocs. Both nematic and chiral nematic phase
were observed in POM images of concentrated CNC-CMC solutions. The flocculated structure
of CNC particles and formation of non-isotropic flocs in the CMC solution shown in STEM and

POM images also supported the depletion mechanism.

3.2 Introduction

Colloidal suspensions are of interest for understanding a wide range of systems such as gels,
biological systems, emulsions, foods and coatings. According to application area, the stability of
colloidal suspensions is desired property to control by adding adsorbing and non-adsorbing

polymers °. Polymer adsorption depends on the polymer-solvent interaction, the conformation,
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molecular weight and the chemical structure of polymer chain *. Stability of colloidal
suspensions with adsorbing polymer can be described with two mechanisms *: (1) adsorption
flocculation and (2) steric stabilization. In dilute polymer concentrations (at low surface
coverage); adsorption flocculation is encountered as polymer chains can form bridges between
particles *. At concentrated polymer solutions (saturated surface coverage), steric stabilization
occurs due to repulsive interactions. In the case of polymer depletion, non-adsorbing polymers
apply osmotic pressure to particles because of entropy loss ®. Phase separation * and phase
transition ® occurs at sufficient polymer concentration due to repulsion between polymer and

particles *

. At higher polymer concentrations, large repulsive barrier leads to depletion
stabilization ®. Interestingly, mechanism can be seen in the presence of adsorbing polymer after
steric stabilization with further increase polymer concentration depletion after reaching steric
stabilization. Fully coverage of particle surface turns adsorbing polymers to non-adsorbing
polymers.

The presence of adsorbing and non-adsorbing polymers leads to a change in mesostructure of

colloidal suspensions. Below saturation concentration, polymer bridging occurs and can create

network structures, gels *. Also, non-adsorbing polymer-particle systems exhibit also gel

90,91 68,75,92

properties and phase transitions Therefore, rheological measurements allow
investigating interaction mechanisms in terms of structure-property relations and viscoelastic
behaviors. For understanding the mesostructure of particles, microscopy techniques such as
polarized optical microscopy and transmission electron microscopy can combine with
rheological measurements.

New classes of nanoparticles, cellulose nanocrystals (CNC) are interest of our study to extend
application area. Amorphous part of cellulose-based materials such as wood, cotton, etc. are
hydrolyzed with sulfuric acid to produce CNCs with a length between a typical length of 100-
300 nm and a width of 5-15 nm. Typical rod-like particle, CNC shows isotropic-nematic phase
transition and phase separation. This change in mesostructured affects the rheological behavior
of CNC suspensions. The flow behavior of CNC suspensions depends on aspect ratio (L/D) of
CNC ™%, surface charge of CNC **7*”** and CNC concentration ***®, The drastic change in
shear viscosity and viscoelastic behaviors are obtained at higher CNC concentrations due to

isotropic-nematic phase transitions *****°. However, adding polymer in CNC suspensions shows

very unique rheological properties and gel formation "*”**, The interaction mechanism behind
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this unique behavior is still a debate. The aim of this study is to understand interaction

mechanism with the use of rheology and microscopy techniques.
3.3 Experimental

3.3.1 Materials

CNC particles were prepared by sulfuric acid hydrolysis and ion-exchange process *. CNC
particles suspensions were mixed with mechanical stirring in deionized water. Mixed solutions
were sonicated with Branson ultrasonic cleaner model 1510 (frequency 40 kHz). The diameter of
CNC was measured as 8+0.8 nm with a scanning transmission electron microscopy (STEM). The
length of CNC was calculated as 214+0.3 nm using the translational translation coefficient, D; of

particles, Broersma’s correlations and STEM /.

All of the water soluble polymers used in this study, namely sodium salt of carboxymethyl
cellulose (CMC), 2-Hydroxyethyl cellulose (HEC), hydrophobically modified 2-Hydroxyethyl
cellulose (hmHEC) and polyethylene oxide (PEO) were purchased from Sigma Aldrich(St.
Louis, MO, USA). According to supplier’s product specification, CMC, HEC, hmHEC, and PEO
samples have weight average molecular weight (M,,) of 700, 250, 250 and 600 kDa respectively.
Degree of substitution (DS) of CMC was between 0.89-0.90 and molar substitution of HEC and
hmHEC was 2.5 ethylene oxide per anhydroglucose repeating unit. hmHEC contained
approximately 1.0 wt% C16 alkyl groups. Description, supplier listed molecular weight, degree
of substitution (DS), molar substitution (MS) and critical overlap concentration, ¢ of polymers

are listed in Table 3.1.

Table 3.1 Polymers used for solution preparations in experiments.

Polymer Acronym D.S. M.S. M, (kDa) ¢ (mg/L)
Carboxymethyl cellulose CMC 0.85-0.90 700 11.0
Hydroxyethyl cellulose HEC 1.0 2.5 250 13.0
Hydrophobically modified = hmHEC 1.0 2.5 250 6.0
Hydroxyethyl cellulose

Polyethylene oxide PEO - 600 18.3
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CNC suspensions in polymer solutions were prepared in two steps. Initially, CNC were
suspended in water by using mechanical stirring and ultrasound. After that, polymers were

dissolved in CNC suspensions in suitable temperature conditions and time.

3.3.2 Methods

Steady state shear viscosities of aqueous polymer solutions with CNC suspensions were
measured with AR-G2 rheometer (TA Instruments, USA). Cone-and-plate geometry with a
nominal angle as 2°022" plate geometry of 60mmin diameter was used. The torque resolution is
0.1 uN. TA Instruments AR-G2 rheometer equipped with a 2° cone and plate geometry of 60 mm
in diameter was also used to measure linear viscoelastic properties of colloid-polymer mixtures.
First, strain displacement sweep at 1 rad/s was carried out to determine the linear strain range.
Then, all of the oscillation mode tests were done sweeping the frequency between 0.1 and 100
rad/s, at the 1.0% strain which was within the linear range. Temperature control was established
with a ThermoCube200/300/400 (Solid State Cooling Systems Co., USA) and all measurements
were conducted at 25.0 +£0.05°C.

The morphology of the samples were investigated with a Hitachi model S-4800 apparatus
equipped with a field emission source and operating at an accelerating voltage of 30kV in
transmission mode. The samples were dropped on a carbon-coated TEM grid. After 3 minutes,
the excess of liquid was absorbed with a filter paper. The TEM grid was permitted to dry at room
temperature for 3 min. A drop of uranyl acetate solution (2.0 wt% in water) was deposited on the
grid for 5 min to get a high-resolution image. The excess solution was wicked off using filter
paper, and the grid was dried at room temperature prior to imaging. Birefringent structures were
observed with an Olympus BX50 equipped with 20x microscope objective lenses and a JVC 3-
ccd video camera (Olympus, Japan).

3.4 Results and Discussion

3.4.1 CNC Suspensions in Aqueous Polymer Solutions

Plots of the steady state viscosity as a function of the applied shear rate for CMC, HEC,
hmHEC and PEO polymer solutions with and without CNC particles are shown in Figure 3.1. In
addition, for comparison purpose the viscosity plots of 0.67% CNC suspension without any

polymer and hmHEC solution with 0.25% sodium dodecyl sulfate (SDS) are also included in the
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same figure. Rod shaped particles in suspensions exhibit transition from dilute to semi dilute
concentration region at volume fraction of < (m/4)(d/L)? , where d is the diameter and L is the
length of the particles. Hence, the suspension of 0.67 vol% CNC with particle length of 214 nm
and width of 8nm was just above the dilute concentration range where particles barely touch
each other. Consequently, 0.67% CNC suspension, without any polymer presence, was totally a
Newtonian fluid and had a very low viscosity (0.003Pa.s) as shown in Figure 3.1.a. All of the
polymer solutions were prepared at 10 g/L (1.0%) concentration which was below the critical
overlapping concentration, ¢’ of HEC (c*~13 g/L) and PEO (c*~18.3 g/L), at ¢’ of CMC (c*Nl 1.0
g/L),and above ¢’ of the hmHEC (c*~6 g/L). Expectedly, 1.0% HEC and PEO polymer solutions
were all Newtonian, while CMC solutions just started to exhibit shear thinning. hmHEC solution
above the overlapping concentration exhibited non-Newtonian behavior due to the association of
hydrophobic groups. Addition of 0.67% CNC into such polymer solutions increased the viscosity
of solutions of CMC 1000 times, HEC 500 times, and hmHEC 10 times at 0.1 s shear rate.
Moreover, those CNC suspensions in CMC, HEC and hmHEC solutions exhibited strong
pseudoplastic behavior. However, unlike those polymer solutions, the addition of CNC in PEO

solution barely budged the polymer solution viscosity.
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Figure 3.1 Steady shear rate viscosity as a function of shear rate of: (a) 1.0% CMC 700 kDa with and
without 0.67% CNC; (b) 1.0% HEC 250 kDa with and without 0.67% CNC; (c) 1.0% hmHEC 250 kDa
with and without 0.67% CNC and 0.25% SDS; (d) 1.0% PEO 600 kDa with and without 0.67% CNC.

The dramatic increases in the low shear rate viscosities and strong non-Newtonian behaviors
of CNC suspensions in CMC, HEC and hmHEC polymer solutions must come either from the
adsorption of polymer chains on CNC particles and forming network junctions or from the
depletion of CNC particles due to non-adsorbing polymer chains and flocculation. To test the
idea of polymer adsorption and junction formation, flow behavior solutions of hmHEC were also
included in this study. It is well known that hydrophobically modified hydroxyethyl cellulose
(hmHEC) consists cellulose backbone onto which hydrophobic groups are attached through
ethoxylated side chains in a comb-like structure. The hydrophobic moieties of hmHEC associate
dynamically with another to form reversible hydrophobic junctions *'®. As shown in Figure
3.1.c, hmHEC solution above the entanglement concentration formed network consisted of
hydrophobic associations, yielding also a large increase in the solution viscosity, compared to the
unmodified HEC without the hydrophobic groups (see Figure 3.1.b). Besides, the interactions of
hmHEC with anionic SDS at 0.25% concentration resulted in even more drastic increased in
rheological properties of the solution due to the strengthening of the junctions '*'*>, hmHEC
solutions with or without SDS showed a long distinct region of almost a constant viscosity at low
shear rates (Figure 3.1.c), followed by viscosity decrease at higher shear rates. The polymer
network was totally destroyed above the critical shear rate and the value of critical shear rate

decreased with the addition of SDS. However in the case of CNC added CMC, HEC and hmHEC

65



solutions there was not any long distinct constant viscosity region at low shear rates, on the
contrary there was a shear thickening at the low shear rate region. It was also clear that CNC
particles did not resulted in any viscosity increase in PEO solution. If there were adsorption of
polymer molecules on CNC particles and a particle-polymer network formation, one would
expect nonionic PEO molecules had a better chance than anionic CMC and hydrophobic hmHEC
molecules to adsorb on negatively charged CNC particles. Indeed, the thickening due to the
adsorption of polymer molecules on CNC particles were ruled out and the second thickening
mechanism, flocculation of particles by depletion in the presence of non-adsorbing polymers
were shown in our previous publications by using different experimental techniques "**%. The

rheological behavior of CNC in CMC suspensions will be the focus of the rest of this article.
3.4.2 CNC Suspensions in CMC Solutions

3.4.2.1 Steady State Shear Viscosity

Figure 3.2 shows the viscosity vs. shear rate plots of CMC solutions, independently varying
CNC particle and CMC polymer concentrations. CMC concentrations of 0.5%, 1.0% and 2.0%
were below, at and above the critical overlap concentration of CMC of 700 kDa respectively.
Nevertheless, addition of 1.34 vol.% CNC in 0.5 %, 1.0 % and 2.0 % CMC polymer solutions
resulted in increases in the order of 30,000, 2000 and 800 times if one compares maximum
viscosities which occurred below 0.04 s™' shear rate (see Figure 3.2.a). An initial shear thickening
behavior was observed when the shear rate was increased above a critical value, followed by
very drastic shear thinning. Interestingly, similar initial shear thickening behavior of CMC
polymer solutions above a critical concentration (around 2.0%) is observed frequently and one of
its plausible interpretation is “flow-induced formation of macromolecular associations'***. The
possible role of CNC particles on this particular shear thickening was excluded by considering
Peclet number of CNC at those very low shear rates. 1.34 vol.% CNC in 2.0% CMC reached its
maximum viscosity of >4,000 Pa.s at around 0.02 s™ which corresponds to approximately the
viscosity of 8% CMC polymer solution without CNC addition, however dropped drastically
above 500 s shear rate. Various CNC concentrations (0.67%, 1.34% and 2.0%) in 1.0% CMC
polymer solutions resulted in at least 100,000 times increase, while the 0.33% CNC addition still

resulted in a respectable 10,000 times increase if one compares again the maximum viscosities
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(see Figure 3.2.b). It is worth to note that 0.33% concentration was at the very low end of semi-

dilute concentration range of CNC.
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Figure 3.2 Steady state shear viscosities of (a) CMC solutions with and without 1.34 vol.% CNCaddition;
(b) Various 1.0 wt.% CMC solutions with various CNC concentrations.

Maximum shear viscosities of CNC suspensions in CMC polymer solutions are plotted as a
function of CMC concentration in Figure 3.3.a along with the Newtonian viscosity-Molecular

weight- concentration master curve formulated by Clasen and Kulicke *:

No = 0.891 + 7.82- 107 3cM3?® + 1.77 - 1075c® M2 + 4.22 - 107 2c+09M380  Equation 3.1
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where 1 is the zero shear rate viscosity, Mw is the molecular weight and c is the CMC
concentrations. Here, the molecular weight of CMC is taken as 700,000 Da. It is worth noting
that this equation was devised for CMC polymer in 0.01 M NaCl solution. Nevertheless, as
pointed out by Clasen and Kulicke, the viscosity curves of CMC solutions at different saline
concentrations and salt free water converge above the polymer concentration of 1 wt.%.
Therefore our viscosity data of CMC solutions without CNC addition in salt free aqueous
solution agreed very well with Equation 3.1. While the CNC concentration in CMC polymer
solution increased from zero up to 1.34%, viscosity vs. CMC concentration curves become
steeper and then levelled off around 2.0%. Remarkably, all of the data were shifted onto the
Clasen-Kulicke master curve; this was accomplished by scaling the CMC concentration at each
CNC concentration (Figure 3.3.b). We can explain the rational for the observed scaling behavior
by using a simple model: CNC particles flocculate, entrap water and thus flocculated CNC blobs
occupy more volume than their prepared concentration. Hence, the real available volume
(reservoir) for CMC polymer solutions becomes less than their corresponding prepared weight
(volume) fraction. Indeed, according to our scaling of viscosity data, 0.34, 0.67%, 1.34, and 2.0
vol% prepared CNC concentrations behaved as 1.73, 4.67, 7.84 and 8.50 vol% respectively in
CMC solutions and reduced the available volume for CMC molecules. The shift factor at each

CNC concentration is displayed in the inner box of Figure 3.3.b.
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3.4.2.2 Linear viscoelasticity

The storage and loss moduli of CMC polymer solutions with varying amount of CNC
particles are shown in Figure 3.4. CMC solutions at 0.5% (not shown in the figure) and at 1.0%
polymer concentrations without any CNC particles displayed weak viscoelastic behavior with G’
being lower than G for the whole frequency range measured. Crossover point was observed in
the case of 2.0% CMC solution around 20 Hz. As expected, those polymer solutions had the
terminal part of their dynamic spectrum within the measure frequency range. It is worth to note
that CMC concentration of 0.5% was below the overlap value and 2.0% was above the overlap
concentration of 700 kDa. CMC. The addition of CNC particles into CMC solutions caused
monotonic increases in both G’ and G”. By the addition of CNC particles (except 0.33% CNC in
0.5 % CMC) CNC particle-CMC polymer systems became more like physical gels with G’
values were always higher than G” for the whole measured frequency range. Spectra of those
samples were within the plateau and transition regions while G’ displayed a broader constant
plateau with increasing CNC concentration. At 1.34% and 2.0% CNC in 0.5% CMC and 0.67%,
1.34% and 2.0% CNC both in 1.0% CMC and 2.0% CMC solutions G’ also remained almost
constant. By increasing the CNC concentration, the dynamic moduli plateau was independent of
the angular frequency, which is the characteristic of gel formation with strong physical bonds.
This behavior was due to the strong gel formation and the characteristic relaxation times of those
systems were longer than the longest measurement time of 10 s/cycle of oscillation. The
flocculated, water entrapped CNC blobs caused an increase in the apparent polymer
concentration in the reservoir of pure polymer solution (as discussed in shear viscosity data) led
to higher dynamic moduli values and to the elastic behavior even for the polymer concentration
of 0.5% which was below ¢. In this model the terminal and longest relaxation time may be due
to the disengagement of polymer chains from entangled network. Shorter relaxation times were
due to the disruption of flocculated CNC particles. The intercept of G”>G’ of 0.33% CNC in
0.5% CMC is believed to be related to the disruption of CNC aggregates in relatively low

structured polymer solution.
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Figure 3.4 Dynamic storage and loss moduli versus oscillatory frequency of CNC suspensions in: (a) 0.5
wt.% CMC solution; (b) 1.0 wt.% CMC solution; (c) 2.0 wt.% CMC solution.
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The measured dynamic mechanical data of G’ and G” were converted from the frequency
domain into the time domain (linear relaxation modulus G(t)) to interpret the data. For this
purpose, the discrete relaxation time spectra were extracted by fitting the data into following
model with “n” selectable terms to interconvert linear viscoelastic material functions G’(w),

G”(w) to G(t):
G() = G, + X7 G~ /i @)

where G. is the equilibrium relaxation modulus, and n is the number of relaxation modes and
G;j and T; are relaxation strength and relaxation time at mode respectively. It is worth to note that
the calculation of the relaxation time spectrum from experimental data may become an ill-posed
problem. The automatic mode selection of TA Instruments Trios ™ software was used to
optimize the solution and determine the optimum number of modes. Figure 3.5 shows the
equilibrium relaxation modulus of CNC suspensions in polymer solutions while varying CNC
concentration. The addition of even very low concentrations of CNC resulted in a very drastic
increase in both in dilute (0.5%) and semi-dilute entangled (1.0%, 2.0% and 3.0%) CMC
polymer solutions. CNC additions into CMC polymer solutions let them to reach the asymptotic
viscosity value, which is expected to reach only at higher CMC concentrations without CNC. A
similar behavior in shear viscosity has already been discussed in the previous section. It appears
that additions of CNC particles caused concentrations of CMC solutions appeared higher than
their formulated values. Non-adsorbing CMC polymer molecules were excluded and depleted
from the regions of being closely spaced CNC particles. This caused an increase in the polymer
concentration and entangling in “flocculated CNC free” solvent reservoir and a drastic

enhancement in the G. moduli values.
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3.4.2.3 Comparison of steady and dynamic viscosities

Steady state and linear dynamic viscosity data given here were also used to verify whether
the Cox-Merz rule applies (Figure 3.6). As expected CMC solutions without CNC obeyed the
rule well (Figure 3.6.a). The applicability of the Cox-Merz rule of unentangled semi-dilute CMC
solutions with CNC suspensions is tested in Figure 3.6.b. n* values were smaller than n values in
the cases of 0.33 vol.% and 0.67 vol.% CNC suspensions in 0.5% CMC solution indicating
disperse systems. Kulicke and Porter (1980) mentioned that ionomeric clusters resulted in higher
n values than n* values. Depletion interactions between negatively charged CNC particles and
CMC chains led to ionomeric disperse systems. In the case of 1.34 vol% and 2.0 vol% CNC in
0.5% CMC polymer, ionomeric clusters formed percolated blob structures of CNC in CMC
solutions with the increase in CNC concentrations due to depletion forces. The stronger
associations of CNC particles break down with shear rate, so, n*values is higher than the n
values ®'®, CMC chains entangle above the critical concentration of 1.1 wt%. Figure 3.6.c
shows the case of CNC suspension in 1.0 wt% CMC solutions, which is close to the critical
concentration. The Cox-Merz rule is applicable for the cases of 0.33 vol% and 0.67 vol% CNC
suspension with 1.0 wt% CMC solutions. n*values were higher than the 1 values in the cases of
1.34 vol% and 2.02 vol% CNC suspension with 1.0 wt% CMC solutions. Depletion interactions
between CNC particles results in both CMC chain entanglement and percolated blob structures
of CNC. Figure 3.6.d and 6.e show the CNC-CMC solution sets above the critical concentration.
Entangled CMC chains and blob structures result in higher n*values.
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Figure 3.6 The steady-shear (filled) and complex (hallow) viscosity for (a) aqueous CMC (700 kDa)
solutions with different concentrations, CNC suspensions with aqueous (b) 0.5 wt.% CMC (c) 1.0 wt.%
CMC (d) 2.0 wt.% CMC and (e) 3.0 wt.% CMC solutions at 25°C.

3.4.2.4 Structure formation

It appears that flocculation of CNC particles in the presence of non-adsorbing CMC polymer
resulted in enrichment of CMC polymer concentration in the particle free solution reservoir due
to the depletion. The flocculated structure of CNC particles and formation of non-isotropic flocs
in a CMC solution shown in STEM and POM images supported this view (Figure 3.7). Depletion

of CNC particles due to a non-adsorbing anionic CMC polymer chains resulted in nematic flocs
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of CNC particles and entrapment of water within *®. Particle flocs decreased the available solvent

reservoir for CMC polymer chains.

30.0kV 6.0mm x200k TE 8/12/2013 10:09 200nm

Figure 3.7 (a) STEM image of dilute CNC particles in CMC (700 kDa) solutions and (b) POM image of
2.00 vol% CNC suspensions in 1.0wt% CMC solution.

The role of CNC particles on the formation of CMC solution gels with very high viscosity and
finite shear modulus can be depicted by illustrating the depletion and mesoscopic structure of
resultant system. The first theoretical interpretation of depletion interactions by nonadsorbing
polymer was done by Asakura and Oosawa (5). According to this theory colloidal particles and
polymer chains are mutually impenetrable. Thus a nonadsorbing polymer molecule with radius
of R, (radius of gyration of polymer chain) will be excluded from the zone of thickness of the
order of R, from the particle surface, which is called as depleted zone. If the depletion zones of
two particles overlap, particles are pushed together due to the unbalanced osmotic pressure.
Phase separation in suspensions usually occurs usually due to depletion interactions of
nonadsorbing polymers. However colloidal-polymer gel is a special state of flocculated CNC
systems in which continuous network of polymer blobs formed before settling of CNC particles.
Apart from gel formation, the full phase diagrams of CNC in CMC solutions have been
investigated by us and to be published separately. Figure 3.8.a and 3.8.b represent CNC
suspension and CMC polymer solution respectively. Figure 3.8.c illustrates the depletion
flocculation of CNC particles due to nonadsorbing CMC polymer molecules. Non-adsorbing

CMC chains apply osmotic pressure causing nematic flocculation of CNC particles. CNC flocs
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lead to an increase in the apparent volume fraction of CNC particles and decrease in the solvent
reservoir for polymer molecules. As an example, volume of one particle will change from nd*L/4
(where d is particle diameter and L is particle length) to n(d+ 8)°L/4 (where & is depletion layer
thickness due to nonadsorbing polymer). The apparent volume fraction of CNC particles will
increase by the second power of depleted layer thickness. Hence, available solvent reservoir for

polymer molecules will decrease and the polymer concentration in reservoir increases drastically.
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Figure 3.8 Schematic representation of depletion flocculation CNC and increasing the apparent CMC
solution concentration.

While increasing the CNC concentration, entrapped water in the blob structure of CNC flocs
will also increase. The blob structure formation is mathematically modelled with consideration
of polymer chain difference ‘. The size difference of polymer chains affects the overlapping
volume of the depletion zone resulting in different phase behaviors. Small polymer chain size
change a miscible isotropic phase to a miscible nematic phase. For bigger sizes of polymer
chains, the phase transition occurs from miscible isotropic phase to immiscible nematic phase.
Therefore, bigger CMC chains cannot penetrate between the particles, which may lead to blobs
of CNC . These blobs may decrease the total volume of polymer matrix, which artificially
increases the concentration of polymer and entangles chains. CNC suspensions in CMC solutions
exhibit a totally different shear viscosity behavior compared to CNC suspensions in PEO
solutions and hydrophobically modified polymers in the presence of surfactants. One has to note
that, in the case of thickening due to the hydrophobic interactions in associative
polymer/surfactant interactions, polymer concentration has to be above the overlapping
threshold. However in the case of CNC addition, drastic thickening effects were still observed

while CMC and HEC polymer concentrations were below the overlapping limit. Shear flow can
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only brake down nematic flocs at mid-to- higher shear rates, leading to significant decreases in
the viscosity. However at lower shear rates, flocs with entrapped water resulted in higher

viscosity values.

3.5 Conclusions

The flow dynamics and mesoscopic structures of CNC suspensions in CMC polymer
solutions were investigated by studying steady shear viscosities, linear viscoelastic behaviors, the
applicability of the Cox-Merz rule and STEM and POM images. Both of the ideas of bridging by
the adsorption of polymer chains on CNC particles and the depletion of nonadsorbing CMC
polymers around CNC particles were tested to explain the dramatic increases in the low shear
rate viscosities and strong non-Newtonian behaviors. Our results showed that the flocculation of
CNC particles due to the depletion by nonadsorbing CMC polymer molecules resulted in gel
formation. The electrostatic repulsion between negatively charged CNC particles and anionic
CMC chains strengthens depletion interactions leading to the chiral nematic order of CNC
nanoparticles. Moreover, strong depletion interactions generate an elastic behavior and gelation
in CMC-CNC solutions. Addition of CNC particles resulted in the formation of CNC flocs which
entrapped water. Therefore, the CMC concentration artificially increased in the bulk state; this
caused an increase in the shear viscosity, gelation and produce a different response in the Cox-
Merz rule.

STEM image of dilute CMC-CNC solution showed the ordered CNC structures as nematic
flocs. Both nematic and chiral nematic phase were observed in POM images of concentrated
CNC-CMC solutions. The flocculated structure of CNC particles and formation of nonisotropic
flocs in the CMC solution shown in STEM and POM images also supported the depletion
mechanism. Those results agreed with our previous investigations (25,27) and presented credible
and unfailing argument to explain the gel formation of semi-dilute concentrations of CNC
particles in semi-dilute CMC polymer solutions by depletion flocculation of CNC particles.
Hence the CMC solutions were dramatically thickened and gelled by adding CNC particles. In
the meantime, the collapse of CNC flocs in CMC solutions led to shear thinning behavior at

higher shear rates.
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The rheological properties of CNC suspensions with CMC polymers were discussed in
Chapter 2 and 3. In chapter 4, the flow properties of CNC suspension with PEO polymers were

discussed with the focus on steady state viscosity and dynamic viscoelastic properties.
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Chapter 4. Rheological Properties of CNC Suspensions in
Polyethylene Oxides Solutions

Data in this section will be our further interest to prepare manuscript to explain structure-
property relations of CNC suspensions in PEO solutions. The rheological properties and

structure formation of CNC suspension with PEO polymers was discussed in Chapter 4.

4.1 Abstract

Adding PEO polymer in CNC suspensions doesn’t show any significant thinning behavior in
shear viscosities at higher shear rates. For 0.33 vol% CNC nanoparticles in 1.0 wt% PEO
solutions thickens 3 times of the viscosity value. However, adding 0.67 vol% of CNCs leads to a
decrease in shear viscosity values for the case close to 1.0 wt% PEO solution. This unexpected
behavior indicates adsorption of PEO chains onto CNC surfaces. A similar trend is also observed
in storage modulus and loss modulus values. The elastic behavior, (G™G") is only observed in
0.33 vol% CNC-1.0 wt% PEO solution indicating structure formation and adsorption. The reason
for the adsorption mechanism is explained as the presence of a cofactor effect and salt. CNC
nanoparticles act as cofactor leading to an extension of PEO chains. Adsorption of extended PEO
chains occurs in the optimum P:C ratio. The optimum P:C ratio is determined between 0.75 and
2.00 considering the Cox-Merz rule. The bridging mechanism cannot be encountered as CNC

particle surfaces are fully covered.

4.2 Introduction

The understanding of rheological properties of colloidal suspensions is a fundamental and
challenging task to formulate personal care products, paints, coatings, drilling fluids and other
functional fluids. Excluded volume interactions, concentration of colloidal particles, the
Brownian motion, hydrodynamic interactions, the shape and charge of colloids are the effective
parameters of rheology and stability ****. Cellulose nanocrystals (CNCs) are unique, non-toxic,
biocompatible, and water dispersible colloidal particles ****'%, CNCs are derived from cellulose

d 59-61

by applying concentrated (65%) sulfuric aci . The acid hydrolysis technique chops
crystallites from amorphous segments creating negatively charged sulfate ester groups on the

surface of CNC nanoparticles. According to source and reaction conditions, the dimensions of
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CNC vary between 5 to 15 nm in with and 100 to 300 nm in length. CNC aqueous suspensions
show ordered birefringent gel-like structure at higher concentration depending on the surface
charge and size *>*'. Therefore, using CNC particles is not sufficient at higher concentrations due
to its cost. However, an addition of polymer in CNC suspension may result in unique rheological
properties due to the interaction mechanism between CNC particles and polymer chains 7¥"%,
Therefore, the aim of this study is to understand the interaction mechanism between CNC

particles and water-souble polyethylene oxide chains in terms of structure-property relationship.

4.3 Experimental

Nonionic polyethylene oxide (PEO) with a molecular weight 600 kDa was purchased from
Sigma—Aldrich (St. Louis, MO, USA). The properties of PEO are listed in Table 4.1. CNC with
dimensions 8+0.8 nm in width and 214+0.3 nm in length were obtained with acid hydrolyses
methods. Mark-Houwink-Sakadura relation was used to calculate the radius of gyration (R,) **.
R, was calculated as 50 nm. The transition concentration (¢ from semi-dilute unentangled
regime to semi-dilute entangled regime was determined with the combination of an M-Rg
relation, Mark-Houwink-Sakadura viscosity equation and the solution viscosities *. By plotting

specific viscosity as a function of the concentration,

Steady state shear viscosities of aqueous polymer solutions with CNC suspensions were
measured with AR-G2 rheometer (TA Instruments, USA). Cone-and-plate geometry with a
nominal angle as 2°022" plate geometry of 60 mm in diameter was used. The torque resolution is
0.1 uN. TA Instruments AR-G2 rheometer equipped with a 2° cone and plate geometry of 60 mm
in diameter was also used to measure linear viscoelastic properties of colloid-polymer mixtures.
First, strain displacement sweep at 1 rad/s was carried out to determine the linear strain range.
Then, all of the oscillation mode tests were done sweeping the frequency between 0.1 and 100
rad/s, at the 1.0% strain which was within the linear range. Temperature control was established
with a ThermoCube200/300/400 (Solid State Cooling Systems Co., USA) and all measurements
were conducted at 25.0 +0.05°C.

The morphology of the samples were investigated with a Hitachi model S-4800 apparatus
equipped with a field emission source and operating at an accelerating voltage of 30kV in

transmission mode. The samples were dropped on a carbon-coated TEM grid. After 3 minutes,
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the excess of liquid was absorbed with a filter paper. The TEM grid was permitted to dry at room
temperature for 3 min. A drop of uranyl acetate solution (2.0 wt.% in water) was deposited on
the grid for 5 min to get a high resolution image. The excess solution was wicked off using filter
paper, and the grid was dried at room temperature prior to imaging. Birefringent structures were
observed with an Olympus BX50 equipped with 20x microscope objective lenses and a JVC 3-

ccd video camera (Olympus, Japan).
4.3 Results and Discussion

4.3.1 Shear Viscosity and Structure Relation

Figure 4.1 shows values of shear viscosity for PEO solutions with or without CNC
suspensions. PEO solutions in the presence of CNC suspensions show a weak shear thinning
behavior at higher shear rates; this is caused by the alignment of CNC particles in the direction
of the shear flow and by the lack of a strong structure formation **.

Figure 4.1.a shows an increase between 3 to 4 times in shear viscosity of 1.34 vol.% CNC

suspension in the presence of 1.0 wt.%, 2.0 wt.% and 5 wt.% PEO solutions indicating
insignificant effect of PEO concentration on structure formations. The adsorption of PEO chains
onto CNC surfaces may lead to weaker depletion interactions preventing the formation of CNC
flocs. Figure 4.1.b shows an unexpected viscosity trend for the cases of 1.0 wt.% PEO solutions;
these cases were previously reported in various studies >,
The unexpected viscosity behavior can be better explained using visually explanatory schemes.
Interactions between PEO chains and CNC particles are schematically illustrated in Figure 4.2. v
and 7 symbolize free volume and shear viscosity, respectively and # is dependent on v. First of
all, Figure 4.2.a represents the cases of 1 wt.% PEO solutions which are below ¢ . PEO chains
are in an unentangled semi-dilute state with a certain excluded volume. The free volume
(Vfiene=0y) 1s so high that the PEO chains don’t interact with each other when a shear velocity 1s
applied. Therefore, a non-Newtonian behavior is not reported in Figure 4.1.

Figure 4.2.b illustrates the mesoscopic structure of PEO solutions with 0.33 vol% CNC. An
increase in the total number of particles in the solution generates a reduction of the free volume
(Vfiene=0.33). In addition, van de Ven describes a possible PEO adsorption in the presence of
cofactor and salt. At an optimum polymer cofactor ratio (P.:C), the conformation PEO chains is

extended '*'. The extended polymer chain with a high molecular weight enables the adsorption of
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the polymer chain onto the surface of nanoparticles **'**. The adsorption is possible with a
sufficient polymer to particle concentration ratio and a particular size and shape of the polymer
chain. A lower free volume and weak adsorption cause the shear viscosity of PEO 1.0 wt%
(Figure 4.1.b) to incremented of twice its original value. Furthermore, polymer concentration for

full coverage of 2.02 vol% CNC particles is calculated as 0.56 wt% PEO with the equation,
Cp = ?. Therefore bridging cannot be observed in 1.00 wt% PEO solutions in every CNC

concertation because polymer bridging occurs at the optimum flocculation when half of the
surface is covered with polymer molecules *. The adsorption of PEO onto CNC surface results
in a larger free volume (Vjenc=0.67)), which produces a lower shear viscosity for the case of 0.67
vol.% CNC in PEO solutions (Figure 4.1.c). Above 0.67 vol% of CNC concentration, PEO
chains cannot adsorb because of the optimal P:C value is not reached. As a result, the viscosity
increases at higher CNC concentrations. Figure 4.2.d illustrates the change in the free volume
(vf) and the number of particle in CNC-PEO solutions for the case of non-adsorption. According
to a STEM image of CNC-PEO solution (Figure 4.3.a), no specific alignment of CNC particles

in PEO matrix in dilute state is encountered.
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Figure 4.1 Shear viscosity change with shear rate for (a) PEO solutions without and with 1.34 vol% CNC
suspensions and (b) CNC suspensions without and with 1.0 wt% PEO solutions.
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Figure 4.2 Schematic representation of 1.0 wt% PEO solutions with (a) 0.00 vol% , (b) 0.33 vol% (c) 0.67
vol% and (d) 1.34 vol% CNC suspensions and (¢) STEM image of CNC-PEO solution.
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Figure 4.3 (a) STEM image of dilute CNC particles in PEO (600 kDa) solutions and (b) POM image of
2.0 vol% CNC suspensions in 5.0wt% PEO solution.
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Figure 4.4 summarizes the molecular weight (M) and the concentration influence on the
shear viscosity of PEO solutions. Subtracting the CNC suspension viscosity from the bulk
solution viscosity eliminates the effect of CNC suspensions. If there are no significant physical
interactions between CNC particles and PEO chains, such as depletion flocculation,
corresponding curves show typical shear viscosity versus c.M,, diagrams ** of PEO solutions
with CNC suspensions. The PEO solution without CNC suspensions matches with typical 1
versus c.M,, diagrams. Additions of CNC up to 2.00 vol% in PEO solutions shows similar trend.
However, weak depletion interactions lead to unusual behavior for 2.00 vol% CNC suspensions
in PEO solutions. Besides, Figure 4.3.b shows birefringence structures of 2.00 vol.% CNC
suspensions in 5.0 wt% PEO solutions. Birefringence structures are a sign of the nematic order
of CNC suspensions. The isotropic-nematic phase transition concentration is changing between
2.70 vol% and 3.39 vol% for CNCs with aspect ratios between 20 and 50 *#*"***, Therefore, weak
depletion interactions cause nematic flocs, only when CNC concentration (2.00 vol%) is close to

the phase transition concentration (2.70-3.39 vol%).
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Figure 4.4. Viscosity versus the ¢'°M product for PEO solutions (M, =300 and 600 kDa) in CNC
suspensions at 25°C.

4.3.2 Linear Viscoelastic Behavior
Figure 4.5 indicates a change in dynamic moduli values as a function of oscillatory
frequency of PEO solutions in CNC suspensions. Figure 4.5.a and Figure 4.5.b represent the

storage modulus (G’) and the loss modulus (G"”) of PEO solutions below ¢ at various CNC
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concentrations, respectively. Adding 0.33 vol% CNC in 1.00 wt% PEO solution, the response is
elastic and G'>G", which agrees with shear viscosity data due to weak adsorption mechanism
and structure formation. As the CNC concentration increases, values in dynamic moduli increase
due to the presence of more particles and decrease in free volume. Figure 4.5.c and Figure 4.5.d
show the case of 5.00 wt% PEO solution, which is above ¢ . Entangled PEO solution has higher
dynamic moduli values than 1.00 wt% PEO solution. Addition of CNC particles in the
entanglement network also increases proportionally dynamic moduli values. However, G">G’

indicates the viscous behavior.
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Figure 4.5 Dynamic storage and loss moduli versus oscillatory frequency of (a-b) 1.0 wt% PEO solutions
and (c-d) 5.0 wt% PEO solutions in CNC suspensions.

Figure 4.6 shows the G’ and G” values of CNC suspensions in PEO solution at lower
frequency, 1 rad/s. An increase in moduli values of PEO solutions without CNC suspensions is

observed when PEO concentrations are above the critical concentration due to the entanglement
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network. Adding 0.33 vol% CNC in 1 wt% PEO solution results in a solid-like response (Figure
4.6.a) as G' >G" indicates the structure formation. However, liquid-like behavior (G'<G") is
observed by increasing the CNC concentration in the 1.0 wt% PEO solution. The adsorption of
PEO chain onto the CNC surface weakens the structure formation as the amount of adsorbed
PEO chains increases proportionally to CNC concentrations in a constant PEO amount. Figure
4.6.a indicates dynamic moduli values for the transition state from semi-dilute to entangled semi-
dilute. Above ¢ (Figure 4.6.c), the entanglement network of PEO dominates the dynamic
rheological behavior.

The power laws, G' ~ w“ and G”~a)b, describe the shear moduli G' and G as a function of
the angular frequency. The slopes of G’ and G" represent a and b values, respectively. At very
low frequencies, the viscoelastic liquid behavior is defined as G’ ~ @’ and G"~w. Gelation starts
when a = b = (.5 and the solid behavior is reached when a and b values are 0 and 1, respectively
> Table 4.1 indicates the power laws dependency of the PEO-CNC solutions. In PEO solutions
without CNC suspensions, a and b values are approximately close to viscoelastic liquid values.
Adding CNC into PEO solutions results in decreasing a and b values because of the adsorption
of PEO chains and intermolecular interactions PEO chains. The viscoelastic liquid behavior is
seen after adding 0.33 vol% CNC in 1.0 wt% and 2.0 wt% PEO solutions. This increases a and b
values, which are signs of the PEO adsorption onto the CNC surface. In the case of 2.00 vol%
CNC suspensions in 5.0 wt% PEO solutions, a and b values are 0.65 and 0.69, respectively.
These values are almost reaching the gelation point due to weak depletion and the entanglement

network.
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Table 4.1 Terminal slopes of G’ and G” for PEO solutions with CNC suspensions at 25°C.

Sample Polymer Conc. CNC Conc.  Slope of G'  Slope of G"
(Wt.%) (vol %)
PEO1 1.0 0.00 1.61 1.10
PEO1CNCO0.5 1.0 0.33 0.23 0.82
PEO1CNC1 1.0 0.67 1.68 1.04
PEO1CNC2 1.0 1.64 0.25 0.80
PEO1CNC3 1.0 2.02 0.84 0.72
PEO2 2.0 0.00 1.75 0.98
PEO2CNCO0.5 2.0 0.33 0.25 0.90
PEO2CNC1 2.0 0.67 1.37 0.93
PEO2CNC2 2.0 1.64 1.23 0.90
PEO2CNC3 2.0 2.02 0.92 0.76
PEOS 5.0 0.00 1.69 0.94
PEOSCNCO0.5 5.0 0.33 1.40 0.94
PEOSCNC1 5.0 0.67 1.23 0.90
PEOSCNC2 5.0 1.64 0.94 0.81
PEOSCNC3 5.0 2.02 0.69 0.65

4.3.3 Comparison of Steady and Dynamic Viscosities

Figure 4.7 shows applicability of Cox-Merz rule on PEO solutions with and without CNC
suspensions. In Figure 6.a, n* curves are matching with n curves in aqueous PEO solutions.
Figure 4.7.b and 7.c show n* and 1 curves of CNC suspensions with semi-dilute untangled PEO
(1.0 wt% and 2.0 wt%) solution. Cox-Merz rule is inapplicable with 0.33 vol.% and 0.67 vol.%
CNC suspensions in 1.0 wt% PEO solution (Figure 4.7.b). A similar behavior is observed for
0.67 vol.%, 1.34 vol% and 2.00 vol% CNC suspensions in 2.0 wt.% PEO solution, Figure 4.7.c.
Below critical concentration (¢~ =2.65 wt%), the P:C ratio affects the applicability of the Cox-
Merz rule. P:C ratios are 2.00 and 1.00 on weight basis for 0.33 vol.% CNC and 0.67 vol% CNC
suspensions in 1.0 wt% PEO, respectively. P:C ratios are 2.00, 1.00 and 0.75 on weight basis for
0.67 vol% CNC, 1.34 vol% CNC and 0.67 vol% CNC suspensions in 2.0 wt% PEO,
respectively. van de Ven studied the conformation change and adsorption of PEO chain with
cyclic cofactors with the presence of salt solutions. van de Ven showed the optimal PEO-
cofactor ratio. At lower P:C ratios, PEO cannot adsorb onto cellulose surface. At higher P:C
ratios, negatively charged cofactors increase electrostatic repulsion preventing the adsorption.

Besides, NMR studies indicate the adsorption of PEO onto CNC surfaces due to a PEO chain
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extension. Therefore, conformations change and adsorption of PEO chains result in the

inapplicability of the Cox-Merz rule. According to the applicability of the Cox-Merz rule, the

optimal P:C ratio is determined between 0.75 and 2.00.

In 5.0 wt% PEO solutions set, the entanglement of PEO chains dominates the rheological

behavior compared to CNC-PEO interactions (Figure 4.7.d). Daga and Wanger (2006) discussed

that a modest effect of the adsorption onto laponite particles in rheological measurements can be

encountered the removal of PEO chains from the entanglement networ

' n* and n curves of

0.33 vol% CNC suspensions in 5.0 wt% PEO solution do not match due to the adsorption of

PEO, 5.0 wt% PEO solution is above ¢~ referring the entanglement of PEO chains.
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Figure 4.7 The steady-shear (filled) and complex (hallow) viscosity for (a) aqueous PEO (600
kDa) solutions with different concentration, CNC suspension with aqueous (b) 1.0 wt.% PEO (c)
2.0 wt.% PEO and (d) 5.0 wt.% PEO solutions at 25°C.
4.4 Conclusion

The rheology and mesostructured of CNC suspensions with PEO chains were investigated by
considering shear viscosities, viscoelastic behaviors and the applicability of the Cox-Merz rule.
Adding PEO polymer in CNC suspensions doesn’t show any significant thinning behavior in
shear viscosities at higher shear rates. For 0.33 vol% CNC nanoparticles in 1.0 wt% PEO
solutions thickens 3 times of the viscosity value. However, adding 0.67 vol% of CNCs leads to a

decrease in shear viscosity values for the case close to 1.0 wt% PEO solution. This unexpected

behavior indicates adsorption of PEO chains onto CNC surfaces. A similar trend is also observed

92



in storage modulus and loss modulus values. The elastic behavior, (G'™>G") is only observed in
0.33 vol.% CNC-1.0 wt.% PEO solution indicating adsorption. The reason for the adsorption
mechanism is explained as the presence of a cofactor effect and of salt. CNC nanoparticles act as
cofactor leading to an extension of PEO chains. Adsorption of extended PEO chains occurs in
the optimum P:C ratio. The optimum P:C ratio is determined between 0.75 and 2.00 considering
the Cox-Merz rule. The adsorption is encountered only in 0.33 vol% CNC-1.0 wt% PEO
solution due to a sufficient polymer to particle concentration. Even though, STEM image of
dilute PEO-CNC solution shows randomly dispersed CNC nanoparticles, birefringent structures
are observed by means of POM indicating an isotropic-nematic phase transition. Depletion
interactions are the reason for observing a nematic phase below the CNC phase transition
concentration (2.70-3.39 vol%). The phase transition occurs only at the highest CNC
concentration because PEO chains cannot apply enough osmotic pressure to flocculate CNC
particles at lower PEO concentrations. Weak depletion interactions are the results of the
adsorption of PEO chains because the presence of PEO chains reduces the applied osmotic

pressure.

Structure formation was discussed in terms of rheological properties for CNC suspensions with
CMC and PEO polymers in Chapter 2, 3 and 4. In chapter 5, interactions mechanism was

discussed in terms of phase behavior and colloidal dynamics.
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Chapter 5. Interactions between Cellulose Nanocrystals
Suspended in Aqueous Solutions of Anionic and Neutral

Polymers

The material shown in Chapter 5 has been previously submitted to Cellulose journal. The
experiments have been personally conducted except NMR experiments. NMR experiments were
conducted with the help of Mr. Mark Miskolzie. The authors of this publication are me and my
supervisor, Dr.Yaman Boluk. The following material focused on determination depletion and

adsorption interactions, phase behavior and colloidal dynamics.

5.1 Abstract

Physical structures of aqueous cellulose nanocrystal (CNC) suspensions in anionic
polyelectrolyte carboxymethyl cellulose (CMC) and non-ionic poly(ethylene oxide) (PEO) were
investigated by studying their cross polarized, polarized optical microscope (POM) images and
dynamic light scattering, zeta potential, 'H spin-lattice relaxation nuclear magnetic resonance
(NMR) data. The presence of anionic CMC and nonionic PEO in CNC suspensions led to
different kind of interactions. The phase transitions from the isotropic state to nematic and chiral
nematic phases were determined with POM. Semi-dilute CNC suspensions showed first gel-like
behavior then phase separation by adding only semi-dilute un-entangled CMC polymer solutions,
whereas the addition of PEO didn’t cause any significant change. Dynamic light scattering, zeta
potential and 'H spin-lattice relaxation NMR data presented further arguments to explain
polymer-CNC interactions in CMC and PEO solutions. '"H NMR solvent relaxation technique
determined the adsorption and depletion interactions between polymers and CNC. The minima in
spin-spin specific relaxation rate constant showed the depletion of CNC nanoparticles in CMC
and somewhat in PEO solutions. It is believed that the depletion flocculation was the case for the
effects of CMC polymer chains in CNC suspensions. PEO was weakly adsorbed on CNC

surfaces and caused only weak depletion interactions.

94



CNC 1.67 vol.% CNC 1.67 vol.%
CMC 0.00 wt.% CMC 0.50 wt.%

-

.l.“ "V‘r 3 ‘. ‘. e
Lower section Upper section

CNC 1.67 vol.% CNC 1.67 vol.%
CMC 3.00 wt.% 'CMC 3.00 wt.%

Figure 5.1 POM images of 1.67 vol% of CNC suspensions in 0.0 wt%, 0.5 wt%, 3.0 wt% of CMC
polymer solutions.

5.2 Introduction

Cellulose nanocrystals (CNC) are rod-like nanoparticles with a typical length of 100-300 nm
and a width of 5-15 nm *****® CNCs are obtained by hydrolyzing the amorphous regions of
cellulose with sulfuric acid (65%) and releasing nano-sized whiskers. Acid hydrolyses result in
sulfate ester groups which create negative surface charges on rod-like nanoparticles **°*. Due to
their short length (100-200 nm), cellulose nanocrystals do not cause any thickening in aqueous
suspensions unless they are used at high concentrations (>7vol%) *. Nevertheless, CNC can
impart specific rheological properties in dilute and demi-dilute solutions of certain polymers,
even when they are added in very small amounts. In a remarkable way, CNC particles can
substantially increase the low shear rate viscosity without considerably increasing the viscosities
at higher shear rates ">"**. Consequently, CNC can be used as a rheology modifier in aqueous
systems such as coatings, drilling fluids and personal care products, where it brings flexibility to
tailor the flow behavior which cannot be achieved by classical polymeric thickeners. The
distinctive flow behavior of CNC suspensions in polymer suspensions is expected to be the

outcome of particle-polymer interactions.
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Addition of colloidal particles into polymer solutions can result in two kinds of interactions:
(1) adsorption and (2) depletion. Adsorption is defined as an increase in polymer concentration
near the interfacial surface of nanoparticles *. The adsorption of polymer chains results in either
bridging between nanoparticles and agglomeration or steric stabilization. The conformation of
the polymer chains influences the adsorption mechanism. Polymer conformation is affected by
the chemical structure of polymer, polymer-solvent interaction and the polymer concentration.
The adsorption of polymer on surfaces is a tool to design materials in terms of adhesion,
lubrication, and stabilization *. The depletion flocculation is the alternative mechanism for the
flocculation, most commonly observed in biological systems "> and polymer crystallization '*°.
Asakura and Oosawa were the pioneers, who first demonstrated that entropy driven interactions
between non-adsorbing polymers chains and nanoparticles create osmotic pressure leading to
flocculation of colloids ">*". Vrij theoretically explained the depletion potential in terms of the
size of hard spherical colloids (d), the radius of gyration of polymer chains (R,), the polymer
concentration, osmotic pressure (IT) and depletion layer thickness (J) *. At the presence of
sufficient amount of polymer molecules, phase transition and phase separation occur as a result
of depletion of colloidal particles ***. Onsager explained the phase transition from isotropic phase
to nematic phase by using theromodynamical approach * which is applicable to anisomeric
nanoparticles such as boehmite, fd virus, carbon nanotubes and cellulose nanocrystals.
Lekkerkerker and Tuinier *> demonstrated that depletion interactions induce a phase transitional

of anisomeric nanoparticles in the presence of polymer chains °

. Phase separations are
encountered when the colloidal particles are bigger than the characteristic length of polymer

chains (d >> R,).

Not only the size and the conformation but also the surface charge of polymer chains affects
adsorption and depletion interactions. Attractions between oppositely charged polymer chains
and nanoparticles favor the adsorption. For instance, cationic polymers adsorbed onto CNC
surface due to anionic nature of CNC nanoparticles '****°. Of course, the charge density and
polymer chain lengths control the conformations of adsorbed chains on particle surfaces. The
presence of neutral or similarly charged polymer chains in nanoparticle suspensions may lead to
both adsorption and depletion. In this case, differentiating adsorption and depletion interactions
is sometimes challenging. Information about the structures formed by colloidal particles in

polymer solutions has been provided by an extensive series of rheological measurements
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involving silica, and other particles in aqueous solutions ******?*, There are also direct methods
such as atomic force microscopy (AFM), nuclear magnetic resonance (NMR), total internal
reflection microscopy (TIRM) etc. to determine the nature of the interactions.>** "H NMR
solvent relaxation techniques allows to determine directly the adsorption or depletion of polymer
chains by distinguishing interactions of solvent molecules with adsorbed layer segments and the
depletion layer *******_ Solvent mobility is determined in terms of relaxation time when stronger
dipolar couplings in then bound phase induce shorter relaxation time than free molecules in the
bulk. In addition, polarized optical measurements are also used as direct methods and the phase

transitions between isotropic and nematic states are determined for rod-shaped fd virus™,

15,92,126 68,128

boehmite carbon nanotubes **” and cellulose nanocrystals solutions.

Very unique rheological properties of CNC suspensions were obtained in the presence of
nonionic and anionic polymers "**"*, Nevertheless, the nature of CNC nanoparticle interactions
with nonionic and anionic polymers and mesoscopic structure of CNC nanoparticles polymer
solutions are not well understood. Understanding the interactions will allow extending the
application areas of CNC nanoparticles by controlling its physical properties. Therefore, the
purpose of this study is to investigate interactions between CNC nanoparticles with anionic
carboxymethyl cellulose and nonionic PEO in aqueous solutions with the focus on mesoscopic

structures, phase diagrams and NMR studies.
5.3 Experimental

5.3.1 Materials
Cellulose nanocrystal (CNC) samples, prepared by sulfuric acid hydrolysis of kraft pulp and
neutralized by NaOH in a pilot plant were used in this study *.CNC sample was in the dried

2 Aqueous CNC suspensions were

sodium salt-form and completely dispersible in water
prepared by mechanical stirring in deionized water and then sonicated with Branson ultrasonic
cleaner model 1510 (frequency 40 kHz) for 5 minutes. CNC suspensions were filtered through
0.45n pore-sized membrane to remove aggregated particles if any left after the dispersion
process. The particle density of CNC used as 1.5 g/cm’ to convert the weight fraction (wt.%) to

volume fraction (vol.%) from the weight fraction.
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CNC suspensions in polymer solutions were prepared by using two types of polymers: anionic
sodium salt of carboxymethyl cellulose (CMC) and nonionic polyethylene oxide (PEO). CMC
and PEO were purchased from Sigma—Aldrich (St. Louis, MO, USA). The properties of CMC
and PEO are summarized in Table 5.1. Chatterjee and Das reported the radius of gyration (R,) of
CMC at 35°C with viscosity measurements **. The radius of gyration (Ry) of PEO was calculated
with using a Mark-Houwink-Sakadura relation developed by Devanand and Selser **. The
transitional concentration (c**) from semi-dilute unentangled regime to semi-dilute entangled
regime was determined with the combination of an M-Rg relation, Mark-Houwink-Sakadura
viscosity equation and the solution viscosities *'. By plotting specific viscosity as a function of
the concentration, Benchabane and Bekkour (2008) found the ¢ value of 700 kDa was 1.0

wt.%, which indicated the accuracy of the theoretical calculation *'.

Table 5.1 Properties of polymers.

Polymer Mw (kDa) D.S. R;‘,SOC (nm) € (Wt%)
Carboxymethyl cellulose 700 0.85-0.90 153 1.10
Carboxymethyl cellulose 250 0.70 99 2.46
Carboxymethyl cellulose 90 0.70 40 5.47
Polyethylene oxide 600 - 50 1.83
Polyethylene oxide 300 - 34 2.40
Polyethylene oxide 100 - 18 3.81

5.3.2 Polarized Filter Plates
Visibly, the state of a CNC suspension was investigated by shining a flash light through the

sample placed between two cross-polarized filters.

5.3.3 Polarized Optical Microscopy (POM)

The phase change of CNC suspensions and CNC suspensions in aqueous polymer solutions
was observed by using polarized optical microscopy (POM) that enhanced contrasts to advance
the image quality of birefringent materials. POM analysis was performed with an Olympus
BX50 equipped with 20x microscope objective lenses and a JVC 3-ccd video camera (Olympus,

Japan).
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5.3.4 Scanning Transmission Electron Microscopy (STEM)

The samples were investigated with high-resolution STEM using a Hitachi model S-4800.
The accelerating voltage of 30kV was applied in transmission mode. A CNC suspension as it
was or in a polymer was dropped onto a carbon-coated TEM grid. After three minutes, the excess
suspension was absorbed with filter paper. The TEM grid was permitted to dry at room
temperature for 3 min. A drop of uranyl acetate solution (2.0 wt.% in water) was deposited on
the grid for 5 min to obtain a high resolution image. The excess solution was wicked off using
filter paper, and the grid was dried at room temperature prior to imaging. Since the width of
CNC particles was monodisperse, STEM micrographs were used as a reliable method to measure
the width of CNC particles ¥. On the other hand, the length of CNC particles was not
monodisperse and a statistically meaningful measurement of the length were cumbersome.

Therefore, STEM micrographs were not attempted to measure the length of CNC particles.

5.3.5 Dynamic Light Scattering (DLS)

The transitional diffusion coefficient (D;), zeta potential values ({) and electrophoretic
mobility (Ug) of CNCs were determined with a Malvern Zetasizer Nano-S instrument with a
detection angle of 173°. This instrument was equipped with a 4.0 mW He —Ne laser (k = 633 nm)
and an Avalanche photodiode detector. All measurements were taken at a temperature of 25.0 +

0.1°C. For repeatability, 3 measurements of each sample were taken.

5.3.6 Nuclear Magnetic Resonance (NMR)

The 'H spin-lattice relaxation time T, and spin-spin relaxation time T, were determined by
measurements which were carried out using a Varian Inova 400mHz spectrometer set at 26.9 °C.
The standard inversion recovery pulse sequence and Carr-Purcell-Meiboom-Gill (CPMG)
sequence were used to measure 7, and 7, respectively. The spin-lattice relaxation occurs due to
the longitudinal direction component of the static magnetic field of the magnetization reaching
thermodynamic equilibrium with its surroundings (the "lattice"). T; characterizes the rate at
which the longitudinal M. component of the magnetization vector reestablish exponentially

towards its equilibrium value of magnetization, M,(0) according to Equation 5.1:

M,(t) = M,(0)[1 — exp(—t/T,)] Equation 5.1
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The spin-spin relaxation is caused by the energy exchange around the nuclei without a loss of
energy to the surrounding lattice. The T, value was obtained by fitting the decay of transverse

magnetization, M,y to M,y(0) following the relation:
M, (t) = M,,,(0)exp(—t/T,) Equation 5.2

The spin-lattice (T;) and spin-spin, (T) relaxation times were extracted by applying nonlinear
least-squares analysis of equations 1 and 2, respectively as long as data fit. If the fit to single
exponential was not satisfactory, data was expressed in terms of a double exponential firm and
relaxation times were extracted as T, ; and T,», where a=1 or 2 representing spin-lattice and

spin-spin relaxation respectively.
5.4 Results and Discussion

5.4.1 Structure Formation

The average width of CNC particles was measured as 8.0+0.8 nm from STEM micrographs
(Figure 5.2). A CNC particle was assumed cylindrical shape and the measured width was taken
as the diameter (d) of CNC rods. Instead of reporting hydrodynamic radius of CNC particles as
particle length (70 nm), DLS measurements were used along with STEM measurements to
calculate the length of particle (L), following the method described by Boluk and Danumah *
Hence, the average length of CNC particles (L) was calculated as 214+0.3 nm, by using the
transitional diffusion coefficient (D;) from DLS and particle diameter (d) from STEM
photographs. The transitions from dilute to semi dilute and from semi dilute to concentrated
regimes occur at volume fractions of d)*E (d/L)* and ¢**z d/L respectively based on rigid rod
approximation. Those equations suggest that for the radius of 8+0.8 nm and the length of
21440.8 nm, our experiments with 0.33 vol.% and 0.67 vol.% CNC concentrations were within

the semi dilute concentration range where particles barely touch each other.
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Figure 5.2 STEM picture of CNC.

The CNC suspension at 0.67 vol% without any polymer addition was almost clear and had the
viscosity very close to water as also reported previously.”® Incorporating CMC polymer
molecules in 0.67 vol% of CNC suspension resulted in turbid mixtures (Figure 5.3). Besides, a
gel formation was observed starting with 0.5 wt% CMC polymer addition into the 0.67 vol%
CNC suspension. When the samples were turned upside down, 0.67 vol% CNC suspension in 1.0
wt%, 2.0 wt% and 3.0 wt% CMC solutions did not flow and suspended from the top which
showed that the yield strength in those gels were higher than the stress generated by the gels own
weight plus the weight of stirring magnet left in sample bottles. This unusual gelling behavior
has already been discussed in detail "%, Careful inspection of samples showed that 0.67 vol%
CNC suspension in 2.0 wt.% and 3.0 wt.% CMC solutions formed two phases. A transparent
portion located in the lower section of bottle indicates CNC deprived phase. A turbid CNC-rich
phase located in the upper portion. The phase separation of rod-like nanoparticles in the presence
of polymer solutions is also observed in the literature. However the locations of particle rich and
deprived phases in our study were the opposite of the other reported observations **?. For

instance, Gray et al. ®

observed that the addition of dextran resulted in a CNC-rich phase in the
lower section of vials because dextran is a branched polymer and inherently not a thickener *.
Dextran solution depletes CNC particles and lets the flocculated CNC particles to precipitate. In
our case of CNC in CMC solutions, increased thickening of CMC prevented the diffusion of
CNC rich phase to the bottom part of the vial.

101



- CNC
Rich Phase

o o . A
e = X&
- e | Poor Phase

CMC CMC
0.5wt.% 1.0wt.%

Stirring
magnet

» CNC
Poor Phase

= CNC
Rich Phase

CMC CMC CMC CMC
0.5wt.% 1.0wt.% 2.0wt.% 3.0wt%

Figure 5.3 Photographs of 0.67 vol.% CNC suspensions in CMC (700 kDa) solutions. Vials are in (a)
upward position; (b) 180° rotated position.

As a next step, a polarized filter system was used to observe the unusual structure of CNC
suspensions in CMC polymer solutions (Figure 5.4). Shining a light beam through the
suspension of isotropic portions between cross-polarized filters generated dark images. On the
contrary, in the case of non-isotropic and oriented particles, the light reflected from the ordered
CNC suspensions with different angles resulting in brighter areas on images. As a result, 0.33
vol% CNC suspensions in CMC solutions had dark and birefringence areas that correspond to
the isotropic and anisotropic phases, respectively. CNC suspensions with the presence of 0.5
wt% and 1.0 wt% CMC have only birefringence areas showing without any physical phase
separation. However, dark areas and birefringence areas were seen in CNC suspensions with 2.0

wt% and 3.0 wt% CMC, indicating separation of two phases.
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Figure 5.4 Crossed-polarized images of vials of 0.33 vol.% CNC suspensions in CMC polymer solutions
showing birefringent domains.

Structure formation of CNC suspensions in CMC solutions were closely surveyed under POM
(Figure 5.5). The dark image in Figure 5.5.a was a 0.67 vol% CNC isotropic suspension without
any CMC presence. The brighter segments appeared with the addition of 0.5 wt% CMC because
of a liquid crystal formation of flocculated CNC particles (Figure 5.5.b). Increasing the CMC
polymer concentration to 1.0 wt% caused the brighter areas wider, which correlates with the
increase in the amount of ordered CNC particles due to their flocculation (Figure 5.5.c.). Both
images of Figure 5.5.b and Figure 5.5.c have dark and bright areas reflecting mixture of
isotropic-nematic phases in solutions. Further addition of 2.0 wt% and 3.0 wt% of CMC in
solution resulted in separation of phases which was also observed in gelling of 0.67 vol% CNC
suspensions with CMC solutions. POM images of the upper and lower parts (Figure 5.5.d-g)

indicate the nematic CNC rich and isotropic polymer rich phases, respectively.
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Figure 5.5 (a) POM images of 0.33 vol% of CNC suspensions in (a) 0.0 wt%, (b) 0.5 wt%, (c) 1.0 wt%,
(d) upper part of 2.0 wt%, (e) upper part of 3.0 wt%, (f) lower part of 2.0 wt% and (g) lower part of 3.0
wt% of CMC polymer solutions.

Phase separation and gel formation results showed above were due to the flocculation of CNC
particles by the addition of nonadsorbing flexible CMC polymer chains. The depletion
interactions among CNC particles were believed to be occurred due to the unbalanced
distribution of CMC molecules around CNC particles when the particle to particle distance is
smaller than the radius of gyration of CMC polymer chains. The strength of the attraction is
controlled by the polymer concentration and size. Asakura and Oosawa were the first to

formulate the qualitative analysis of depletion "'V

. In their model polymer molecules are
assumed to behave as spheres which are behaved rigid with repulsive interactions with colloids
but free to penetrate into each other. This assumption only makes depletion interaction between

spherical particles strong only if the sizes of colloidal particles are larger than the radius of
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penetrable polymer spheres (d>R,). Otherwise, spherical colloidal particles can penetrate into the
polymer chains if their sizes are smaller than or equal to the size of polymer chains and
weakened depletion. Nevertheless this argument is not exactly valid for rod-like particles even if
their diameter is smaller than the size of polymer chains (d<Ry) as long as L>R,. According to

the simulation results carried out by Dogic et al. ”®

, the depletion interaction between cylinders is
stronger than between spheres of equal diameter in the presence of much bigger polymer chains
> 1f we apply their simulations to our CNC suspensions, both isotropic and nematic phases were
expected to be formed up to 2.0% CNC concentration with the concentration of CMC solutions
which were tested in this study. Results of the POM images are summarized by preparing a
phase diagram for CNC-CMC mixtures (Figure 5.6). CNC suspensions shown on the abscissa of
Figure 5.6 up to 2.0 wt% without any CMC addition were totally isotropic. The Onsager theory
proved that a highly anisomeric particles with a sufficient aspect ratio show isotropic-nematic
phase transitional as virial-expansion reduces free energy leading to orientation *. Besides, the
acid hydrolysis process causes a negative charge on CNC; consequently, electrostatic repulsion
affects the free energy of the system and decreases the phase transitional concentration.”® CNC
suspensions without CMC polymer addition are expected to be isotropic within the range of 2.70
vol.% (4.0 wt.%) and 3.39 vol.% (5.0 wt.%) for CNCs with aspect ratios between 20 and 50
6267114 - Addition of CMC led to a transitional from isotropic to isotropic-nematic structures at any
CNC concentration shown in Figure 5.6. First an isotropic-nematic structures formed but stayed
in a single phase (e.g. 0.33vol.% CNC+0.5wt.% CMC). However increasing polymer
concentration further at any CNC concentration resulted in phase separation with a bottom
isotropic phase and an upper anisotropic phase (e.g. 0.33vol.% CNC+2.0wt.%. CMC). Higher
CNC concentration required less CMC addition for the formation of isotropic-nematic structures
(e.g. 2.0vol.% CNC+0.5wt.% CMC). In the meantime, increasing the CNC concentration while
keeping CMC concentration constant resulted in an increase in the fraction of nematic phase of
CNC suspensions. Furthermore, 1.0 wt% CMC in 2.0 vol% CNC and 3.0 wt% CMC in 1.34
vol% CNC samples had a chiral nematic phase. Calculation of Lekkerkerker and Stroobants
indicated that long rod particles with relatively small polymer molecules have a phase diagram
with one isotropic and two nematic phases.®” That explains the existence of isotropic-nematic and

chiral nematic phases in the phase diagram of the CNC-CMC polymer system.
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Figure 5.6 Phase diagram for CNC suspensions in CMC solutions.

As discussed, incorporation of nonadsorbing CMC polymer molecules caused the depletion of
CNC particles, flocculation, and phase behavior. In theoretical studies, the aspect ratio (L/d) of
the rod-like particles and the ratio of the radius of gyration of polymer to rod diameter (R,/d) are
defined as effective parameters for the depletion and phase behavior of colloidal suspensions
with polymers.*”’. According to their mathematical calculations, an isotropic and two nematic
phase diagrams are obtained for rods with high L/d ~ 20 and R /d ~ 0.5. In our case, similar
phase behavior in CMC-CNC mixtures was observed with L/d ~ 27 but with Ry/d ~ 19 which
was 33 times bigger than theoretical value. However, by replacing the ratio of Ry/d with R,/L, the
phase behavior of rod-like particles in polymer chains could be used to explain our experimental

results. The recalculated value of Ry/L ~ 0.70 matched the theoretical calculations.

The second focus of the study was to investigate the structure formation in CNC-PEO
mixtures. POM images, digital photographs and crossed-polarized images of CNC-PEO mixtures
are shown in Figure 5.7. Spherulites of semi-crystalline PEO were observed at a higher PEO
concentration (5.0 wt%). According to Strawhecker and Manias, the presence of nanoparticles in

a PEO matrix hinders the spherulites’ growth, leading to smaller sizes rather than neat PEO
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spherulites; on the other hand, overall PEO crystallinity doesn’t change ***. As shown in Figure
5.7.a and b, an increase in the CNC concentration reduced the size of the spherulites but
increased the number of PEO spherulites, as reported in the literature. 2.02 vol.% of CNC
suspension is close to its isotropic to The Standard Varian s2pul Pulse Sequence 13 nmr
transitional (2.70-3.39 vol%) so that birefringence structures came into sight in Figure 5.7.c with
the addition of 1.0 wt% PEO. In the meantime, a higher amount of CNC restricts the growth of
PEO spherulites. However, spherulites appeared in 2.02 vol% of CNC while PEO concentration
increases from 1.0 wt% to 5.0 wt% (Figure 5.7.d). Birefringence structures were observed in
POM images of 2.02 vol% CNC suspensions with PEO, whereas gelling didn’t occur, indicating

only weak depletion interactions between CNC nanoparticles and PEO chains.

Figure 5.7 POM images, digital photographs and crossed-polarized images of (a) 0.67 vol.% CNC
suspensions in 5.0wt.% PEO solution, (b) 1.34 vol.% CNC suspensions in 5.0wt.% PEO solution, (c) 2.02
vol.% CNC suspensions in 1.0wt.% PEO solution, (d) 2.02 vol.% CNC suspensions in 5.0wt.% PEO
solution.

5.4.2 DLS and Zeta Potential Measurements
Table 5.2 shows the transitional diffusion coefficient (D;), zeta potential ({) and
electrophoretic mobility (ug) values of CNC suspension with and without polymer presence.

Hydrodynamic radius (Ry) values are also placed in the table to indicate the changes in CNC
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particle size. Introducing CMC molecules into the CNC suspension decreased D; of CNC
particles and increased the hydrodynamic radius (Ry). The magnitude of increase in Ry, was very
high to explain in terms of adsorption of CMC polymers on CNC surfaces, despite the commonly
held belief that adsorption of CMC on negatively charged CNC surface is possible. The
adsorption of CMC on a cellulose surface is the argument because of the reporting by

Liimataainen et al ***

. According to this study, CMC chains adsorb on cellulose fibers but only in
the presence of CaCl, ***. However, in our study, the presence of anionic sulfate groups on CNC,
the absence of multivalent counter ions in solutions and narrow surface contact area of CNC
particles eliminated the possibility of adsorption of CMC on CNC by compressing the repulsive

interactions between anionic particles and anionic polymer chains.

On the other hand, it is more likely that CNC particles were flocculated by depletion due to
non-adsorbing CMC molecules (Figure 5.8.a). As illustrated in Figure 5.8.b, electrostatic
repulsion between negatively charged CMC chains and CNC particles strengthens depletion of
CNC particles. Sharma and Walz (1994) calculated depletion forces between charged particles
with charged polymers.*** Electrostatic repulsion contributed the magnitude and the range of the
depletion effect. Strong depletion interactions caused increases in both the apparent particle size
of CNC due to flocculation and effective viscosity of the “suspended medium” due to the
enrichment of polymer concentration in CNC free parts of the medium. The hydrodynamic
interactions and their leading to an increase in friction coefficient was also reported by Tuinier et
al. ®*. CMC concentration was believed not-exist in depleted layers and enriched in the
surrounding of CNC particles. The concentration difference leads to two different kinds of
viscosity in solution: viscosity of surrounding zone and effective viscosity of the depleted zone.
When CNC particles get closer to each other, a decrease in effective viscosity affects Brownian
motions of flocculated CNC particles. Therefore, the particles stick to each other and act as a
larger particle, resulting in a slower CNC particle motion in dilute solutions. CMC polymers with
higher molecular weights caused the diffusion of CNC particles more slowly, as expected.
According to the AFM results of Burns et al., molecular weight has two counter-acting
influences on depletion interactions at fixed concentrations ***. A decrease in molecular weight
causes a reduction in the thickness of the depletion layer but an increase in osmotic pressure.

Consequently, two opposing effects end with a short-range depletion force. Hence, because of
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stronger depletion forces, motions of CNC particles in a 700kDa CMC polymer solution slowed
down more than a CNC particle in a 90kDa CMC polymer solution.

Table 5.2 Dimensions and surface charge analysis of CNC with different polymer solutions.

Sample Mw R, D, (x10'2) ¢ uE d (nm)
(kDa) (nm) (m’s) (mV) (pmV's'em) (STEM)
CNC - 69.37 £0.34  7.08+0.03 -56.60+0.40 -4.41+0.03  8.24+0.83
CNC-CMC700 700 100.32+2.41 4.89+0.16 n.a. -6.89+0.03 ? 8.36%1.99
CNC-CMC(C250 250  94.33+0.20 5.20%0.01 n.a. -5.94+0.04 ? n.a.

CNC-CMC90 90  90.04+0.22 5.44+0.01 -62.43+1.01 -4.86+0.08 8.20%1.55
CNC-PEO600 600 72.84+0.09 6.73+0.01 -22.27+1.90 -1.73x0.03  9.37%1.13
CNC-PEO300 300 74.69+1.21 6.56+0.11 -29.57+#8.56  -2.03+0.03 n.a.

CNC-PEO100 100  73.08+0.13 6.71#0.01 -27.70+#6.71 -2.1620.03  9.61£1.32

The fifth and sixth columns in Table 5.2 show zeta potentials and mobilities of zeta sizer
measurements. The electrophoretic mobility values, -6.89 and -5.94 pm V's™'cm of CNC in 700
kDa and 250 kDA CMC polymer solutions compared to electrophoretic mobility of -4.41 pm V-
's'em of CNC were totally unrealistic even if there were adsorption of negatively charged CMC
on negatively charged CNC surfaces. Hence, zeta potential values were not even listed in Table
5.2. These unrealistic results can be explained as follow. While performing zeta sizer
measurements, there are two different substances in suspensions: (1) CNC particles and (2) a
non-adsorbing CMC polymer. A traditional method of tracking the motion of particles under
microscope during the electrophoresis is an accurate zeta potential measurement technique,
because it measures the electrophoretic velocity of a particle in the stationery layer where the
electro-osmotic flow is zero. In contrast, a Malvern Zetasizer' ™ performs a measurement at any
point in the cell using a laser beam **. To obtain the true electrophoretic velocity, a rapid
reversing applied field eliminates the electro-osmosis effect in the entire cell so particles reach
terminal velocity during fluid flow. In this case, with CNC particle and CMC polymer mixture,
the measuring technique failed because the sizes of the two different particles have the same

order of magnitude and charge. The radius of gyration of 250 kDa and 700 kDa CMC polymers
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are 99 nm and 153 nm, respectively **. Thus, the readings of electrophoretic mobility in the
presence of 250kDa and 700kDa CMCs were not expected to be correct. Since R, values of
CMC chains are much closer to the CNC dimension, the change in electrophoretic mobility
values cannot be attributed to the CNC particle alone. On the other hand, the lower molecular
weight of CMC (90 kDa) has a smaller radius of gyration (40 nm), leading to an insignificant
electro-osmosis effect. Therefore, the electrophoretic mobility values of CNC suspensions in 90

kDa CMC solution were closer to the CNC suspensions.
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Figure 5.8. Schematic of (a) CMC polyelectrolytes leading to osmotic depletion of CNC particles
strengthen with electrostatic repulsion, (b) the zoomed-in view of the depletion zone of the CNC-CMC
system, and (c) the presence of salt leading to the kinetic adsorption mechanism of PEO on sulfate groups
of CNC (dashline refers to boundary of depletion zone).

In the case of CNC in PEO solutions, the transitional diffusion constants decreased only
slightly, which were probably due to the weak adsorption of PEO on CNC particles. Therefore
effective hydrodynamic size (Ry) of CNC increased slightly due to PEO adsorption. The zeta
potential values of CNC in the presence of PEO decreased from -56 mV to the range of -22/-27
mV. In this case, the size of CNC is bigger than that of the radius of gyration of PEO molecules.
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As a result, the PEO matrix scatters very little compared with the total scattered intensity, so all
the scattered intensity will be attributed to the CNC particles. Adding PEO with different
molecular weights to solutions decreases the negative value of zeta potential to between -29.0
and -22.0 mV, indicating adsorption onto the CNC surface. The thickness of adsorbed PEO is
calculated at less than 1 nm using a method explained in detailed elsewhere ***. PEO’s radius of
gyration is at least 50 times larger than calculated value of 1nm, which may indicate weak
physical adsorption of PEO as pancake structure *. This kind of adsorption behavior of PEO
chains can be explained in the presence of salt ions which would work as cofactors. van de Ven
(2005) showed that PEO chains extended and associated with cofactors when low amounts of
salt were present in the concentration ™. In the case of our samples, the presence of salt in CNC
solutions was a result of ion-exchanging H" with neutral monovalent cations such as Na". CNC
samples which were obtained in dried sodium salt-form concentration. Therefore free sodium
ions and sulfate groups on CNC particles may act as a cofactor. The presence of Na" extends
PEO chains and PEO chains adsorbs onto CNC surface (Figure 5.8.c). PEO chains are
dynamically associated with sulfate groups. PEO chains are desorbed from CNC surface as PEO

chains are flexible and very weakly adsorbed onto CNC surfaces.

5.4.3 "H Solvent Relaxation NMR

Mobility of water molecules was expected to be altered at interfaces in multi-component and
multi-phase CNC in polymer solutions. Therefore, 'H NMR spin-lattice (7}) and spin-spin (7»)
relaxation times of protons of water molecules in CNC suspensions were measured to investigate
the dispersion state of CNC and roles of CMC and PEO polymers. For small water molecules,
the proton spin-spin relaxation time (7>) always inversely varies with the characteristics time of
molecular orientation (correlation time). Unlike 75, spin-lattice relaxation time (7}) decreases
first then goes through minimum and increases as a function of correlation time. Therefore, as
expected, measured 7> values of all of the CNC samples were lower than their 7; values. Water
molecules in CNC suspensions, CMC and PEO polymer solutions can be considered in two
states: a highly mobile free state in the bulk and the bound state with restricted motions at
interfaces. Free water molecules have relatively long relaxation times in contrast to bound
molecules which have restricted molecular motions and shorter relaxation times. In the case of
spin-spin (73) relaxation, the exchanges between those two states are usually fast (fast exchange)

and can be described by a single relaxation time. However, in the other case of spin-lattice
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relaxation (T;), exchanges between free and bound water molecules may not be fast and more
complex multi exponential decays can arise. In our measurements, single exponential T; and T,
relaxation times were observed in the case of CNC in CMC solutions. In contrast, T and T, of
CNC in PEO solutions decayed with a double exponential mode, having both fast and slow
exchanges. For the rest of the discussion, the spin-spin relaxation data were used and the spin-

lattice relaxation data are included into Appendix A.

The spin-spin relaxation times (7>) of water, 1.0 wt% CNC suspension (without any polymer),
1 wt% CMC (without CNC) and 1 wt% PEO (without CNC) polymer solutions are listed in
Table 5.3. For fast exchanges, the observed relaxation time (73) in CNC suspensions or polymer
solutions can be expressed in terms of relaxation times of free water molecules in bulk (7%¢) and

bound water molecules which are immobilized on CNC surfaces or polymer chains (75p):

T—lz = é(l —p) + i p Equation 5.3

where, p is the probability of finding a randomly chosen water molecule in a bound state.
Contact area per unit weight is higher for polymer chains than CNC particle surfaces. This
suggests that the amount of contact with water molecules, hence the probability of water
molecules in the bound state was higher in CMC and PEO polymer solutions than in CNC
suspensions. 1.0 wt% CMC polymer solution resulted in a lower relaxation time (7,) than 1.0
wt% CNC suspension (2.31 s vs 4.12 s). Cellulose molecules on CNC surfaces and
caboxymethyl cellulose molecules of CMC polymer share the same backbone and both of them
carry anionic functional groups. Hence, CNC surfaces and free CMC polymer molecules were
assumed having comparable 75, values and the lower 75 value of 1.0 wt% CMC solution was
attributed to its higher contact area with water (p value). The relaxation time of 1.0 wt% CMC
was also lower than 1.0 wt% PEO, due to the presence of charged carboxyl groups. Besides
anionic CMC chains have stiffer backbone than uncharged PEO molecules which also resulted

less degree of motion of bound water molecules.
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Table 5.3 Spin-spin relaxation times and relaxation rate constants of samples with respect to molecular
weight, CNC concentration and salt concentration.

Polymer Mw Polymer Conc. CNC Conc. NaCl T, R,
Type  (kDa) (Wt%o) (wt%)  (ppm) (s)
- - 0 0 0 6.75 0
- - - 1 0 4.12 0.64
PEO 600 1 0 0 2.98 1.27
CMC 700 1 0 0 2.31 1.92
CMC 90 1 1 0 2.25 2.00
CMC 250 1 1 0 1.96 2.44
CMC 700 1 1 0 1.22 4.53
CMC 700 1 1 200 1.32 4.11
Polymer  Mw  Polymer Conc. CNCConc. NaCl T,, R,; T,, R,,
Type  (kDa) (Wt%o) (Wt%)  (ppm) (s) ()
PEO 600 0.1 1 0 331 1.04 0.59 10.44
PEO 600 0.1 0.5 0 3.69 0.83 0.58 10.64
PEO 600 0.1 0.05 0 323 1.09 0.58 10.64
PEO 600 0.1 0.01 0 3.74 0.81 0.57 10.84

Following van der Beck et al.*”’, spin-spin relaxation time (T,) is most commonly expressed
in terms of relaxation rate constant R, = 1/T, and the specific relaxation rate constant, Ry,

which is defined as:

Rysp = 2—; -1 Equation 5.4

where RJ is the relaxation rate constant of pure water solvent which is also assumed as the
relaxation rate constant for free water molecules in dilute CNC suspensions. Figure 5.9 shows
the specific relaxation rate constant (R,s,) for 1.0 wt.% CNC suspension as a function of
polymer concentration for CMC and PEO polymers. Addition of polymers in a CNC suspension
can increase the specific relaxation rate, Ry, of the systems due to two factors: 1) formation of
additional bound water on free polymer chains in the solution; 2) an increase in the bound water
on CNC particle surfaces due to polymer adsorption. Both of those factors were considered for
an increase of R,g, by the addition of 0.01 wt% of CMC (shown in enlarged section in Figure

5.9). Anionic CMC molecules even if they were adsorbed on negatively charged CNC surfaces,
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could not be strongly attached in train and pancake conformations and contribute to the
additional entrapment of water molecules. Hence adsorption of CMC molecules on CNC
surfaces were ruled out for the increase in Ryg,. It is believed that at 0.01 wt% CMC
concentration, R, was increased only due to the bound water on free CMC polymer chains in
the solution (Figure 5.10). Addition of CMC molecules higher than 0.1% resulted a steady
increase in Rog, which was also totally expected again if one considers the increase in bound
water on increased number of free polymer chains in the solution. However, a notable opposing
trend with a minimum Ry, at 0.05 wt% CMC concentration was observed. Addition of 0.05
wt.% CMC in CNC suspension decreased the R,y value of CNC suspension to the level of
polymer free CNC suspension. This behavior, which was also observed by Cosgrove in other
depleted structures: NaPSS added in silica and latex suspensions >>***'*_ Again it is believed
that minimum point was observed due to the depletion of CNC particles in the presence of CMC
polymer chains. Flocculation of CNC particles due to the depletion decreased the total particle-
water interface area per unit weight hence the amount of bound water. Such a decrease
compensated the presence of additional polymer chains in the solution. Further increases in CMC
addition steadily increased the Ry, of the system. However the increase was more drastic than
one would expect only due to the presence of additional free polymer chains in the solution.
Once CNC particles were flocculated due to the depletion by CMC, gelling and bound water in
networked structure resulted much higher Ry, values (schematically represented in Figure 5.10).
This explanation also confirms the gel structure that we observed in photographs, cross polarized

filter and POM pictures of CNC in CMC solutions.
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Figure 5.9 Change in relaxation rate constant (R,s,) with respect to polymer concentration of 1.0 wt% of
CNC suspensions in aqueous CMC and PEO solutions
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Figure 5.10 Illustration of 1.0 wt% CNC suspensions with various CMC concentration
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Relaxation times of 1.0 wt% CNC suspension in 1.0 wt% CMC solution were also measured
by using 700kDa, 250kDa and 90kDa molecular weight polymers. R,g,values of CNC
suspensions in CMC solutions steadily decreased with using lower molecular weight polymer
molecules. Such polymer molecular weight effect also rejected the probability of polymer
adsorption on CNC surfaces. If adsorption of CMC chains on CNC surfaces happened, the lower
molecular weight CMC could be expected, adsorb better and have higher R,,,. The decrease of
R, values along with decrease in molecular weight was due to the less effective gel formation.
Addition of 200 ppm salt in CNC-CMC system screened the Coulombic repulsive interactions
and led to flexible and compact structure of polymer chains. Therefore, R, value decreased due

to the presence of less bound water around CMC chains.

Unlike in CMC solutions, CNC suspensions in PEO solutions resulted in double exponential
decay in relaxation times. The 73 and T3, relaxation times were due to fast and slow exchanges
between bound and free water molecules, respectively. The slow exchange (T,2) between dipolar
couplings on CNC surfaces and the solution was due to the limited degree of freedom of water
molecules, which were trapped between CNC surfaces and adsorbed PEO molecules. As shown
in Figure 5.9, R, 55, did only change slightly with respect to the PEO concentration, as PEO
adsorption had already reached the saturation in lower concentrations. The R; ;, values of CNC
suspensions as a function of PEO concentration also showed the similar but weaker trend than
the case of CNC suspension in CMC solutions. Somewhat less decrease in Ry 15, value of CNC
suspension was observed with the addition of 0.03 wt.% PEO which is indicating a weak
depletion interaction between CNC and PEO chains. Unlike CMC in CNC suspensions, R; 14,
didn’t increase drastically with respect to the PEO concentration as PEO chains couldn’t form

network structure and gels due to smaller R, and the compact structure of PEO chains.

No trend was observed while by adding 0.1 wt% PEO into various CNC concentrations
(Table 5.3). Such absence of the trend can be explained in terms of relaxation times of free water

molecules in the bulk (7%f) and bound water molecules, which are immobilized both on CNC

particles ((T,p)cne) and polymer chains ((Typ) pgo):

- = 1 (1 —p1— pz) + P P2 Equation 5.5
Ty

Tapdene £ 7 (T2p)pEo
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where, p; and p, are the probabilities of finding bounded water molecules on CNC and PEO,
respectively. On the one hand, an increase in CNC particle concentration reduced the value of p,
while resulted in a higher p; value. Adsorption of polymers on CNC would also
increase (T,p) cnc. It is believed that those opposing effects led non-proportional changes of

R; 15p with respect to CNC concentrations.

5.5 Conclusion

By investigating the physical structures of CNC in anionic polyelectrolyte CMC and non-
ionic polymer PEO solutions and their cross polarized, POM images, dynamic light scattering,
zeta potential measurements and 'H spin-lattice relaxation rates, we presented credible and
unfailing argument to explain the gel formation of CNC in semi-dilute concentrations in semi-
dilute un-entangled CMC polymer solutions. Unlike the adsorption, the depletion flocculation
was believed to be the case for the effects of CMC polymer chains in CNC suspensions. NMR
results, POM images and gel formation have all supported that depletion flocculation was the

reason to the structural change in CNC-CMC polymer solutions.

Regarding to CNC suspension in PEO solutions, DLS and NMR measurements showed the
adsorption of PEO onto CNC surfaces, although non-ionic PEO could also act as a non-
adsorbing polymer. The existence of salt in low concentrations most likely extended the PEO
chain and sulfate groups of CNC particles played the role of cofactors leading to adsorption. The
cofactor effect of PEO on its adsorption on CNC surfaces needs further investigation. POM
images showed the isotropic-nematic phase transitional of CNC-PEO solutions only when CNC
concentration is 2.00 vol%. After saturation of PEO chains, weak depletion interactions occurred

in CNC suspension with PEO.

Structure formation and colloidal dynamics of CNC suspensions with CMC and PEO
polymers were the main discussion of Chapter 5. Interaction mechanisms were determined in
terms of different methods up to end of this current chapter. In Chapter 6, we would like to see

interaction mechanism effect on self-assembly of CNC particles.
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Chapter 6. Atomic Force Microscopy (AFM) Studies on Self-
Assembly of CNC Films from Aqueous Polymer Solutions

Data in this section will be the base to prepare a letter about self-assembly of CNC particles in

a neutral and anionic polymer medium.

6.1 Abstract

This study investigated the effect of interactions between CNC particles with PEO and CMC
on self-assembly of CNC particles. Solvent-cast films were visualized using AFM in tapping-
mode. Strong depletion interactions between CNC particles and CMC chains resulted in an
ordered structure of CNC particles. Less significant degree of ordering was observed in CNC-
PEO samples. The formation of PEO spherulites indicated that PEO polymer was highly
crystalline. XRD results showed that the presence of CNC particles decreased the spherulites
size. Two separate phases were observed in dilute CNC-CMC sample referring depletion
interactions. In case of PEO-CNC samples AFM image of dilute CNC-PEO proved the
adsorption of PEO chains on CNC surface visually.

6.2 Introduction

Self-assembly of nanoparticles is a hot topic to study to obtain desired properties of materials.
Self-assembly of nanoparticles occurs to keep the Gibbs free energy at the minimum value ",
Therefore, self-assembly of nanoparticles can be driven due to enthalpic and/or entropic effects
8 Onsager explained theoretically entropy driven self-assembly of rod particles *. According to

15,92,126

Onsager theory, rod-like particles such as fd virus”®, boehmite carbon nanotubes **’ and

cellulose nanocrystals °**'?®

exhibits isotropic-nematic phase transition. Cellulose nanocrystals
can be considered as rod-like nanoparticles and they are derived from cellulose polymer with
acid hydrolysis techniques. The acid hydrolysis results in a negative charged sulfate ester groups
on CNC. Therefore, electrostatic repulsion reduces the free energy of the system resulting in a
lower the phase transition concentration **° .CNC suspensions showed the phase transition within
the range of 2.70 vol.% (4.0 wt.%) and 3.39 vol.% (5.0 wt.%) for CNCs with aspect ratios
between 20 and 50 °**"***. Addition of polymer in CNC suspension results in different phase

behaviors due to interactions between CNC particles and polymer chains. Self-assembly of CNC

particles with polymers haven’t studied in detailed yet. Therefore this study focused on
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understanding self-assembly mechanism of CNC particles with carboxymethyl cellulose (CMC)

and polyethylene oxide (PEO) in terms of atomic force measurements (AFM) techniques.
6.3 Experimental

6.3.1 AFM Measurements

The surface of each sample was imaged using an AFM instrument (Digital Instruments/Veeco
Instruments MultiMode Nanoscope V). According to the image size, AFM was equipped with
an E or J scanner. In order to obtain optimized height profiles, antimony doped silicon
cantilevers (Bruker USA, Inc.) with a spring constant of 42 N/m were used in tapping mode
(TM-AFM). Clean mica substrates were prepared then a film cast on the mica from droplet of
prepared solution. To maintain a slow evaporation, samples were dried in a closed petri dish at

room temperature without any external force (Figure 6.1).

Droplet Slow evaporation
i
MY
o l\\l’; T
(;\‘l'ﬂ \A /)
Wl
_— —_— —
Mica No external forces
In petri dish during sample preparation

Figure 6.1 Illustration of sample preparation for AFM measurements

6.3.2 X-ray Diffraction Analyses
X-ray Diffraction (XRD) was used to characterize the crystallinity of CNC suspensions, PEO
solutions and their mixture. Bruker D8 Discover was conducted (Cu Ka radiation, A=1.54 nm,40

kV,40 mA) between 5° and 70

6.4 Results

Figure 6.2 shows the topography of dried film surfaces casting from CNC solutions in
different scanning area Figure 6.2.a and Figure 6.2.b show the surface of 0.50 wt% CNC films in
two different scanning areas, 100 um x 100 um and 50 pm x 50 um . Figure 6.2.c, Figure 6.2.d,
Figure 6.2.e and Figure 6.2.f indicates the surface topography of 1.0 wt% CNC films. The
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roughness for the case of 0.5 wt% CNC is higher than in the case of1.0 wt% CNC indicating the
presence of CNC particles.

Figure 6.3.a and Figure 6.3.b show the surface topography of dried film cast from a droplet of
2.00 wt% CMC solution. The surface of CMC is amorphous and smooth. In Figure 6.3.c and
Figure 6.3.d The surface topography of 1.0 wt% PEO solution contains spherulites of semi-
crystalline PEO matching with POM results in Figure 4.7. Nucleation site, crystalline lamellas

and grain boundary were observed in the images (Figure 6.3.c and Figure 6.3.d).

Figure 6.4 shows the surface topography of CNC suspensions with CMC solutions. Figure
6.4Figure B.4.a represents the 0.50 wt% CNC-0.50 wt% CMC solution; in this case the polymer
concentration is below the critical concentration level (c**~1.10 wt%). Aggregated spots point to
CNC blobs. When the concentration of CMC solution is above c** (Figure 6.4.b), the number of
aggregated spots increase Moreover, CMC chains assembles as branches, which is similar to the
self-assembled collagen structure (138). At a low CMC concentration (0.05 wt%), the orientation
of CNC particles is observed in Figure 6.4.c and Figure 6.4.d. Depletion interactions generate an
ordered CNC structure. In Figure 6.3.d, CNC flocs are further more evident compared the
previous images (Figure 6.4.a and Figure 6.4.b). Strong depletion interactions lead to produce
ordered sets of CNC flocs generating blob structure of CNC particles. This result is in

accordance with our discussions in Chapter 2, Chapter 3 and Chapter 4.
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Height | Z0um Fisg 20um
Figure 6.2 AFM Height images of surface of film cast from droplet of 0.50 wt% CNC suspension with the
scan size of (a) 100 um x 100 um and (b) 50 um x 50 um, and 1.00 wt% CNC suspension with the scan

size of (¢) 100 pm x100 pm, (d) 50 pm x 50 pm, (e) 10 pm x10 pm and (f) 5 pm x 5 pm.
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Height 30.0 ym Height 0.0 um
Figure 6.3 AFM Height images of surface of film cast from droplet of 2.00 wt% CMC solution with the
scan size of (a) 100pum x 100um and (b) 50 pm x 50 um and 1.00 wt% PEO solution with the scan size of
(c) 100 pm x 100 pm and (d) 50pum x 50pum.

-75.0 nm -60.0 nm

Height 200 pm Height Z0m
Figure 6.4 AFM Height images of surface of film cast from droplet of (a) 0.50 wt% CMC-0.50 wt% CNC
mixture (50 pm x 50 pm), (b) 0.50 wt% CMC-2.00 wt% CNC mixture (50 pm x 50pm) and 0.05 wt
CMC-1.00 wt% CNC mixture with the scan size of (¢) 100 um x 100 um and (d) 5.00 pm x 5.00 pm.
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In the case of PEO solutions, ordered CNC structures are also observed when the concentration
of PEO is very low (0.05 wt%). In Figure 6.5Figure 5.B.a,Figure 6.5.b and Figure 6.5.c, the
degree of ordering is less significant for CNC particles in PEO solution than CNC particles in
CMC solutions because of weak depletion interactions between CNC particles and PEO chains.
Increasing the concentration of PEO results in CNC flocs (Figure 6.5.d). However, the
spherulites of PEO chains are not observed in CNC-PEO solutions because CNC particles limit

the formation of spherulites; this observation agrees with our discussion in Chapter 4.

Height 2.0 um Height 10.0 ym

Figure 6.5 AFM Height images of surface of film cast from droplet of 0.05 wt% PEO-1.0wt% CNC
mixture (a) (50 pm x 50 um), (b) (10 pm x 10 pm), (¢) (5 pm x 5 pm), and (d) 1.0wt% PEO-1.0wt% CNC
mixture (50 pm x 50 pm).

XRD experiments were performed to understand the change in the size of PEO

spherulite. The characteristic peaks of CNC particles and PEO chains can be seen in Figure 6.6.
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The peak at 18.9° indicates the change in the size of spherulites of PEO chains because only PEO
samples had peak at, 18.9°. A decrease in intensity at 18.9° is proportional with the decrease in
the size of spherulites in PEO chains; this effect is due to the presence of CNC particles. XRD

results are also in accordance with POM results in Figure 5.7 in Chapter 5.
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Figure 6.6. X-ray diffractogram of 1.00 wt% CNC, 1.00 wt% PEO and 1.00 wt% CNC+1.00 wt% PEO.

Figure 6.7 consists of 2D height images, 3D height images, and roughness profiles of the film
cast from 0.01 wt% CNC suspensions. In Figure 6.7.a CNC particles have a random orientation
due to their low concentration. The 3D height image is shown for a better understanding of the
surface topography (Figure 6.7.b). According to height profile graphs, the height values fluctuate

around 5 nm and fluctuations were distributed uniformly (Figure 6.7.c).
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Figure 6.7 AFM results of surface of film cast from droplet of 0.01 wt% CNC suspensions (a) 2D height
image (5 pm x 5 pm), (b) 3D height image (5 um x 5 pm) obtained by tapping mode, (c) roughness
profile along a line chosen in arbitrary direction on the surface and is shown by the diagonal line in (a).

Figure 6.8 consists of 2D height images, 3D height images, and roughness profiles of film
cast from 0.01 wt% CNC suspensions in 0.01 wt% CMC solutions. In Figure 6.8.b, two different
phases were observed: (1) CNC rich phase and (2) CMC polymer rich phase. Besides, depletion
interactions bring the neighboring CNC particles closer to each other. According to height profile
graphs, fluctuations values differ changing the height values and in relation to the region studied

(Figure 6.8.c).
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Figure 6.8 AFM results of surface of film cast from droplet of 0.01 wt% CNC- 0.01 wt% CMC mixtures:
(a) 2D height image (5 um x Sum), (b) 3D height image (5 um x 5pum) obtained by tapping mode, (c)
roughness profile along a line chosen in arbitrary direction on the surface and is shown by the diagonal

line in (a).

Figure 6.9 consists of 2D height images, 3D height images and roughness profiles of film cast
from 0.01 wt% CNC suspensions in 0.01 wt% PEO solutions. In contrast to CNC-CMC samples,
the presence of PEO don’t generate two separate phase. The degree of ordering of CNC particles
in the matrix of PEO is similar to the case of CNC particles without any polymer addition. PEO
chains forms a structure similar to isotropic particles. This could also be an evidence of PEO
adsorption on CNC surface. Fluctuations around 5 nm represent CNC particles. PEO-adsorbed

CNC particles fluctuate in the range to 25-35 nm (Figure 6.9.c)
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Figure 6.9 AFM results of surface of film cast from droplet of 1.00 wt% CNC- 1.00 wt% PEO solution:
(a) 2D height image (5 um x 5um), (b) 3D height image (5 pum x 5 pm) obtained by tapping mode, (c)
roughness profile along a line chosen in arbitrary direction on the surface and is shown by the diagonal
line in (a).

6.5 Conclusion

Regarding to CNC suspensions with CMC solutions, strong depletion interactions led to an
ordered CNC structure. At higher concentrations, these ordered structure resulted in blob
structures which were visually observed in AFM images. At dilute concentrations, depletion
interactions resulted in two different kinds of media. In the case of CNC suspensions with CMC
solutions, the adsorption PEO chains onto CNC surfaces weakened depletion interaction,
therefor; the degree of ordering CNC particles is not significant in PEO solution. Moreover, the
adsorption of PEO chains on CNC particles was observed visually in AFM images at dilute
concentrations. Consequently, different interaction mechanism leads to different ordering

behavior of CNC particles.
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Chapter 7. Conclusion

Interactions between CNC nanoparticles and polymer chains were determined with the
combination of rheological methods, optical measurements, dynamic light scattering techniques

and NMR. This study leads to the following conclusions:

e The structure formation in CMC-CNC solutions dramatically thickened the shear viscosity
of CNC suspensions at lower shear rates. The presence of CMC chains led to a drastic shear
thinning behavior at higher shear rates.

e Formed structured were observed as nematic flocs in dilute CMC-CNC solutions. STEM
POM images of concentrated CNC-CMC solutions showed both nematic and chiral-nematic
phase. The flocculated structure of CNC particles and formation of non-isotropic flocs in the
CMC solution also supported the depletion mechanism.

e An increase in CNC concentration resulted in the entanglement of CMC chains and the
formation of CNC blobs from nematic flocs that entrapped water. Therefore, the CMC
concentration artificially increased in the bulk state; this increase the shear viscosity,
gelation and produce a different response in the Cox-Merz rule.

e Adding PEO polymer in CNC suspensions didn’t show any significant thiecking behavior in
shear viscosities at higher shear rates (Appendix A). PEO solutions in the presence of CNC
suspensions show a weak shear thinning behavior at higher shear rates.

e Even though, STEM image of dilute PEO-CNC solution showed randomly dispersed CNC
nanoparticles, birefringent structures were observed by means of POM indicating an
isotropic-nematic phase transition.

e Regarding to CNC suspension with the PEO solutions, DLS and NMR measurements
showed the adsorption of PEO onto CNC surfaces, although non-ionic PEO was supposed to
act as a non-adsorbing polymer. The existence of salt in low concentrations could extend the
PEO chain and sulfate groups of CNC particles could play a role as cofactors leading to
adsorption.

e Depletion interactions were the main reasons for observing a nematic phase below the CNC
phase transition concentration (2.70-3.39 vol.%). Both polymers applied osmotic pressure to

CNC particles, resulting in two different kinds of depletion interactions.
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o In the case of CNC-CMC polymer solutions, depletion flocculation was the reason to
the structural change, gelation and increase in viscosity. The presence of sulfate
groups of CNC particles and carboxyl groups of CMC chains created the electrostatic
repulsion which strengthened depletion interactions.

o In the case of CNC-PEO polymer solutions, the adsorption of PEO onto the CNC
surface resulted in a non-zero PEO concentration in depletion layer thickness. After
saturation of PEO chains, weak depletion interactions occurred in CNC suspension
with PEO. Weak depletion interactions were the results of the adsorption of PEO

chains because the presence of PEO chains reduced the applied osmotic pressure.

7.1 Contribution to Knowledge

The nature of CNC polymer interactions and mesoscopic structure of CNC particles in semi
dilute state in semi-dilute polymer solutions are not well understood in the literature. Two kinds
of interactions may occur between CNC particles and polymer chains: (1) adsorption and (2)
depletion. If considering only phase behaviors, understanding weakly interacted colloid polymer
mixtures is not easy because both depletion and bridging flocculation lead to phase separation.
This study focused on investigating interactions in terms of not only phase behavior but also
structure-property relations, particle diffusion, electrophoretic mobility and 'H NMR solvent
relaxation. These techniques were used to explain CNC polymer interactions without any
uncertainties. The main achievement of this study was determining the interactions between rod-

like CNC particles and flexible anionic and neutral polymer chains.

As an industrial significance, desired macroscopic properties can be obtained by controlling with
the presence of polymer solutions, the degree of ordering CNCs can be controlled in mesoscopic
level; this determines certain macroscopic properties. Adding CNC particles in polymers
enhances the rheological properties such as thickening viscosity at lower shear rates and gel
formation. CNC suspensions at low concentrations as a rheology modifier in dilute and semi-
dilute polymer concentrations has potential applications in coating formulations, drilling and
fracturing fluids, personal care and other industrial and household products. The use of such
thickening systems shall bring not only desired performance characteristics by tailoring the
thickening behavior but also address the operational concerns such as shear, thermal and

bacterial degradation of the formulations. Minimizing the concentrations of water soluble
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polymers in any functional fluid while maintaining the thickening rheology by incorporating
relatively shear, thermal and bacterially stable CNC can remedy such problems in operations.
Besides cellulose nanocrystals are easily dispersible in water and easy to formulate with a

minimum mechanical action during preparations of product formulations.

7.2 Future Recommendations

Interactions between unmodified CNC and flexible polymers in aqueous medium were the

focus of this study. Recommendations for the future studies on this topic were listed below:

e To enhance understanding of polymer effect on interaction mechanism, interactions
between CNC particles and semi-flexible polymers would be also interesting to
investigate. Semi-flexible polymers such as Xanthan gum may act on CNC nanoparticles
resulting in different interaction mechanism.

e Associating polymers consist of at least one hydrophilic part or block and at least
hydrophilic part/block forming associating network and enhancement in viscosity. The
presence of CNC and associating polymers in solutions together could also enhance
viscosity and viscoelastic properties due to different interaction mechanism.

e Sulfuric acid hydrolysis is used to obtain CNC particles. Depending on the hydrolysis
conditions, the morphologies and properties of CNC may vary. The presence of hydroxyl
groups on CNC surface allow to functionalization of the nanocrystals. Surface
modification effect on interaction mechanism can also be studied to improve
understanding of the effect of surface properties of CNC particles.

e TEMPO-mediated oxidation is the other way to obtain CNC. The effect of an oxidation
with the TEMPO radical leads to aldehyde and carboxylate groups on CNC surface. This
could be interesting work because different functional groups may results in different
interaction mechanism and rheological properties

¢ Interactions between solvent molecules and polymer molecules result in different chain
conformations. Radius of gyration of polymer chain is one of the main parameter of
depletion interactions. Therefore, aqueous systems even binary solvent systems could be
another interesting research to observe solvent effect. However, solvent molecules CNC
interaction should also be considered as change in solvent type may also affect dispersion

state of CNC in solution.
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According to Onsager theory, phase separation is entropy driven effect. The basis of
Lekkerkerker’s calculation is chemical potential equation for isotropic-nematic phase
transitions of CNC. Therefore, the main parameter of thermodynamics, temperature and
its effect could be another promising research to focus in both mesoscopic and
macroscopic level.

AFM and POM results indicate that crystallinity of PEO changes in the presence of CNC.
Crystal growth of PEO chains could be investigated in terms of CNC concentration, PEO
concentration, temperature change and addition of salt for solid-state application of PEO-
CNC solution. For instance, solution casting method could use to form of PEO-CNC
films for food packaging, painting or coating applications. Controlling over crystallinity
and dispersion state of CNC allow to optimize barrier and mechanical properties of

corresponding CNC-PEO films
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Appendix A. Supplementary for NMR Results in Chapter 4

This section is a supplementary document for Chapter 5. Table A.1 shows spin-lattice

relaxation times of samples. Relation between spin-lattice and spin-spin relaxation times was

discussed in Chapter 5.

Table A.1. Spin-lattice relaxation times of samples with respect to molecular weight, CNC concentration

and salt concentration.

Polymer Mw Polymer Conc. CNC Conc. NaCl T, (s)
Type (kDa) (Wt%) (wt%) (ppm)

- - 0 0 0 18.23

- - - 1 0 8.66
PEO 600 1 0 0 9.05
CMC 700 1 0 0 11.42
CMC 90 1 1 0 21.80
CMC 250 1 1 0 19.21
CMC 700 1 1 0 9.05
CMC 700 | 1 200 10.90
Polymer Mw Polymer Conc. CNC Conc. NaCl T,, T,,
Type (kDa) (Wt%) Wt%)  (ppm) (5) ()
PEO 600 0.1 1 0 16.75 0.71
PEO 600 0.1 0.5 0 16.23 0.70
PEO 600 0.1 0.05 0 19.20 0.68
PEO 600 0.1 0.01 0 17.95 0.68
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