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ABSTRACT

In this study, we will try to develop different microgel systems for enhanced oil
recovery applications. The usage of microgels for this application has not been much studied,
but it seems to have a great potential. The discussion regarding these systems has been
subdivided into two parts. In the first part, chemically cross-linked nanoparticles from dilute
aqueous alkali solutions of hydroxyethylcellulose (HEC) in the presence of a cross-linker
agent (divinyl sulfone, DVS) have been examined. These nanoparticles were prepared from a
reaction mixture, which was exposed to different stirring speeds during the cross-linking
process. At various stages during the cross-linking procedure, the reaction was terminated and
the species were characterized by means of turbidimetry, asymmetric flow field-flow
fractionation (AFFFF), dynamic light scattering (DLS), and rheo-small-angle light scattering
(Rheo-SALS) methods. During the cross-linking of a dilute polymer solutions, there is a
constant competition between intrapolymer and interpolymer cross-linking. The DLS results
show that intrachain cross-linking with contraction of the complexes is promoted and the
growth of aggregates is inhibited by high stirring speed. The results from the Rheo-SALS
measurements disclosed that at early stages during the cross-linker reaction, the complexes
are fragile against shear forces, especially if the reaction mixture had been subjected to low
stirring speeds. At a later state of cross-linking, more cross-links lead to a better stability of
the species. The strategy discussed in this study is of special interest for enhancing the oil
recovery applications, since the size and polydispersity of the particles can be tuned by

changing the stirring speed and quenching time.
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In the second part, uncharged chemically cross-linked poly(N-isopropylacrylamide)
(PNIPAAM) microgels and charged PNIPAAM microgels with different amount of acrylic
acid groups (PNIPAAM-co-PAA) were synthesized and the temperature-induced aggregation
behavior of aqueous suspensions of these microgels were explored with the aid of dynamic
light scattering (DLS), and turbidimetry. The DLS results show that the particles at all
conditions would shrink at temperatures below the lower critical solution temperature
(LCST). For the uncharged particles, the relative contraction effect is larger than what is
observed for charged particles. The compression of the microgels cannot be traced from the
turbidity results, but rather the values of the turbidity increase in the whole temperature
interval. This phenomenon is discussed in the framework of a theoretical model. In a very
dilute suspension, the size of the uncharged microgels is unaffected by temperatures above
LCST. In this temperature range, uncharged particles of higher concentration and particles
containing acrylic acid groups at low pH (pH = 2) aggregate, and macroscopic phase
separation is approached at higher temperatures. The charged particles (pH = 7 and pH = 11)
continue to collapse with increasing temperature over the entire temperature domain. The
addition of an anionic surfactant such as SDS to the uncharged particles has been studied.
This adsorption of the anionic SDS may endow a polyelectrolyte character of the uncharged
polymer and will stabilize those against aggregation. This study demonstrates how the
stabilization of microgels can be affected by factors such as polymer concentration, addition
of ionic surfactant to uncharged particles, the amount of charged groups in the polymer, and/

or pH.
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ABSTRACT (Arabic)

oadlall
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1) Chemically cross-linked

2) Hydroxyethylcellulose (HEC)

3) Cross-linker agent

4) Divinyl sulfone (DVS)

5) Turbidimetry

6) Asymmetric flow field-flow fractionation (AFFFF)
7) Dynamic light scattering (DLS)

8) Rheo-small-angle light scattering (Rheo-SALS)

9) Polydispersity
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10) Poly (N-isopropylacrylamide) (PNIPAAM)

11) Poly (N-isopropylacrylamide-co-poly acrylic acid) (PNIPAAM-co-PAA)
12) Lower critical solution temperature (LCST)

13) Sodium dodecyl sulfate (SDS)
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|. INTRODUCTION

.1 Enhanced Oil Recovery

Unstable oil prices and increasing oil demand is a fact of life, even though a global
peak of conventional oil production was expected to decay, energy insufficiency is one of the
most important problems that faces humanity [1-4]. Liquid fuel prices will probably increase as
a consequence of the decreasing production of cheap, easy-to-access oil. Without a practical
solution, the economic, environmental, social, and political costs will be unprecedented with
the opportunities of discovering new reservoirs decreasing [4,5], enhanced oil recovery (EOR)
has become an important option to moderate shortage of oil production in reservoirs after they
reach their peak production [3,4].

EOR processes often involve the injection of materials not normally present in the
reservoir (polymers, foams, surfactants, solvents, etc.). They are categorized as thermal,
chemical, or solvent methods. Polymer flooding is a chemical EOR process that has been
studied since the late 1950s, and its application has become common since 1980 [6]. The basic
process is consisting of using water soluble polymers of high molecular weight as water-
flooding additives to control fluid movement in reservoirs, in order to improve sweep
efficiencies, and to increase oil production. In most cases, polymer flooding is implemented as
a tertiary process near the end of a water flood. In the oil fields, polyacrylamides and
polysaccharides are the most commonly used water-based polymers [7-10]. Water-based
polymers can also be injected with a cross-linking agent into the reservoir formation, and in
this case a polymer gel is formed by the reaction between the polymer solution and a cross
linking agent [7, 11]. In such practice a solution containing the polymer and cross-linker, is
injected in desired zones and allowed sufficient time to set into a gel. In recent years, these gels

are not only used in injection wells to divert the flow and shut off the flow of water in oil
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production wells, but also used more substantially as agents in enhanced polymer flooding

[12,13]. The main disadvantages of EOR using linear polymer solutions compared with cross-
linked polymer solutions are plugging after a given time [14], mechanical and chemical
degradation [15,16] and less stability with respect to high temperatures and salinity [17].

In this project, we aim to find new, low cost microgels that can be used in enhanced

oil recovery (EOR) applications without any adverse effects on the environment.
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1.2 Polymers

A polymer is a large molecule that is made of small constituent parts (monomers)
linked to each other [18]. The behavior of polymers in an aqueous environment depend on a
number of factors, in particular various, intramolecular and intermolecular interactions such as
van der Waales forces, electrostatic interactions, hydrophobic associating, and hydrogen bonds.
For example, if the polymer contains electric charges, the polymer tends to expand due to
intramolecular electrostatic repulsive interactions, charges also have consequences for the
sensitivity of the polymer solution to electrolyte concentration and pH. Hydrophobic
interactions and hydrogen bonds often result in an effective polymer-polymer attraction, which
tends to both contract the polymer molecules and cause interpolymer associating [19]. Some
polymers respond to change of physical or chemical stimuli, such as temperature, electric and
magnetic field, solvent, mechanical stress, radiation (UV, visible light), and ionic strength [20].
Polymers can be divided into biopolymers and/ or synthetic polymers.

Biopolymers are classified as macromolecules which are produced by living organisms.
Some examples of this kind of biopolymers are proteins, peptides, DNA, cellulose, cellulose
derivatives and other polysaccharides. They are responsible for the biological functions of
molecular sensing, catalysis, molecular motions and homeostatsis [20].

Synthetic polymers are classified as macromolecular compounds which are chemically
manufactured from separate materials by human intervention. Poly (N-isopropylacrylamid)
(PNIPAAM), polyethylene glycol (PEG), polystyrene (PS), polyethylene (PE), polyvinyl
chloride (PVC), polypropylene (PP), nylon, and polyacrylamide (PAAM) are some examples

of this type of polymers.
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.3 Gels

A polymer gel is a polymeric material that has both solid and liquid-like properties.
Gels are mostly liquid in composition with respect to weight and volume, while their structure
is a solid like.

Hydrogels are defined as aqueous cross-linked polymers that exhibit viscoelastic or
pure elastic behavior. One of their most important features is their swelling capacity; they can
absorb water up to one thousand times more than their dry weight [21-23]. Some hydrogels
exhibit a stimuli responsive behavior [24,25]. They are widely used in many applications such
as hygiene, cosmetics, agriculture, medicine, biotechnology, and petroleum recovery
treatments of mature reservoirs because of their unique characteristics like hydrophilicity,
swelling in aqueous media, and non-soluble nature in aqueous fluids [26-30]. Hydrogels can be
classified in different ways but in this work we will concentrate mostly on the classification
based on the cross-links type. Cross-links are important to maintain the ‘network’ structure of
the hydrogels and to prevent dissolution of the hydrophilic chains [31]. Based on the type of
cross-links there are two classes of hydrogels.

) Physically Cross-linked Hydrogels:

These hydrogels are cross-linked by physical forces such as hydrophobic interactions,
hydrogen bonds, electrostatic forces, etc. Some hydrogels in this class can go from a three-
dimensionally stable gel structure to the polymer solution, and do this reversibly, by changing
external variable such as the temperature, concentration, pH, ionic strength, etc. [32]. An
example of this kind of hydrogel is poly(acrylic acid) and poly(methacrylic acid) forming
hydrogen bonds with (ethylene glycol), which results in the formation of hydrogels [33,34].
Another example is ethyl(hydroxyl ethyl)cellulose (EHEC) in the presence of an ionic

surfactant. This system form thermoreversible gels at elevated temperatures [31,35,36].
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° Chemically Cross-linked Hydrogels:

When a suitable cross-linker is added to an aqueous polymer solution, the polymer
molecules are cross linked by covalent chemical bonds, and a permanent three-dimensional
network is formed. This type of chemically hydrogels is more stable than the physically cross-
linked hydrogels because the cross-links are formed by covalent bonds [31]. Usually they have
a permanaent structure. An example of this kind of hydrogel is hydroxyethylcellulose (HEC) in
the presence of the difunctional cross-linker divinyl sulfone (DVS) [37-39].

Microgels are colloidally stable hydrogel particles. Their size ranges typically from
50 nm to 5 um [40]. Microgels possesses several advantages over bulk gels due to smaller size
and volume, higher surface area, faster response to stimuli, and higher diffusivity [41]. Unusual
properties of microgels lead to various applications such as drug delivery [42-44], biosensing
[45,46], chemical separations [47,48], catalysis [49,50], optics [51,52], and EOR [39,53].
Many methods have been developed for preparing microgels, including emulsion
polymerization, inverse microemulsion polymerization, anionic copolymerization, and cross-

linking of neighboring polymer chains [40,54-61].
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.4 Polymer-Surfactant Interactions

During the last years, the synergism of surfactants and polymers in aqueous solution
has attracted much interest in fundamental and applied research. The interest of this topic is
driven by the numerous industrial applications of water-borne fluids incorporating mixtures of
polymers and surfactants. This type of systems is found in fluids for enhanced oil recovery,
paints, food preparations, cosmetic formulations, and pharmaceutical compositions [36]. It is
well established that the interaction of a non-ionic polymer such as (PNIPAAM) with an
anionic surfactant such as sodium dodecyl sulphate (SDS) can induce charging effects of the
polymer and in effect imparting polyelectrolyte properties to the non-ionic polymer [62]. The
strong polymer-surfactant interactions often manifest themselves through a significant
viscosity enhancement at a certain concentration of the surfactant [36,63-68].

Addition of surfactant alters the thermodynamic conditions in a solution and the cloud
point temperature can be effected [69]. Surfactants adsorb onto amphiphilic polymers and form
polymer-surfactant complexes. As an example, adsorption of ionic surfactants onto a polymer
adds both hydrophobic groups and charged groups to the polymer-surfactant complex. The
ionic groups favour dissolution and the hydrophobic group favour aggregation. Depending on
the amount and nature of adsorbed surfactant, the polymer-surfactant complex can experience
improved or worsened thermodynamic conditions [69]. For many polymer/surfactant systems,
the viscosity goes through a maximum as the surfactant concentration is increased [70-72]. For
PNIPAAM, addition of a small amount of an anionic surfactant leads to poorer thermodynamic
conditions. This results in a cloud point depression. At a higher surfactant concentration, the

thermodynamic conditions are improved and the cloud point increases.
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. BACKGROUND

1.1 Materials

11.1.1 Hydroxyethylcellulose

Figure 1: HEC is white or yellowish powder.

Hydroxyethylcellulose (HEC) is a hydrophilic non-ionic polymer, which is usually sold
as a white or yellowish powder, see Figure 1. HEC has antibacterial properties and can be
classified as an environmentally friendly biopolymer. It is prepared by the reaction of purified
cellulose with ethylene oxide, usually in the presence of a base such as sodium hydroxide. The
base activates the cellulose matrix, in combination with water, by disrupting hydrogen-bonded
crystalline domains, thereby increases the accessibility to the alkylating reagent. The activated
matrix is usually termed alkali cellulose. The base also promotes the etherification reaction.
Reactions are typically conducted at elevated temperature, and under nitrogen to inhibit
oxidative molecular weight degradation of the polymer [73].The typical overall reaction for the

production of HEC can be written as follows.

R.,OH.NaOH + H,C ——CH, ——s R_;OCH,CH,OH + NaCH

C

Cellulose Ethylene-oxide Hydroxyethylcellulose
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The chemical structure of HEC is given in Figure 2. HEC is used in various industrial
fields such as coating, cements, thickeners, pharmaceuticals, oil-well fracturing, drilling
applications, cosmetic, inks, papers, lubricants, gels, and agricultural formulations. HEC is not

degraded by common bacteria [74].
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Figure 2: An illustration of the HEC structure.
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11.1.2 Divinyl Sulfone

Divinyl sulfone (DVS) has been widely used to cross-link hydroxyl containing
polymers to prepare hydrogels [75], microgels [39,62,76] and nanoparticle networks [77] in
alkaline solutions (around pH =~ 12 or higher) [78]. The advantage of using DVS as a cross-
linker is the possibility of assessing the extent of the incorporation of the DVS by sulfur

microanalyses [78]. The chemical structure of DVS is illustrated in Figure 3.

Figure 3: The chemical structure of DVS.

The reaction between a polymer containing hydroxyl groups and a cross-linking DVS is
illustrated in Figure 4. This figure demonstrates how the cross-linker operates in connecting
polymer chains containing hydroxyl functional groups. It is observed that this kind of reaction
has to be done under basic conditions. The free hydroxyl groups on the polymer chain can react
with the hydroxyl ions in the solvent and form poly-O anions at alkaline conditions. Sulfone is
an electron-drawing group. According to the chemical structure of DVS, the terminal carbon
atom is electron deficient, and has a positive charge to some extent. This will enable the
terminal carbon atom to be attacked by the poly-O" groups follow-on a Michael addition
reaction. In principle this kind of reaction should not generated any byproduct, but in practice

DVS is hydrolyzed by water (slowly at neutral pH and more rapidly in alkaline solution) [78].
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Figure 4: Reaction scheme for cross-linking of hydroxyl-functional polymers with DVS.
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11.1.3 Cross-Linked acrylamide-based polymer gels

Figure 5: Chemical structure of polyacrylamide.

Polyacrylamide (PAAM) is a cost effective polymer, with the chemical structure
shown in Figure 5. It can be obtained in the form of either a powder or an aqueous solution.
The first study of cross-linked acrylamide gels was made in the late 1950s, as reported by
White in 1960 [79]. White’s work shows that the swelling degree of acrylamide (AAM) cross-
linked with N,N’-methylenebisacrylamide (BIS) decreases with increasing crosslinking density
[79,80]. The volume transition of polyacrylamide gels has been widely studied since 1984, and
Hirokawa [81] found that non-ionic N-isopropylacrylamide polymer gels shrink when the
temperature is increased. PAM-based polymer gels or stimuli-responsive microgels are
frequently used in water treatment, paper manufacturing, mining/mineral processing, and the
petroleum industry [82,83]. The vast array of applications of PAAM-microgels arise from their
stimuli-responsive nature, that is, their ability to undergo reversible volume phase transitions in
response to environmental stimuli such as pH [84,85], temperature [84], ionic strength [86],

solvent [87], and the action of an external electromagnetic field [88], see Figure 6.

pH
Temperature
lonic strength
Solvent
Electric field

Figure 6: Schematic illustration of change in microgel size in response to various environmental

stimuli.
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One of the most studied classes of responsive polymers is the temperature sensitive
poly(N-isopropylacrylamide) (PNIPAAM). PNIPAAM has been synthesized by a variety of
techniques: redox initiation, free radical initiation, ionic initiation, and also using radiation
[89].

When the solution temperature is raised above the lower critical solutions temperature
(LCST for aqueous solutions of PNIPAAM is approximately 32 °C), this polymer undergoes
thermally induced deswelling [89]. PNIPAAM is highly solvated, at temperatures well below
the LCST, owing to hydrogen bonds between water molecules and amide residues of the
polymer chains [89]. These hydrogen bonds are increasingly disrupted upon heating, causing
water to act as a poorer solvent for PNIPAAM, thus leading to gradual chain collapse.
Therefore, the hydrophobicity of the polymer is enhanced at elevated temperatures. This effect
can easily lead to multichain association and the growth of huge aggregates.

As a result, heating of an aqueous suspension of chemically cross-linked PNIPAAM
microgels can evoke a situation where intrachain contraction is overshadowed by interpolymer
aggregation at high temperatures. The aim of the present investigation is to address this issue

and to present strategies to control temperature-induced interpolymer aggregation.
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11.1.4 Surfactants

Surfactants are low to moderate molecular weight compounds which contain a
hydrophobic part, which is generally readily soluble in oil but with low water solubility, and a
hydrophilic (or polar) part, with low oil solubility, but which is easily soluble in water [19],

see Figure 7.

Hydrophobic tail Hydrophilic
headgroup

Figure 7: Schematic illustration of a surfactant molecule.

Surfactants are classified according to their hydrophilic headgroup, they can be either
ionic or nonionic. The ability to self-associate into micellar structures when the surfactant
concentration in the solution surpasses a limiting value is known as the critical micelle
concentration (CMC) [19]. Surfactants are widely used as additives to modify the properties

of polymeric systems for a variety of applications [90,91].

11.1.4.1 Sodium Dodecyl Sulfate

Sodium dedecyl sulfate (SDS) (CH3(CH;);;0SOsNa) is a common anionic surfactant,

see Figure 8, with a CMC of about 8.0 mM in pure water solution at 25 °C [92-95].

Figure 8: Chemical structure of SDS.
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1.2 Experimental Methods

11.2.1 Mechanical Stirring

To apply various shear forces on the reaction mixtures, a mechanical stirrer device of
the type IKA EUROSTAR power control-visc was purchased from IKA®-Werke Gmbh & Co.
KG, Germany. A principal sketch of the experimental set-up with the mechanical stirrer is

displayed in Figure 9.

__._FF,,,#( 0-2000r.pm}

Figure 9: Schematic demonstration of the mechanical stirring setup.
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11.2.2 Turbidity

Turbidity is a measure of the cloudiness of the samples and how much the solute
hinders the passage of light. In this work, a spectrophotometer is used to determine the
turbidity of the samples. This optical technique employs transmission measurements, in which
the detector is optically in line with the light source, see Figure 10. Particles in the sample
scatter and absorb the incoming light, and consequently less light is transmitted through the
sample. The decrease in light intensity, compared to a cuvette containing the pure solvent is
measured. The turbidity measurements give insight into structural changes of the systems on a
global scale and also the thermodynamic and associative properties of polymer solutions. A
steep increase in the turbidity of a polymer solution may be due to deteriorated

thermodynamic conditions of the system.

Transmitted light

[~

Detector

%Wave lerath isolation

Tungzten lamg Clvette

Figure 10: Schematic illustration of turbidity measurements using a spectrophotometer.
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The spectrophotometer that has been used in this work is a computer-controlled
Thermo Spectronic Helios Gamma with a good temperature control in the range (0-100°C). It
is a single beam UV-Vis spectrophotometer with a wavelength range of 190-1100 nm and a

fixed 2 nm bandwidth, and it can measure in two modes:

e Absorbance (how much light is absorbed by the sample).

e Transmittance (the percentage of the incoming light that goes through the sample)

To calculate the turbidity (1) from the measured transmittance, the following expression is

used:
T =(-1/L) In (Iy/1p) (1)
Where: L is the light path length in the cuvette (1 cm)
I is the transmitted light intensity

Iy is the incident light intensity

The cloud point (CP) of the samples can be determined from the turbidity curves, and is taken

as the time of the initial steep increase in the turbidity.
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11.2.3 Light Scattering (LS)

Light Scattering (LS) is a powerful technique for characterization of particles in
solution. Intensity light scattering (ILS), and dynamic light scattering (DLS) are two different
experimental methods, but the same instrument is used for both. Intensity- and dynamic light
scattering give complementary information. By using ILS, the molecular weight (My), the
radius of gyration (R,), the fractal dimension (dy), and the second virial coefficient (A;) can be
calculated. ILS is a well-established technique for determining size, shape, and structure. The
hydrodynamic radius (Ry), diffusion coefficients (D), hydrodynamic correlation lenght &, for
semidilute samples, micellar size, and particle size distribution can be calculated from DLS
experiments. For this reason they are commonly used to characterize polymer solutions [96-
98].

In light scattering experiments, we probe the sample on a length scale of ¢, where ¢
is the wave vector defined as g = 4z n sin (82)/A . Where A is the wavelength of the incident
light in a vacuum, @1s the scattering angle (i.e., the angle between the incoming and scattered
light) and 7 is the refractive index of the medium. A principal sketch of the experimental set-

up of the LS is displayed in Figure 11.
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Figure 11: Schematic illustration of the light scattering apparatus.

ALV/CGS-8F is multi-detector version compact goniometer system, with 8 fiber-
optical detection units, from ALV-GmbH., Langen, Germany. The beam from a Uniphase
cylindrical 22 mW HeNe-laser, operating at a wavelength of 632.8 nm with vertically polarized
light, was focused on the sample cell (10-mm NMR tubes, Wilmad Glass Co., of highest
quality) through a temperature-controlled cylindrical quartz container (with 2 plane-parallel
windows), vat (the temperature constancy being controlled to within £ 0.01 °C with a

heating/cooling circulator), which is filled with a refractive index matching liquid (cis-decalin).
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11.2.3.1 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), which is also known as "photon correlation
spectroscopy"” or "quasi-elastic light scattering", is a well established technique used for
characterizing dynamics, on different length and timescales, in systems of various complexity.
This technique measures the time dependent fluctuations in the intensity of scattered light,
which occurs because the particles are undergoing random, Brownian motion. This random
motion of the particles (within the small measuring volume) causes a dynamic pattern of
fluctuation in the scattered light arriving at the detector. These distortions in light are
measured to calculate the ease of movement of particles in a liquid medium. As light scatters
from the moving macromolecules, this motion imparts a randomness to the phase of the
scattered light, such that when the scattered light from two or more particles is added
together, there will be a changing destructive or constructive interference. This leads to time-
dependent fluctuations in the intensity of the scattered light that can be measured over a time
range from tenths of a microsecond to more than one hour. DLS measurements probe how
concentration fluctuations relax toward equilibrium at a length scale of q”'. The fluctuations

are quantified via the second order correlation function:

1(D)I(t+7))

2on
g (?) <[(l‘)>2 ()

Where 1(¢) is the intensity of the scattered light at time ¢, 7 is the time measured from the time
t, and the brackets indicate averaging over all 7. Analysis of these intensity fluctuations at
different scattering angles enables the determination of the distribution of diffusion
coefficients of the particles from which, the hydrodynamic radius of the particles can be

calculated. The strength of this technique lays in its ability to examine samples containing
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broad distributions of species of widely differing molecular masses and various sizes of

aggregates [96-98].
11.2.3.1.1 Analysis of the Dynamic Light Scattering data

If the scattered field obeys Gaussian statistics (which most systems do, provided they
are ergodic, and not very turbid), the experimentally determined homodyne intensity
autocorrelation function, g*(q,t), can be directly related to the theoretically amenable first-

order electric field autocorrelation function, g'(qt), by the Siegert relation [99].

g(qt)=1+B|g'(qt) |’ 3)

Where B is usually treated as an empirical factor.

For suspensions containing particles with different size distribution, the
nonexponential behavior of the autocorrelation function can be portrayed by using a
Kohlrausch-Williams-Watts [100,101] stretched exponential function. This procedure has
been reported [102-105] to be powerful in the analysis of correlation functions obtained from
various colloid systems. This approach is also successful to describe the correlation function
data in the second part of this work (PNIPAAM microgels), and the correlation functions are

fitted with the aid of eq.4.

g (t)=expl-(t/7,) ] @

Where 14 and v are fitting parameters.
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While the correlation functions for dilute or semidilute solutions of more complex
systems can often be described by the sum of a single exponential flowed by a stretched

exponential:

g\ (t)=A, expl-t/7, |+ 4, expl-(t/7,,)"] )

With Ar + Ay = 1. The parameters Ar and A are the amplitudes for the fast and the slow
relaxation time, respectively. The variables t¢ and 14 are the relaxation times characterizing
the fast and the slow relaxation process, respectively. This type of bimodal relaxation process
has been reported [37,100,106] from DLS studies on aggregating polymer systems of various
natures.

The variables t¢ and 1, are some effective relaxation times, and y (0 <y < 1) and B (0
< B £ 1) measure the widths of the distributions of relaxation times. The mean relaxation time

for the fast and slow mode is given by:

T, 1
T, = L g
yo\7

)

Where I is the gamma function.

(6a)

In the analysis of the correlation functions by means of either eq.4 or eq.5, a nonlinear
fitting algorithm (a modified Levenberg-Marquardt method) was employed to obtain best-fit
values of the parameters Tr., Tse, Ay, ¥, and . The fast mode is diffusive (q°-dependent) for all
the samples and it yields the mutual diffusion coefficient Dy, (t7' = Dnq®) of molecularly

dispersed species and small aggregates. The slow mode (the second term on the right-hand
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side of eq.5) characterizes the dynamics of large aggregates and this mode is also always
found to be diffusive.

When the relaxation modes are found to be diffusive, this enable us to calculate the
hydrodynamic radii (Ryf, and Ry) from the fast and slow relaxation times, respectively, via

the Stokes-Einstein relationship.

_ kgT

- 671D @)

h

Where kg is the Boltzmann constant, T is the absolute temperature, 1 is the solvent viscosity,

and D is the diffusion coefficient of the species in the solution.
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11.2.4 Rheo-Small Angle Light Scattering (Rheo-SALS)

Rheo-small angle light scattering (Rheo-SALS) is one of the most widely used
techniques to obtain simultaneously determination of both structural and rheological
information [107]. While pure rheology methods mainly provide information on the
macroscopic behavior of the samples, information on the microstructure can also be
simultaneously acquired via rheo-SALS measurements. This is often helpful for a better
understanding of the rheological behavior. Simultaneous rheological and small angle light
scattering experiments are conducted under the influence of a prescribed shear rate. The
scattered light illuminates a semi-transparent screen, and is recorded by a camera. A schematic

illustration of the Rheo-SALS setup utilized in this work is shown in Figure 12.
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Figure 12: Schematic illustration of the small angle light scattering apparatus.

Faculty of Mathematics and Natural Sciences, University of Oslo, 2009

34




1.2.4.1 Analysis of Rheo-Small Angle Light Scattering data

In light scattering, the angular distribution of the scattered light, which is induced by an
incoming primary laser beam, is measured and analyzed with respect to the scattering angle
and intensity. Under certain assumptions, structural information can be obtained from the
scattered light intensity distribution. 2D scattering patterns are captured at a given time using a
CCD camera, and the data can be analyzed by the SALS software. A picture obtained direct
from a Rheo-SALS measurement, and the same picture after it is converted by the software is

illustrated in Figure 13.

Figure 13: a) A typical 2D scattering pattern. b) A typical picture after utilizing the SALS software.

From the scattering pattern, an intuitive recognition of the scattering intensity can be
obtained roughly by observing the colour of the pattern, which indicates a very intensive
scattering (red, green) near the centre of the scattering circles, and a gradually decreased
intensity (light- and dark blue) with decreasing scattering intensity. The low g-values are
measured closest to the center, and as the distance to the center is increased, higher of g-values
are obtained. The dependence of the intensity with shear rate can be also evaluated for a given

q value.
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11.2.5 Asymmetric Flow Field-Flow Fractionation

Asymmetric flow field-flow fractionation (AFFFF) is an innovative separation method
for efficient separation and characterization of protein, polymer and nanoparticles in a fast
and gentle way. Based on the diffusion rate of the sample, the separation occurs in flow
channel. The instrument utilizes two detectors, a refractive index detector (RI) that detects the
concentration of the sample, and a multi angle light scattering detector (MALS), which
measures the molecular weight and size of the molecules. AFFFF offers the possibility to
determine a broad variety of different physicochemical parameters of the sample [108], such
as the number average molecular weight (M,), weight average molecular weight (My), and
radius of gyration (Ry). The instrument used in this study has a large separation range.
Nanoparticles can be separated in the range of 1 nm to 100 um and proteins, peptides and
polymers with molecular weights from 10° to 10'? Da can be characterized. A principal sketch
of the experimental set-up of the AFFFF is displayed in Figure 14.
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Figure 14: Schematic illustration of the asymmetric flow field-flow fractionation apparatus.
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The sample is injected with the tip flow, and is focused into a narrow band by a
parabolic flow profile from both sides. At the same time, the sample is submitted to a flow-
field created by the cross flow, pressing the sample towards the membrane. The diffusion of
the molecules causes large molecules to be located closest to the membrane, and smaller
molecules are located further out from the membrane see Figure 14. After the focusing step,
the focus flow is reduced to zero and then the cross flow is gradually reduced to zero causing
the small molecules to be eluted first followed by larger molecules. During the measurement,
the tip flow is varied in order to keep the detector flow constant (detector flow = tip flow +
focus flow — cross flow — slot pump flow).

Many studies have been reported on the characterization of biomacromolecules such as
polysaccharides with the aid of AFFFF [109-112]. However, it is important that a careful
attention to correct operating conditions for each individual sample with different structural

and chemical properties is observed [113].

11.2.5.1 Analysis of Asymmetric Flow Field-Flow Fractionation data

The weight —average molecular weight (My,), number-average molecular weight (M),
and radius of gyration (Ry) can be determined by using the Postnova software without
standards (AF2000 control, version 1.1.011). Information about the molecular weight of the

samples at different stages was obtained using this software with a Zimm fit.
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11.2.6 Refractometer

The PTR 46 refractometer utilized in this study can measure the refractive index, n, of
the samples in the range 1.32 — 1.68, with an accuracy of 0.0001 using a wavelength of 589
nm. The temperature is peltier-controlled in the range 15-40°C. By plotting the refractive
index versus the temperature, the refractive index can be extrapolated to higher temperatures,

see Figure 15.
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Figure 15: The refractive index as a function of the temperature for uncharged PNIPAAM at
pH=2.

The line is a linear fit to the experimental data, and a refractive index value at T > 40 °C

is extrapolated from this line.
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lll. EXPERIMENTAL SECTION

1.1  Materials and Solution Preparation

11.1.1 HEC cross-linked by DVS

In this work, we used a hydroxyethylcellulose (HEC) sample with the trade name
Natrosol 250 GR (lot. no. A-0382) that was provided by Hercules, Aqualon Division. The
degree of substitution of hydroxyethyl groups per repeating anhydroglucose unit of the
polymer is 2.5 (given by the manufacturer). The weight-average molecular weight (M, = 400
000) and the overlap concentration (c* = 0.25 wt %) of this HEC sample in aqueous solution
have both been reported previously [37]. To remove salt and other low-molecular-weight
impurities, dilute HEC solutions were dialyzed against Millipore water for 7 days and
recovered by freeze drying. Regenerated cellulose with a molecular weight cutoff of ~ 8000
(Spectrum Medical Industries) was employed as dialyzing membrane. The cross-linking agent
DVS was purchased from Merck and used without further purification.

All solutions were prepared by weighing the components and Millipore quality water
was always used. After freeze-drying, HEC was redissolved in 0.05 M NaOH (pH =~ 12;
alkaline conditions are necessary for the cross-linker reaction to proceed) solution with a
fixed polymer concentration of 0.1 wt % (this concentration is far below the overlap
concentration), and the solution was homogenized by stirring at room temperature for 1 day.

All experiments were carried out at 25°C or room temperature.
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111.1.2 PNIPAAM microgels

N-isopropylacrylamide (NIPAAM, Acros) was recrystallized from a toluene/hexane
mixture solvent and dried at room temperature under vacuum prior to use. N,N'-
methylenebis(acrylamide) (BIS), ammonium persulfate (APS), acrylic acid (AA), and sodium
dodecyl sulfate (SDS) were utilized in the preparation of microgel samples, and all chemicals
were purchased from Sigma-Aldrich, Norway AS and used as received. The chemicals,
H3PO4, NaH,PO,, Na,HPOy4, and NazPO4, were used to prepare the buffer systems employed
in this work, and they were all purchased from Sigma-Aldrich. Buffered solutions at pH
values of 2, 7, and 11 were utilized in this study. All the buffers had a constant ionic strength
of 0.05 M. The water employed in this investigation was purified with a Millipore Milli-Q

system, and the resistivity was approximately 18 MQ cm.
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Figure 16: Schematic illustration of the synthesis and chemical structure of the cross-linked

PNIPAAM-co-PAA microgel system.
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For this purpose, we have synthesized uncharged PNIPAAM microgels cross-linked
by N, N'-methylenebis(acrylamide) (BIS) and charged PNIPAAM microgels with different
amounts of acrylic acid groups (PNIPAAM-co-PAA), see Figure 16. The characteristic data

for the microgels are presented in Table 1.

Table 1. Characteristic Feed Ratio Data for the Synthesized Temperature- and pH-Responsive

Microgels.
Sample Code [NIPAAM] [BIS] [AA]
Mol-% Mol-% | Mol-%
MG-01 92 2 6
MG-02* 92 2 6
MG-03 98 2 0
MG-04 97 2 1

* The only sample that was synthesized in the presence of SDS (60 mg)

The results demonstrates that the interplay between intrapolymer and interpolymer
aggregation can be tuned by changing factors such as the concentration of PNIPAAM, the
incorporation of charged groups into the PNIPAAM microgels, or adding an ionic surfactant
to a solution of PNIPAAM. In addition, effect of pH on the temperature-induced association
behavior is analyzed [62]. We believe that the findings from this work provide us with a
better understanding of the intricate competition between intrachain and interchain association

in systems of thermally sensitive polymers.

111.1.2.1 Microgel Synthesis

A detailed route for preparation of microgels by free radical precipitation
polymerization has been reported elsewhere [114]. A typical procedure can be briefly

described in the following way. The total concentration of the monomers in the pregel sample
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was kept constant at 70 mM, where 2 mol-% was BIS, 6 mol-% was acryl acid (AA), and the
remaining 92 mol-% was NIPAAM. All monomers were dissolved in 600 mL of water and
the resulting solution was filtered through a 0.1 um membrane filter to remove particulate
matter. The reaction mixture was first purged with nitrogen for 30 min to remove the
dissolved nitrogen oxygen in a 1-liter 3-neck round bottom flask, equipped with a condenser
and inlet for nitrogen. The mixture was then heated to 70 °C under a gentle stream of nitrogen
for 1 h, after which 60 mg of APS dissolved in 5 mL of degassed water was added to initiate
the reaction.

The reaction mixture became turbid about 1 min after the APS solution was added.
The reaction mixture was kept at 70 °C for another 4 hours to complete the reaction. After
cooling the reaction mixture down to room temperature, the microgel solution was filtered
using fine porosity filter paper (Schleicher & Schuell GmbH) to remove possible aggregated
material. The particles were then further purified by dialysis (Spectra/Por 6 dialysis
membrane, MWCO 8,000) against water that was changed daily for at least 4 weeks to
remove low-molecular weight impurities such as unreacted monomers, as well as minute rests
of SDS (for MG-02) from the microgels. The microgel products were finally collected by
lyophilization. It should be mentioned that in the preparation of MG-02, the polymerization
reaction was conducted in the presence of SDS.

We note from Table 1 (page 41) that the microgel particles have the same degree of
cross-linking and that the NIPAAM contents are almost the same. As frequently reported, the
free radical precipitation polymerization produces nearly monodispers spherical particles in
the sub-micron size range [114,115]. MG-03, was synthesized from a mixture of only
NIPAAM and the cross-linker (BIS), and these microgels consist of only cross-linked
NIPAAM chains without charges and MG-04, has a very low charge density. The two other
microgels, MG-0land MG-02*, have both 6 mol-% of charged groups, but the MG-02*

sample was prepared in the presence of SDS. As shown below, the microspheres from MG-
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02* have a smaller size than all the other types of microspheres, because SDS stabilize the
small precursor particles [116]. The polymerization reaction and the simple chemical structure

of the PNIPAAM-co-PAA system are depicted in Figure 16 (page 40).

1.2 Mechanical Stirring

A beaker was filled with 100 mL 0.1 wt % HEC aqueous alkaline solution and the
sample was exposed to a preset rotational speed in the range 0-400 rpm, and 15 uL/g of DVS
was added to the solution to start the cross-linker reaction. For the sample with O rpm, a fast
homogenization of the solution was performed (5 min at 50 rpm) before the stirrer was turned
off. The cross-linker reaction in solutions of the polymer occurs between the cross-linker
molecules and hydroxyl groups on the polymer chains.

At different times during the reaction at a prescribed rotational speed, 4 mL was
withdrawn from the reaction mixture with a pipette, and this test sample was quenched
rapidly by adding a few drops of concentrated HCI to the sample to lower the pH to acid
conditions (pH = 2) and thereby the cross-linker reaction was terminated. The same procedure
to prepare the test solutions was repeated at all stirring speeds to ensure good reproducibility

of the measurements.
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1.3 Turbidity

For the HEC microgels, transmittances of quenched 0.1 wt % alkali solutions of HEC,
exposed to different stirring speeds, at various stages during the cross-linker reaction at 25 °C
were measured with the aid of a temperature-controlled Helios Gamma (Thermo Spectronic,
Cambridge, UK) spectrophotometer at a wavelength of 500 nm. The apparatus is equipped
with a temperature unit (Peltier unit) that gives a good temperature control over an extended
time (25 £ 0.05 °C).

For the PNIPAAM-microgels, the influence of temperature on the transmittance of
aqueous suspensions of the studied microgel systems was measured. In this work, the heating
rate was set to 0.2 °C /min. The heating rate of the spectrophotometer was controlled by a PC
that was interfaced to the apparatus and equipped with homemade software that gives the
possibility of performing both temperature and wavelength scans with user-defined protocols.

The turbidity (t) has been determined by Equation 1. The results from the

spectrophotometer measurements will be presented in terms of turbidity.
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1.4 Dynamic Light Scattering

The polymer solutions were filtered in an atmosphere of filtered air through 5 pum
filters (Millipore) directly into pre-cleaned NMR tubes. For the NIPAAM-system, the DLS
experiments were performed with a temperature gradient of 0.2 °C/min, as for the turbidity
measurements. In this way the polymer was exposed to the same temperature conditions in
both methods. The correlation function data were recorded continuously every 3rd min. When
going back to 25 °C after the heating cycle, the values were the same as before the sample
was heated. In addition, quenching measurements with DLS, where the temperature was
changed very fast from a high to a low temperature revealed that the transition from one state

to another is a fast process.
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1.5 Rheo-Small Angle Light Scattering

Combined rheological and small angle light scattering Rheo-SALS experiments during
shear flow were performed simultaneously using a Paar-Physica MCR 300 rheometer,
equipped with a specially designed parallel plate-plate configuration (the diameter of the plate
is 43 mm) in glass [117]. In all measurements a 10 mW diode laser operating at a wavelength
of 658 nm was used as the light source, and a polarizer is placed in the front of the laser and
an analyzer below the sample, making both polarized (polarizer and analyzer parallel) and
depolarized (polarizer and analyzer perpendicular) experiments possible. All experiments in
this study were conducted using polarized light scattering. Utilizing a prism, the laser beam
was deflected and passed through the sample placed between the transparent parallel plates.
The distance between the plates is small (0.5 mm) so that the effect of multiple scattering is
less pronounced when the sample becomes turbid at long cross-linking times. The light is
propagated along the velocity gradient direction, thus probing the structure in the plane of
flow and vorticity. The forward scattered light at small angles was collected on a flat
translucent screen below the sample (distance between sample and screen is 12.3 cm).

The 2D scattering patterns formed on the screen were captured using a CCD camera
(driver LuCam V. 3.8), which plane is parallel to that of the screen. A Lumenera (VGA) CCD
camera (Lumenera Corporation, Ottawa, Canada) with a Pentax lens was utilized, and the
scattered images were stored on a computer using the StreamPix (NorPix, Montreal, Quebec,
Canada) application software (version 3.18.5), which enables a real-time digitalization of the
images. The images were acquired via the CCD camera with an exposure time of 200 ms.
Subsequently, the pictures were analyzed using the SALS-software program (version 1.1)
developed by the Laboratory of Applied Rheology and Polymer Processing, Department of

Chemical Engineering, Katholieke Universiteit Leuven, Leuven, Belgium. The scattering
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functions were recorded continuously during the run. The approximate accessible scattering
wave vector (q) range is between q = 4-10” nm™ and q = 2-10° nm™. The temperature of the
instrument is controlled electronically to a high stability by using thermostated circulating
water. All the Rheo-SALS measurements reported below are measured with an increasing

shear rate.

1.6 Asymmetric Flow Field-Flow Fractionation

The asymmetric flow field-flow fractionation (AFFFF) experiments were carried out
on an AF2000 FOCUS system (Postnova Analytics, Landsberg, Germany) equipped with an
RI-detector (PN3140, Postnova) and a multiangle (7 detectors in the range 35°-145°) light
scattering detector (PN3070, A = 635 nm, Postnova). Measurements were performed on HEC
samples (0.1 wt % samples, quenched from the reaction mixtures at various stages in the
course of the cross-linking process) by using a 250 um spacer, a regenerated cellulose
membrane with a molecular weight cutoff of 10 000 (Z-MEM-AQU-427N, Postnova), and an
injection volume of 20 pL. The measurements were conducted utilizing a constant detector
flow rate of 0.2-0.8 mL/min and a slot-pump flow rate of 0.8-0.2 mL/min (the sum of the slot-
pump flow rate and the detector flow rate was always 1.0 mL/min). The focusing time was 15
min at a cross-flow of 2 mL/min. Thereafter, the cross-flow was reduced linearly to 0.3
mL/min during a 3 min period. The cross-flow was then reduced exponentially (exponent of

0.3) to zero during a period of time of 7 min.
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V. RESULTS AND DISCUSSIONS

IV.1. HEC cross-linked by DVS

IV.1.1  Turbidity

Turbidity measurements have been carried out on dilute aqueous solutions of HEC in
the presence of the cross-linker DVS. During the cross-linking process, the growth of large
interpolymer aggregates will increase the turbidity of the solution. In this way the turbidity
can be used as an indicator of the level of interchain cross-linking. Figure 17 shows that in the
course of the cross-linker reaction of a 0.1 wt % HEC solutions in the presence of 15 puL/g of
DVS, the samples become turbid. The results indicate that the formation of large aggregates is
postponed to later times when the sample is exposed to higher stirring speed during the cross-
linker reaction. The inset plot demonstrates that the cloud point time increases as the shear
flow increases. This finding suggests that interchain association is delayed because shear
forces make it more difficult for the chains to form interpolymer contacts. However, when
most of the intramolecular cross-linking sites have been consumed, the frequent collision of
the molecules will lead to the formation of large aggregates. Actually, at long reaction time

the impact of rotational speed on the turbidity is modest.
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Figure 17: Turbidity at different stages during the cross-linking of 0.1 wt % solutions of HEC in the
presence of 15 ulL/g DVS at the stirring speeds indicated. The inset plot shows the values of the cloud

point determined from the incipient rise of the turbidity curve.
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V.1.2 Dynamic Light Scattering

The time evolution of the normalized correlation function for 0.1 wt% HEC solutions
in 0.05 M NaOH with and without cross-linker (15 uL/g DVS) at various stages during the
cross-linking reaction at a stirring speed of 250 rpm depicted in Figure 18. The correlation
functions are shifted toward longer times as the cross-linking process proceeds. The slower
decay of the relaxation function at longer reaction times indicates the growth of large clusters.
The same effect has also been observed for other systems of different natures [118-120]. In
order to avoid multiple scattering effects [121] (multiple scattering is usually observed in
turbid samples), DLS experiments are only carried out at relatively short reaction times. The
inset plot in Figure 18 shows semi-logarithmic plots of g'(t) as a function of t* for the
quenching times indicated. This type of plot yields straight lines for functions that can be
represented by a stretched exponential. We observe that, the long-time behaviors of the

correlation functions are well described by straight lines.
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Figure 18: Plot of the first-order electric field correlation function versus time at a scattering angle
of 124 ° for 0.1 wt % HEC in 0.05 M NaOH solutions with and without cross-linker (15 uL/g DVS) at
various stages during the cross-linking reaction at the stirring speed indicated. . The solid lines are
fitted by eq.5. The samples are quenched by adding a few drops of HCI to the solution to lower the pH
to 2. The inset plot demonstrates the stretched exponential character of the correlation functions at

long times.

To scrutinize the goodness of the fitting procedure, and to endorse the functional form
of the fitting algorithm eq. 5 that was employed to portray the correlation functions, residual
plots from the fittings of a typical correlation function by using a single stretched exponential
or eq. 5 are displayed in Figure 19. By fitting the correlation function by means of a single
stretched exponential eq. 4, it is evident that the corresponding values of the residuals are
large and the residual curve exhibits a systematic trend. This is a signature of a poor fit of the
data. The random distribution and small values of the residuals by fitting the correlation

function data with the aid of eq. 5 indicate good agreement between the fitting expression and
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the data. This suggests a bimodal form of the correlation function as specified by eq. 5, where
the fast mode portrays the diffusion behavior of the molecularly dispersed entities or small
clusters, whereas the slow mode depicts motions of the large aggregates. Although, the
population of the huge complexes dominates at the later stage of the cross-linker reaction, we

are able at all instances to separate the contribution from the smaller species.
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Figure 19: Plot of the residuals by fitting a typical correlation function with the aid of one stretched

exponential eq.4 or two eq. 5.
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The q dependencies of the correlation functions are plotted against g’t, see Figure 20.
A diffusive mode is q° dependent. The correlation functions data for alkali 0.1 wt% HEC are
collapsed onto a single curve, thus reflecting the diffusive character of both of the relaxation
modes. If the relaxation modes are diffusive, the hydrodynamic radii (Ryy, and Rys) can be
calculated from the fast and slow relaxation times, respectively, via the Stokes-Einstein

relationship eq. 7.
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Figure 20: Plot of the first-order electric field correlation function as a function of ¢’t at the
scattering angles indicated for 0.1 wt % HEC in 0.05 M NaOH with and without cross-linker (15

uL/g DVS) at various stages during the cross-linking reaction at the stirring speed 250 rpm.
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Normalized correlation function data for 0.1 wt % aqueous HEC solutions at various
stages of the cross-linker reaction performed at two different stirring speeds, together with
one solution without DVS (0 min), are depicted in the form of semilogarithmic plots in Figure
21. The general behavior is that the relaxation function is shifted toward longer times as the
cross-linking process proceeds, and this trend is less pronounced with increasing stirring
speed. The slower decay of the correlation function at long times reflects the growth of large

clusters.
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Figure 21: Plot of the first-order electric field versus time (every second data point is shown) at a
scattering angle of 124° for 0.1 wt % HEC solutions without and with cross-linker at various stages

during the cross-linking reaction and for samples at two different rotational speeds (0 and 250 rpm).
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The hydrodynamic radii of the fast (Rnf) and the slow (Rys) relaxation modes are
depicted in Figure 22. It is obvious that at early times during the cross-linking process, the
fast mode yields low values of Ry, ¢ but at later stages of the cross-linker reaction higher values
of Ry rare observed. At later times in the course of the cross-linker reaction, the number of
molecularly dispersed units will gradually become smaller and the population of minute
clusters will affect the fast relaxation time. We note that the growth of these clusters is
delayed to longer reaction times when the quenched solutions have been exposed to high

stirring speeds.

105

0 10 20 30 40 50 60
Quenching time (min)
Figure 22: Effect of stirring speed on the apparent hydrodynamic radii, determined from the fast

mode (Ry,) and the slow mode (R),), for 0.1 wt % solutions of HEC at various stages during the cross-

linking process.
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The apparent hydrodynamic radius, Ry, calculated from the slow relaxation time,
represents the population of larger aggregates in the solution, see Figure 22b. It is interesting
to note that at early times during the cross-linking process, the clusters contract and this
phenomenon becomes significantly stronger for the sample that has been subjected to the
highest stirring speed. This clearly shows that initially the larger complexes depicted by the
slow relaxation mode are exposed to intrapolymer cross-linking, and this feature is
strengthened under the influence of shear forces because this perturbation reduce the tendency
to form interchain aggregates. This behavior is consistent with the shear viscosity results
reported for this system previously [37]. At later times in the course of the cross-linker
reaction, larger aggregates are formed, probably because most of the sites for intramolecular
cross-linking have been consumed and the repeated collisions between the species have
provoked interchain cross-linking. However, high shear stresses repress the tendency of
forming massive aggregates even at long reaction times. These findings plainly reveal that a
dilute polymer solution with a cross-linker agent is less disposed to build up interpolymer

cross-links under the influence of vigorous stirring.
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In connection with EOR applications it is important that the particles are stable over an
extended temperature domain. By plotting the correlation function data against the quantity
tT/mo (where T is the absolute temperature and 1 is the solvent viscosity), trivial changes of
the solvent viscosity with the temperature have been taken into account. Since the correlation
data at all temperatures virtually condense onto each other, the effect of temperature on the
diffusion behavior of the particles can be neglected see Figure 23a. The long-term stability
was checked at a temperature of 25°C, over a time period of five months. As can be seen from

Figure 23b, the sizes of the microgels are relatively stable over a long time period.
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Figure 23: a) Plot of the first-order electric field correlation function as a function of tT/1, for
cross-linked particles of 0.1 wt % HEC in 0.05 M NaOH cross-linked by 15 ul/g DVS. The stirring
speed was 250 rpm, and measured at a scattering angle of 90°at the temperatures indicated b)Plot of

g'(t) versus time measured at the same day as the sample was cross-linked, and after 5 months at 25

°C.
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V.1.3 Rheo-Small Angle Light Scattering

This type of technique can provide us information about structural changes of cross-
linked complexes on a global dimensional scale under the influence of shear flow. By this
experimental method, it is possible to monitor shear-induced aggregation or disintegration of
species in situ. Figure 24 illustrates the 2D-scattering patterns at different shear rates and
cross-linking stages for 0.1 wt % HEC solutions that have been exposed to various stirring
speeds during the cross-linking process. For the solution in the quiescent state that has been
quenched after 50 min, the species are broken up under the influence of shear, whereas
clusters that are more stable against shear forces are evolved when the reaction mixture was
subjected to a high stirring speed. At this stage of the cross-linker reaction, the high collision
frequency of the polymer entities seems to buildup multichain aggregates that are more stable
against mechanical stresses. After a sufficiently long reaction period, the scattered intensity is
strong and huge aggregates are formed, both for the solution in the quiescent state and for the
solution exposed to a high stirring rate. These association complexes are practically not
affected by neither the stirring speed nor by the subsequent shear forces. In the considered
wave vector range, most of the SALS patterns are virtually isotropic, which suggests that on

this dimensional scale no major structural alterations occur.
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Figure 24: 2D SALS patterns at various shear rates of 0.1 wt % HEC solutions at different stages of

the cross-linker reaction of mixtures exposed to two different stirring speeds.
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To elucidate the impact of shear flow on the formation of structures at various stages
in the course of the cross-linking process, shear rate dependences of the scattered intensity (at
a fixed q value of 0.27 pm™) for 0.1 wt % solutions of HEC in the presence 15 pL/g DVS that
have been exposed to a constant stirring speed of 250 rpm are depicted in Figure 25a. For the
HEC solution (0.05 M NaOH) without DVS, the scattered intensity is practically unaffected
by the shear flow, which indicates that no significant structural changes of the molecules
occur. The moderate upturn of the scattered intensity at high shear rates are ascribed to
incipient turbulence. For solutions at early states of the cross-linker reaction, the scattered
intensity drops at higher shear rates. As the cross-linking process advances, the intensity at
low shear rates increases and the intensity falls off at higher shear rates. This scenario
suggests that aggregates are broken up at higher shear stresses, whereas stronger association
complexes are formed as the cross-linker reaction proceeds. Actually, when massive
aggregates have been formed the intensity is virtually unaltered with increasing shear flow
over the considered shear rate interval. This finding supports the conjecture that more sturdy
complexes are formed at later state during the cross-linking process.

A comparison of the effect of stirring speed on the scattered intensity during the
cross-linker reaction for 0.1 wt % HEC solutions at two different times of quenching is
depicted in Figure 25 b,c. At the earlier state of quenching, the species from the reaction
mixture that has been subjected to a lower stirring speed are disintegrated at a high shear rate,
whereas virtually no alteration of the scattered intensity with increasing shear rate occurs for
the sample exposed to a higher stirring speed. This finding supports the idea that the more
intense collision of species at a higher stirring speed leads to more compact objects that are
less disposed to breakup under the influence of shear stresses. At a later state of the cross-
linking process (Figure 25c), the scattered intensity is independent of shear rate at both
stirring speeds. This observation indicates that as the cross-linking reaction proceeds, more

stable aggregates are formed that can withstand the applied shear forces.
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Figure 25: a) Shear rate dependences of the scattered intensity (at a fixed q value of 0.27 um™) at
different stages during the cross-linker reaction (15 uL/g DVS) for 0.1 wt % solutions of HEC that
have been subjected to a stirring speed of 250 rpm in the course of the cross-linking process. b), c¢)
Effects of shear rate and stirring speed on the scattered intensity at two different stages in the course

of the cross-linking process.
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IV.1.4  Asymmetric Flow Field-Flow Fractionation

Figure 26 shows the effects of the reaction time and stirring rate on the weight-average
molecular weight and the polydispersity index (My/M,) for 0.1 wt % HEC solutions. This
information is usually difficult to obtain, but with the aid of AFFFF it is possible to gain
insight into these features. It is evident from Figure 26a that the molecular weight increases in
the course of the cross-linker reaction. This feature suggests that giant interpolymer
complexes are formed as the reaction proceeds, but as discussed above the growth of these
clusters is repressed under the influence of a high stirring speed. This finding is compatible
with the results from DLS. The coexistence between the formation of intrachain and
interchain cross-links during the cross-linker reaction is expected to yield species of various
sizes. This is supported by the results in Figure 26b, but higher stirring speeds seem to
produce species with much less polydispersity. This can probably be ascribed to
disintegration of very large aggregates at high shear flows, and this yields a more narrow
distribution of sizes. These results indicate that a high stirring speed yields both smaller

aggregates and less polydispersity.
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Figure 26: Time evolution of the molecular weight and the polydispersity index determined from
AFFFF for 0.1 wt % HEC solutions at various stages during the cross-linker reaction and under the

influence of different stirring rates.
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V.2 PNIPAAM cross-linked by BIS

The stability of microgels is a vital issue in many applications, and below we will
elucidate the delicate temperature-induced shrinking and aggregation of microgels at various
conditions. Effects of polymer concentration, addition of an ionic surfactant, incorporation of
charged acrylic acid groups, and pH on the intra- and interpolymer association of microgel
particles are discussed below.

The time evolution of the normalized correlation function for 0.04 wt% suspensions of
uncharged PNIPAAM and charged PNIPAAM-co-PAA microgels, with different mol-% of
acrylic acid (AA) groups are depicted in Figure 27. The sample synthesized in the presence of
SDS (6 mol %, AA*) has a faster relaxation than the other systems, indicating that this
synthesis procedure result in microgels with a smaller size. The inset plot shows that this

system is well described by eq.4, see section IV.1.2 for more details.
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Figure 27: Plot of the first-order electric field correlation function versus time at a scattering angle
of 90° for 0.04 wt% suspensions of the uncharged PNIPAAM and the charged PNIPAAM-co-PAA
microgels, with different mol-% of acrylic acid (AA) groups, at 25 °C and pH=7 in a buffer system of
constant ionic strength (0.05 M). The solid lines are fitted by eq.4. The inset plot demonstrates the

stretched exponential character of the correlation functions at long time.
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The angular dependence of the normalized correlation functions, for a 0.04 wt %
suspension of the charged PNIPAAM-co-PAA microgels with 6 mol% of acrylic acid (AA),
which was synthesized in the presence of SDS is illustrated in the form of a reduced plot in
Figure 28. The same type of behavior is also observed for the other microgel systems. This

indicates that the systems are q>-dependent, i.e., diffusive, as explained in section IV.1.2.
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Figure 28: Plot of the first-order electric field correlation function as a function of ¢’t at the
scattering angles indicated for a 0.04 wt % suspension of the charged PNIPAAM-co-PAA with 6 mol%
of acrylic acid (AA) groups, which was synthesized in the presence of SDS. The measurements were

carried out at pH = 7, at the temperatures indicated.
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IvV.2.1 Effect of pH

To study the influence of charge density and pH on the association behavior of the
temperature sensitive microgels, DLS and turbidity measurements have been conducted on
0.04 wt % suspensions of PNIPAAM and charged PNIPAAM-co-PAA microgels, with
different mol-% of the acrylic acid groups (AA), in buffer systems of fixed ionic strength

(0.05 M) at pH values covering both the acid and basic domain.

IV.2.1.1  Turbidity

The temperature dependency of the turbidity at different pH values for the various
microgels is depicted in Figure 29. A general trend for the samples with low charge density (0
mol-% AA and 1 mol-% AA) at all pH values is the sharp transition in the turbidity at
temperatures near LCST of PNIPAAM. These suggest the formation of giant clusters of
particles. At pH = 2, this transition is also observed for the particles with 6 mol % AA,
because the charges are neutralized at this pH. At pH = 7 and pH = 11, the turbidity of the
systems with 6 mol-% AA groups, show moderate upturns at high temperatures. This suggests
that the tendency of forming large aggregates is reduced due to charge stabilization of the

microgels.
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Figure 29: Temperature dependences of the turbidity for 0.04 wt % suspensions of the uncharged
PNIPAAM and the charged PNIPAAM-co-PAA microgels, at different mol-% of the acrylic acid (AA)
groups, at the pH values indicated in buffer systems (0.05 M). The asterisk (6-mol% AA*) denotes that
the sample that has been synthesized in the presence of SDS.

IVV.2.1.2  Dynamic Light Scattering

The results from DLS are collected in Figure 30. The influence of charge density on
the size of the microgels at neutral (pH = 7) conditions is displayed in Figure 30b. A low
charge density (1 mol-% AA) has practically no effect on the temperature dependency of Ry.
Compared to the microgels with 0 or 1 mol % charge, the PNIPAAM microgels with 6 mol-%
AA groups, swell at low temperatures due to electrostatic repulsion between the negatively
charged carboxylate residues (pK, of AA is ca4) [122], whereas at a monotonous

compression of the species takes place as the temperature increases as consequence of
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enhanced hydrophobic interactions. The charges on the surfaces of the microgels suppress the
tendency of forming aggregates. For the PNIPAAM-co-PAA sample (6 mol-% AA) that has
been synthesized in the presence of SDS, the values of Ry, are significantly lower than for the
other samples and the microgels are compressed as the temperature increases, this results are
compatible with what was observed for the turbidity. It is well known [123,124] that a
surfactant as SDS acts as an efficient stabilizer of the particles during the cross-linker reaction
and thus prevents the particles from coagulating. Therefore the microgels synthesized in the
presence of SDS are significantly smaller than those synthesized without SDS.

At acid conditions (pH = 2) and low temperatures, R}, exhibits a pronounced drop at
moderate temperatures which is similar as that for the sample at neutral pH, but in this case all
systems show macroscopic phase separation slightly above the LCST of PNIPAAM (~ 32
°C), see Figure 30a. This is due to the neutralization of the AA-groups at low pH-values
combined with the enhanced hydrophobicity of PNIPAAM at elevated temperatures.

At strongly basic conditions (pH = 11), the main features of Ry, are similar as those at
neutral pH, see Figure 30c. At higher pH values, the microgels are expected to swell because
of the ionization of the carboxylic acid groups. A close inspection of the data, actually reveals
that the values of Ry at low temperatures for the PNIPAAM with 6 mol-% AA groups are
higher than the corresponding ones at pH = 7. At temperatures above LCST of PNIPAAM,
the corresponding values of Ry are lower at pH = 11, because of more effective stabilization

of the particles at a higher degree of ionization.
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Figure 30: Plot of the hydrodynamic radius as a function of temperature for 0.04 wt % suspensions
of the uncharged PNIPAAM and the charged PNIPAAM-co-PAA microgels, at different mol-% of the
acrylic acid (AA) groups, at the pH values indicated in buffer systems (0.05 M). The asterisk (6-mol%
AA*) denotes that the sample has been synthesized in the presence of SDS.
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IV.2.2 Effect of Concentration

IV.2.2.1  Turbidity

The effect of temperature on the turbidity for suspensions of PNIPAAM microgels of
various concentrations is depicted in Figure 31. The general picture that appears is that the
turbidity values at low temperatures increase with polymer concentration, and the transition
zones, with enhanced values of t, for the different polymer concentrations are located at
approximately the same temperatures independent of concentration. For the two highest
concentrations, the upturn of t is very strong at high temperatures, suggesting a development
of huge clusters and a subsequent phase separation. At the lower concentrations, the turbidity
curves level out at elevated temperatures. This trend indicates that the growth and collapse of
the species cancel each other out. The inset plot shows that at a very low concentration, the
turbidity is almost independent of temperature in the range 15-37 °C. The turbidity increases
as the concentration is raised, and at temperatures above the LCST of PNIPAAM, this effect

is much more pronounced.
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Figure 31: Temperature dependency of the turbidity for different concentrations of aqueous

suspensions of uncharged PNIPAAM microgels at pH = 7. The inset plot shows the turbidity as a

function of the microgel concentration at the temperatures indicted.

In the analysis of the turbidity results, we may resort to theoretical approaches

[125,126] elaborated for spherical colloidal particles. The following expression was derived

[126] for the turbidity T = 3c¢Qex/(2dp), where ¢ is the mass concentration (g/cm’), Qe is the

Mie extinction efficiency, d is the particle diameter, and p is the density of the particles. It is

reasonable to assume at temperatures below the LCST that the mass m of the spherical

particles of volume V is constant. In view of this, we can write p = m/V, where V = (4/3) &t

(d2)*. By inserting this in the expression above, we arrive at: T = ¢ Qexd?/4m. This relation

readily explains the raise of t with increasing polymer concentration, and the strong increase

of t upon augmented aggregation at higher concentrations and temperatures. However, the

significant temperature-induced collapse of the microgels observed from the DLS
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experiments at temperatures below the LCST (the average size of the microgels decreases
from approximately 500 nm to 300 nm in the temperature interval from 10 °C to 33 °C) is not
directly reflected in the turbidity data Figure 31. To interpret this result in the framework of
the equation above, it is necessary to argue that the value of Qe should increase with
increasing temperature because the parameters ¢ and m for a given concentration should be
constant. The parameter Q.x cannot easily be determined experimentally, but its value is a
function of the relative refractive index ny/ng (n, is the refractive index of the spherical
particle and ny is the refractive index of the solvent), and the value of Q. increases with
increasing value of the quantity ny/no. It is not unreasonable to presume that the refractive
index of the particles increase during the compression stage, and this can therefore lead to an
increase of t in the initial stage (from 10 °C to 33 °C). To elucidate the impact of a change of
the relative refractive index, it may be instructive to consider a relevant example and use the
data presented in Figure 32a. If we use the same wavelength (A = 500 nm) as in the present
turbidity measurements, the ratio wd/A (on the x-axis in Figure 32) is altered from 3.1 to 1.9 as
the particle size is changed from 500 nm to 300 nm. If we assume that the corresponding
value of ny/ng is changed from 1.05 to 1.10, the value of 7 is increased by almost a factor of 2,
in spite of that the size of the microgel drops from 500 nm to 300 nm. For the highest polymer
concentration (0.04 wt %) considered here, the increase observed for the value of t is ca. 30
% in the interval from 10°C to 33°C. This indicates that the variation of the value of np/noy

upon the temperature-induced compression is less than in the invented example above.
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Figure 32: Specific turbidity € = t/c for spheres as a function of the size parameter w d/A for different
relations of the refractive indices ni/ny: a) for 0 < w d/A < 15. b) For 0 < & d/. < 0.5.Tthe lower
diameter axis d refers to 1y = 546.1 nm and ny, = 1.333. This Figure is taken from ref. 126 Figure 2.
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IVV.2.2.2  Dynamic Light Scattering

In Figure 33a, normalized time correlation function data at a scattering angle of 90° for
aqueous suspensions of PNIPAAM microgels of various concentrations at a temperature of
40°C, together with the corresponding curves fitted with the aid of eq. 4, are depicted in the
form of semilogarithmic plots. Although enhanced aggregation occurs at this temperature for
the higher polymer concentrations, the decays can almost be described by a single exponential
(B = 0.94). This indicates a narrow distribution of sizes even when large clusters are formed.
A comparison of the correlation functions clearly unveils a progressive slowing down of the
relaxation process as the concentration increases. This tendency reflects the formation of large
interchain association structures at this temperature and high concentration.

The general feature of Ry, for all polymer concentrations is the marked collapse of the
microgels at moderate temperatures, see Figure 33b. At low temperatures, the curves virtually
condense onto each other, except for the highest polymer concentration where the augmented
values of Ry indicate that some smaller aggregates have been formed even at low
temperatures. The temperature-induced shrinking of the gel-particles can be accounted for in
the following way. The isopropyl side group carried by each monomer of PNIPAAM confers
a degree of hydrophobic character, whereas the hydrophilic nature of the polymer is
established through hydrogen bonding of water with the amide groups. At elevated
temperatures, the hydrogen bonding with water is gradually disrupted on heating and the
hydrophobicity of the polymer is enhanced with packing of the hydrophobic segments,
leading to progressive chain collapse [123,127]. This contraction behavior of the microgels is
redolent of the coil-to-globule transition reported [128-130] for single chains of high
molecular weight of PNIPAAM in very dilute solution.

At temperatures above the LCST of PNIPAAM (~ 32°C), the temperature dependence

of Ry, is strongly affected by the polymer concentration, with an abrupt rise of Ry, for the
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highest concentration and almost no effect of temperature on Ry, for the lowest concentration.
This finding can be rationalized in the following scenario. At elevated temperatures, a
situation of a perpetual competition between contraction of the microgels and interchain
association evolves. At temperatures above the LCST, the hydrophobic stickiness of the
species 1s enhanced and the higher sticking probability at high concentration promotes the
formation of large aggregates. For the higher two concentrations, aggregation is the
predominant phenomenon at elevated temperatures and macroscopic phase separation is
approached. However, for an intermediate polymer concentration of 0.01 wt % the delicate
interplay between building up interpolymer complexes and intrachain shrinking is reflected
by the peak centered on 40 °C Figure 33b. For the lowest concentration, the collision
frequency of spheres is low and the tendency of forming aggregates is repressed. These
results clearly show that intrachain contraction and interchain association coexist at elevated

temperatures, and these features are strongly governed by the polymer concentration.
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Figure 33: a) First-order electric field correlation versus time (every second data point is shown) at

a scattering angle of 90 ° for aqueous suspensions of uncharged PNIPAAM microgels of different

concentrations at pH = 7 and at a temperature of 40 °C. The solid lines are fitted by eq.4. b) The

temperature dependences of the hydrodynamic radius.
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IV.2.3 Effect of Surfactant

Uncharged (PNIPAMM) Anionic surfactants

Figure 34: An illustration of microgel-surfactant interactions.

When an ionic surfactant, such as SDS, is added to uncharged PNIPAAM microgels, it
has been argued [131] that the isopropyl side groups carried by each monomer of PNIPAAM
is responsible for the interaction and binding of SDS to the polymer, see Figure 34. The
adsorption of the surfactant onto the surface of the microgel gives rise to a polyelectrolyte

behavior.

IV.2.3.1  Turbidity

The effect of temperature on the turbidity for a 0.04 wt % suspension of PNIPAAM,
with and without SDS, is depicted in Figure 35a. In the absence of surfactant, a macroscopic
phase separation occurs at temperatures above 40°C. At a low surfactant concentration (~ 0.25
mm) both the macroscopic phase separation and the cloud point are found at a lower
temperature than for the microgel without SDS. This trend is probably due to hydrophobic
interactions between surfactant molecules and the hydrophobic groups in the microgel
causing enhanced hydrophobic associations. When the SDS concentration is further increased,
both the CP and the macroscopic phase separation temperature are shifted toward higher
temperatures. This effect can be ascribed to the binding of surfactant to the polymer, thereby

imposing repulsive interactions between the microgels particles. In this process a polymer-
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ionic surfactant complex with a polyelectrolyte character is formed, and the aggregation is
suppressed, causing higher cloud point temperatures, see Figure 35b. The minimum observed
for the CP on the addition of SDS has also been observed for EHEC in the presence of this
surfactant [70,132]

The effect of SDS concentration on the turbidity at different temperatures is depicted
in Figure 35c. At a low temperature (15 °C), the turbidity increases with increasing the SDS
concentration. The higher values of t for PNIPAAM in the presence of surfactant can
probably be ascribed to a slight expansion due to solubilization of the hydrophobic moieties
for particles that are cross-linked inside with SDS. As the temperature is increased, a
pronounced turbidity maximum at low SDS concentration is developed. This maximum can
be related to the minimum in the CP (Figure 35b). When the SDS concentration is low, the
CP decreases causing the turbidity at elevated temperatures to increase as a function of SDS

concentration.
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Figure 35: a) Temperature dependences of the turbidity for an aqueous suspension (0.04 wt %) of
uncharged PNIPAAM microgels without SDS and with different concentrations of SDS at pH = 7. b)
Plot of cloud point as a function of surfactant concentration for the same system. c) Concentration

dependences of turbidity at temperatures indicated.
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IVV.2.3.2  Dynamic Light Scattering

The temperature dependence of the hydrodynamic radius is depicted in Figure 36a for
various surfactant concentrations. At low surfactant concentrations, the microgels exhibit a
similar behavior as was observed in the absences of SDS, i.e., a shrinking of the microgels at
low temperatures followed by a raise in R, caused by aggregation. At higher SDS
concentrations, the PNIPAAM microgels contract from approximately 550 nm at 10 °C to 150
nm at about 55 °C, and at higher temperatures the value of Ry is virtually unaffected by
temperature. This observation discloses that over the studied temperature domain, the
microgels collapse and no growth of aggregates is detected at high temperatures because the
particles are decorated by SDS molecules, which generate electrostatic repulsive forces and
thereby stabilize the particles against aggregation. It is possible that some of the hydrophobic
stickers are solubilized, and this may lead to reduced stickiness of the particles. For the
microgel suspension containing 0.75 mm SDS, the correlation functions could not be analyzed
at temperatures above 40 °C, even though the phase separation does not occur until 58 °C. This
problem is probably due to multiple scattering caused by big aggregates formed at elevated
temperatures. A similar behavior is detected for microgels with 12 mm SDS, even though
macroscopic phase separation does not occur at high temperatures for this sample. This might
be caused by the formation of a few large aggregates in the suspension.

Again, the temperature-induced compaction of the microgels is accompanied by a
strong increase of t. This feature can be explained in a framework similar to that described
above, namely that compression of the species lead to a situation where the relative refractive
index of the particles is increased and this leads to higher values of Qext.

In Figure 36b, the hydrodynamic radius is plotted as a function of the SDS
concentration at different temperatures. At low temperatures, the Ry, increases as more SDS is

added. This is probably due to an expansion of the molecules caused by a SDS-induced
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soulibilization of the hydrophobic interactions in the microgels, this is in a good agreement

with the data from turbidity.

At elevated temperatures, there is an abrupt drop in Ry between 0.5 and 0.75 mmolal

SDS, followed by a slight increase. The drop in Ry, indicates the transition between the samples

that have a CP below 37 °C, and those that phase separates at higher temperatures. And the

following increase is due to the SDS-induced expansion of the microgels.
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Figure 36: a) Temperature dependences of the hydrodynamic radius for an aqueous suspension

(0.04 wt %) of uncharged PNIPAAM microgels at pH = 7, and at the SDS concentrations indicated.

b) Concentration dependences of hydrodynamic radius at temperatures indicated.
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To illustrate the relative change of the apparent hydrodynamic radius with temperature
for the different microgels at pH = 7, the ratio Ry/Ry'® (R4 is the hydrodynamic radius at a
temperature of 10 °C) is plotted in Figure 37. This illustration divulges that up to the LCST,
the compression of the particles is more prominent for the systems of low charge density
because when the number of charges is high, the charges inside the microgels will give rise to
repulsive forces that counteract the intrachain contraction. At higher temperatures, the
microgels of systems with higher charge density are decorated with charges onto the surfaces,
and this provides the stability of the suspension. It is interesting to note that the samples with
6 mol % AA exhibit exactly the same trend even though the size of the particles differs with a

factor of two.
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Figure 37: Temperature dependences of the relative hydrodynamic radius for the systems indicated
at pH = 7. The asterisk (6-mol% AA*) in the inset denotes the sample that has been synthesized in the

presence of SDS.
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To investigate the kinetics of the restructuring process of the microgels, temperature-
quenching experiments were conducted, and the effect of a rapid temperature jump from 32 °C
to 37 °C was monitored. Figure 38 illustrates the time evolution of the scattered intensity for
some different microgels. The general picture that emerges is that the reorganization of the
structures is a fast process at all microgels, and after about 5 min the growth of species has

ceased.

6000 'M 1
5000

= . —v— 1 mol % AA
é 4000 —=— 6 mol %AA*
3 —eo— 6 mol % AA
2
£ 3000 -
P
3
a5
E 2000 E
i v ]
1000 E
—,—,,
0 — T T 1 — T T — ' T T
-5 0 5 10 15 20 25 30 35 40

Time (M)

Figure 38: Time evolution of the reduced scattered intensity at a scattering angle of 90° for 0.04 wt
% suspensions of the uncharged PNIPAAM and the charged PNIPAAM-co-PAA microgels at pH=7,
when the solutions are exposed to a rapid temperature change (temperature-quenching) from 32 °C to
37 °C. The asterisk (6-mol% AA*) in the inset denotes the sample that has been synthesized in the

presence of SDS.
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In order to test the stability of the microgels at elevated temperatures, the correlation
functions were collected before and after the heating cycle, and the results are displayed in
Figure 39. The normalized correlation function as a function of microgels measured at 25 °C
before and after the heating cycle collapsed onto each other. This indicates that the temperature

changes are reversible for all microgel systems.

1.0+ 0 OOt ]

0.8

g'(t)

0.6 Before  After heating
heating cycle

. O 0mol % AA (38°C)
° o0 1mol%AA (40°C)
0.4 }
* % 6 mol % AA* (70°C)
02 L | T LA | T LA | T T T T T
10° 10° 10" 10° 10*
Time (s)

Figure 39: Plot of the first-order electric field correlation functions versus time at a scattering angle
of 90 ° for 0.04 wt% suspensions of the system indicated. All measurements are carried out at 25 °C,
the solid symbols are measured before the samples were heated up, and the open symbols are
measured after the samples were heated up to the indicated temperatures, and then cooled down
again. The asterisk (6-mol% AA®) in the inset denotes the sample that has been synthesized in the

presence of SDS.
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V. CONCLUSIONS

In the present work, dilute HEC solutions have been chemically cross-linked at
alkaline conditions under the influence of different stirring speeds; at various stages during
the cross-linking process the reaction was terminated by quenching the mixture to an acid pH.
The results demonstrate that cross-linked particles are produced with a broad size distribution.
In the course of cross-linking of polymer chains in the dilute concentration regime,
competition between intrachain and interchain cross-linking is an omnipresent phenomenon.
It has been shown that when dilute HEC solutions are exposed to high stirring speeds during
the cross-linking process, the growth of large aggregates is suppressed. The results from
AFFFF sustain this finding and it is also found that the molecular weight and polydispersity
of the species is less at high stirring speeds.

It is observed from the DLS measurements that high stirring speeds at early states of
the cross-linker reaction promote intrapolymer cross-linking, with contraction of polymer
species, and reduction of the growth of aggregates at long reaction times. The sizes of the
particles are virtually not affected by temperature in the interval 25-60 °C.

The results from the rheo-SALS experiments disclosed that at early times during the
cross-linker reaction, the complexes are fragile against shear forces if the reaction mixture had
been subjected to low stirring speeds. However, high stirring speeds of the reaction mixture in
the course of the cross-linking process generates stronger aggregates due to a more efficient
packing of the chains in the complexes. At a later state of cross-linking, more cross-links lead
to better stability of the species even for solutions that have been exposed to low stirring
speeds during the cross-linking process. This work has demonstrated that particles of various
sizes can be prepared by exposing the solutions to different stirring speeds during the cross-
linker reaction, and to terminate the reaction at desired reaction times. This open the

possibility to prepare particles that can be used for enhanced oil recovery applications.
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Chemically cross-linked PNIPAAM microgels, and charged analogous PNIPAAM-co-
PAA microgels were prepared, and the effect of temperatures and pH were scrutinized with
the aid of dynamic light scattering and turbidimetry. At temperatures up to the LCST all the
studied microgels were observed to shrink, independent of polymer concentration, pH, and
charge density. However, the relative contraction is larger for the cross-linked particles with
no or low charge density. This significant collapse of the species cannot be traced to a
decrease in the turbidity, but rather the value of t raises. This irregular phenomenon is
analyzed in the framework of an approach that takes into account changes of the refractive
index of the particles in connection with particle compression. At low temperatures, the size
of the microgels with 6 mol-% AA groups is appreciably larger that that of the uncharged
particles because of repulsive interactions. However, the microgels with 6 mol-% AA groups
that have been synthesized in the presence of SDS are much smaller than all the other
microgels.

At temperatures above the LCST, the microgels with one or few charges aggregate,
whereas at very low concentrations this tendency of forming flocks is suppressed. The
interchain association occurrence is strongly inhibited when a sufficient amount of SDS is
added to the uncharged microgels. At pH = 2, all systems approach macroscopic phase
separation at temperatures above the LCST. At pH = 7 and pH = 11, most of the features are
similar and the results for the charged microgels (6 mol-% AA) demonstrate that the apparent
hydrodynamic radius drops continuously over the whole considered temperature range. This
finding shows that the microgels are electrostatically stabilized.

Effects of polymer concentration, pH, and charge density on the temperature-induced
association behavior of these microgels are schematically illustrated in Figure 40 a,b. The
illustration shows that contraction always happens at temperatures below the LCST. We note
that at temperatures above the LCST, the uncharged or slightly charged microgels form

aggregates, except at very low concentrations or in the presence of SDS. Intuitively, we
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would expect that when big aggregates are formed at elevated temperatures for a sample
containing many microgel particles, species of various sizes should exist in the suspension.
However, values of the stretched exponential 3 close to 1 at this stage, suggests that the size
distribution is narrow. To obtain more information about the species, we have carried out a
few cryogenic transmission electron microscopy (cryo-TEM) measurements on 0.04 wt % of
uncharged PNIPAAM microgels at a temperature of 38 °C (large aggregates (R, ~ 650 nm)
are formed). The experimental technique and the instrumentation have been described
elsewhere [133], as well as the performance of the measurements [98]. The results
demonstrate that huge spherical particles with a narrow size distribution are formed see
Figure 40c. This finding supports the DLS results that the species are nearly monodisperse,
even when phase separation is approached. The diffuse outer rims of the particles in Figure
40c indicate that uniform loosely aggregated species are formed. This finding indicates that
the shells are quite tightly bound to the core particles [134].

For suspensions of the charged PNIPAAM-co-PAA microgels, the contraction of the
particles continues over the entire temperature region at pH = 7 and pH = 11, whereas at pH =
2 large clusters are formed above the LCST and macroscopic phase separation is approached.

For further studies, it can be interesting to investigate the possibility of producing
microgels that are stable for long periods of time against very high temperatures (> 90 °C),

high pressure, and salinity for the use in EOR applications.
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Figure 40: a) Schematic illustration of effects of polymer concentration for uncharged PNIPAAM on
the temperature-induced aggregation behavior of microgels. b) Effects of pH, and charge density for
charged PNIPAAM-co-PAA on the temperature-induced aggregation behavior of microgels. The
addition of SDS on uncharged particles will give a similar effect as sketched for the charged particles.
¢) Cryo-TEM image of a 0.04 wt % suspension of uncharged PNIPAAM microgels at 38 °C. The scale
baris I um.
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