Thesis for the Master’s
Degree in Chemistry

Atoosa Maleki

Structural and Dynamical
Features in Microscopic and
Macroscopic Hydrogels
Prepared through Chemical
Cross-Linking

60 study points
DEPARTMENT OF CHEMISTRY

Faculty of Mathematics
and Natural Sciences

UNIVERSITY OF OSLO
10/2005




Structural and Dynamical Features in Microscopic
and
Macroscopic Hydrogels Prepared through Chemical
Cross-Linking

Atoosa Maleki

Supervisors

Bo Nystrom  Anna-Lena Kjeniksen

DEPARTMENT OF CHEMISTRY
Faculty of Mathematics
and
Natural Sciences

October 2005

University of Oslo




++ List of Contents

% AcknOwledgement ...........ccoiiiiiiiii e 6

% List of Symbols and Abbreviations.............ccccceoevierinieeineeeeee e, 8

Lo ADSTFACE......ooo s 12
II INErOdUCHION ..o 14
AL HYATOZEIS ...ttt 16
B. MICTOZEIS ...ttt enas 17
C.  CelluloSe DETIVALIVES ....c.cuveveeieiieiiieieieiesieteisieieet ettt senas 17
D. Hydroxyethylcellulose (HEC)........cccooioioieiriiiiiieieeieeeeeeeeeee e 19
1. Structure and Preparation ...............c..ccoooiiiiiiiiiiiiii e 19

PN 1) 1] | (11 10) | C TSP 21

E. Divinylsulfone (DVS) ..o 22

1. Cross-linking Process...........c.ccoooviiiiiiiiiiiiiiieniieeieeeieeesee e sree e sseeesree e 24

Fo GelatioN ...ttt 25
Gl GEIPOINE ...ttt 26
III. Experimental Techniques..................cccoooooiiiiiiiiiiiieees 26
AL TUIDIAIMEIY ..ottt senas 26

B, RNCOLIOZY ..ottt 28

1. Steady Shear Measurements ............ccoccueeeiuiiiiiiiiiiiiniie et e et e e 29

2.  Oscillatory Shear Measurements................ccceeeevveeririeerireeesneesreeesreesseeesneeenenens 31

a) Angular Frequency Dependency of the Complex ViScOSity .......cccouvevevecveneennen. 34

b)  Determination of the Gel POINt .............cccccceecuevieroienirieiieienieeiesie e 34

C)  Gel Strength Parameter (S)......cccuucereeiereeieieetesiesitee ettt 35




d) Theoretical Models for the Interpretation Of N..........ccceceeeceeeceeseesceeeeeeeeeeeene 35

€)  Stress Relaxation EXPEFIMENLS ...........cccueeueririenenienienienieniteniesieesaessesie s 39

C. Small Angle Neutron Scattering (SANS) ......coveeeiiiireeeeeeeee 40
D.  Light SCAETING . ....covovrveeieieieieieiieseteee et 42
1. Dynamic Light Scattering (DLS) .........c.ccooiiiiiiiiiiiice e 43
IV. Experimental SeCtion...............ccccocooiiiiiiiiiiiiiceeee s 46
A. Materials and Solution Preparation ...............cccceceeivieiiieieiicicicceeeeseeveeee 46
B. Turbidity MEasurements ..........cccocivieueirieeeiiieieieisieieeseieieieeeie s 47
C. RREOLOZY -ttt 47
D. Small Angle Neutron Scattering (SANS) .....cooooieinieireieeeeeeee e 48
E. Dynamic Light Scattering (DLS)........cccooieiiiiniieeeeeeeeeee e 49
V. Results and DiSCUSSION .............c.ocoiiiiiiiiiiccccee s 49
AL DIIUte SOIUHIONS. ...ttt 50
) I 1114 01 11 1111 1 o APPSR 50

R 2 1<) (1 <3 SR 51

a) Intrinsic Viscosity and Huggins COeffiCient ...........cocouuvveveeiieceenieeeeeeeeeenee 51

b)  Shear Viscosity MeASUFEMENLS ............ccccveeueverienirienieeeenieeeesie st 53

3. Dynamic Light Scattering (DLS) .........cocooiiiiiiiiiceeee e 59
a)  COrrelation FUNCHONS ..........cc.ccccueercuieeeieesieeestieeceessseesseseessseesssseesseesssseesssseeans 59

b)  Fast and Slow Relaxation TiMES ..........ccueeveuveecrieesireeeiieeeereeesieesreeessseesssneesseeens 60

c) Quenching the reaction by HCI............ccoccoeeoiieiieiieiieeeeeeeeeee e 61

(D q Dependencies of the Fast and Slow Relaxation Modes...........cccccvvveerrerveeennnnee. 63

(2)  q Dependency of the Reduced INteNSIty .....c.eevveeeveerieerieeiieiesie e e eee e 65

B.  Semidilute SOIUtIONS. .....c.oveviiiiiiiiiieeeee e 67




1. TUurbIdimMELTY ....oooiiiiiiii ettt ettt e 67

2 RBEOIOGY ... ettt e as 69

a)  Steady Shear MeaSUFreMENES...........ccceecueereiueerieieeiieeesrtesseeessteeesseessseeessseeesseenns 69

b)  Oscillatory Shear Measurements ..............ccoeeeveeseeeecveesireessireesesesssseessseeseseeans 73

) Angular Frequency Dependency of the Complex ViSCOSItY .......cceevveeersieeenueenne 74

(2)  Testing of COX-MEIZ RUIE .....ccccvviirerieeiiieiiieerreeeieeeereeeereesreeeereessereeseseeenens 76

3) Determination of the Gel POINE ......cccvveeieiiiiiiiieeiieeiiieeeiee e sereeeeieeeeieeeseveeens 77

4) Gel Strength Parameter (S) and the Relaxation Exponent (1) .......ccccceeeeevveeennnnee. 82

%) Z10-ShEar VISCOSITY uvvieeuriiiirieeeieeeitreeeitieeeteeeetreeeteeeetreeeteeeeereeenseeeessseensveeens 84

C)  Stress Relaxation EXPEFIMENLS ...........ccveeeeeeeeceeeireesieeseeeseesseesseessesseesseesseessns 85

3.  Small Angle Neutron Scattering (SANS) .....cccoveiiiiiiereeee e 87

4. Dynamic Light Scattering (DLS) .........cooiiiiii e, 90

VI COonCIUSIONS........cooiiiiiiiiicce e 95
VIL  APPEIAIX ..ot 97
VIIL RefErenCes ........c..cooviiiiiiiiiiiicc e 98




N

i

] s Acknowledgement

7.

fly principle debt of thanks is to my supervisors professor Bo cNystrém
and gRnna_fena ¥joniksen for their insightful xemarnks, inspiational
suggestions, helpful advices and supportive guidance. gftaving the honor of
attending in thxee conferences (Wadahl 2003, Wadah! 2004, gfrance
2005) as their student, has Given me the pleasure of getting benefit of

their immense know[ec[ge mor-e.

dtg expression of appreciation is to Kenneth Knudsen for his support at
IFE to do the SANS measutements.

2 would like to thank the gPolymer group at University of Gslo for theix
[friendly cooperation. U wish to express my deepest gratitude to cftuaitian
B for hex extremely cordial assistance.

zatitude to a it iend) out of the university and collogques at
ly g d U faithful d A ty d coll g
J'ob that /zeéoed me a lot in the ,o'cocedu'ce of doin.g this thesis.

2 owe a debt of gratitude to my dear uncle gflorteza favasani, whose
emotional and fin.an.cial support were insttumental in makin.g this paper
a 'cealiiy.

Vo4 Apecia[ thank to my dear paxents and beloved sisters, fot their
eve'clastin.g support, great a/fection and theix pure love.

GRbove all else, thank Zod for creating and making me what L am. gflay
his me'cciﬁll and Supportive grace be upon the all fo'ceve'c and me.

October 2005




cvery chain. our lgncrance burn
Kddle z‘/mé/f/é the wrn

Omar Khayyam (1048-1123)
ematician, Scientist, Astronomer, Philosopher




* List of Symbols and Abbreviations

Ag o, Second Virial Coefficient
Afeeeieieieeeeeen, Amplitude of the Fast Mode
A, Amplitude of the Slow Mode
B A Coefficient (|77*(a))| =aSo™)
B Empirical Factor
Cprrerrerrenenrennensenesseinenes Polymer Concentration
(G Overlap Concentration
Cell.oorieiiiiinne, Cellulose

Conc. ..covvveviinieene Concentration
CPueeee, Cloud Point
Do, Diffusion Coefficient
Deeeeererieiiieieiceee, Cooperative Diffusion Coefficient
| D R Mutual Diffusion Coefficient
DLS ..o, Dynamic Light Scattering

DS Degree of Substitution

DVS. ., Divinylsulfone
e, Space Dimension

[« P RR Fractal Dimension

EO .o, Ethylene Oxide Group
 EOUUUUURUUURRR Applied Frequency (s™)

(€101 R Initial Relaxation Modulus




(€109 IR Relaxation Modulus

G (®)eeeeerieeeiieeiieens Storage Modulus (or G)

(Gl (1)) JRUR Loss Modulus (or G )

GP i Gel Point

S ("R N First Order Electric Field Correlation Function
P (<R FO Measured Homodyne Intensity Autocorrelation Function
HEC......ooviees Hydroxyethylcellulose

| (<) PR Scattering Intensity

PSSR Transmitted Light Intensity

| PRSPPI Incident Light Intensity

K oo, Huggins Coefficient

KB e Boltzmann’s Constant

Lo Characteristic Length

| OSSR Light Path Length in the Cell (in Turbidimetry)
LY R Mass of a Molecular Cluster

1\ PR Number Average Molecular Weight
Mupeneeeieieeeeeee Weight Average Molecular Weight

MS ., Molar Substitution

111 RSO Complex Viscosity Relaxation Exponent ('~ ™)
|\ Avogadro’s Constant (6.022x10% mol™)

11 USRI Relaxation Exponent

N e Power Law Parameter (G ~ @")

N Power Law Parameter (G"~ ®" )




Tgoupeeeeeeeereenesmesenneinens Coupling Parameter

Drefeeeeeeeennnneneeeeeeeeninnns Refractive Index
P Bond Probability (A Measure of Connectivity)
Peoooooooeeeeiieieee, Critical Extent of Reaction

o PSRRI Wave Vector
Ry Radius of Gyration
Rpeeeeiiiiieiiees Hydrodynamic Radius

Ref. i, Reference

T et Scaling Exponent

S Gel Strength Parameter

SANS .o, Small Angle Neutron Scattering

T oo, Temperature

| F S Time

17:10 1SS Damping factor or Loss Tangent
Zoeereeeeeeeee e Power Law Exponent (I(q) ~ q°)
Cleerreereeeeeeeeeeeeeee e Power Law Index (77 oc 7“7")
Olfeerereereeneneeeeeseseseenenns Power Law Exponent (7' o ¢*')
Qg voveerereenereerseeeeesenens Power Law Exponent (7, oc ¢*)
B Stretch Exponent

| R Gamma Function
Voo Strain

Yorerereeennraernneeenreeannnees Maximum Amplitude for the Strain

T eeeereeeerre e Shear Rate




O reeereeeereeerree e Phase Angle

€ ettt Relative Distance from the Gel Point
1 PSS Viscosity

Mred «-veeeeernnreeessnsnneenanns Reduced Viscosity

L1 R Specific Viscosity

TNz cvveeereeennreenireeenneans Zero - Shear Viscosity

{1 VPR Viscosity of Solvent

1 Intrinsic Viscosity

N oo, Absolute Value of Complex Viscosity
S SR Scattering Angle
Rt Wavelength

et Screening Length
Eeeereeeeeeenieeneeeeeeaeans Hydrodynamic Correlation Length

O RN Separating Parameter

dX/dQ i, Coherent Macroscopic Scattering Cross Section
G ereeeeee et Stress

O veeenrrrerreeesseeensneans Maximum Amplitude for the Stress
T oeeeeeeeeeeenieesneeeeeeeeens Turbidity

T eeeeeeeeeeeeeeeeeeeeeeeees Fast Relaxation Time

T eeeeeeeeeeeeirreeeeeeeeeeianns Slow Relaxation Time

T vrnnrrrnrnrnrernseeereeeseeees Slow Effective Relaxation Time

(0 S Power Law Exponent (1 ~ t?)

O eveeereeeereeeereeeeaeenns Angular Frequency (rad/s)

11




I. Abstract

Rheological, dynamical, turbidity, and structural features during the cross-
linking process of dilute and semidilute hydroxyethylcellulose (HEC) solutions in the
presence of the cross-linker agent divinylsulfone (DVS) have been investigated at
different polymer and cross-linker concentrations. For the semidilute system, a
macroscopic gel evolves in the course of time if the cross-linker addition is
sufficiently high, and the gelation time decreases as the cross-linker concentration or
polymer concentration increases, while for the dilute polymer solution, only small
non-connected aggregates, microgels, are formed. For dilute solutions under shear
flow, intramolecular interactions dominate initially, followed by intermolecular
associations and the formation of aggregates at longer times. Depending on the shear
rate, the aggregates continue to grow until they reach a certain size where an incipient
breakup of interaggregate chains can be observed. The delicate interplay between
intramolecular and intermolecular association effects is governed by factors such as
the magnitude of the shear rate, polymer concentration, and cross-linker density. At
quiescent state, dynamic light scattering detected only interchain aggregation of HEC
during the cross-linker reaction, and the magnitude and start of this effect depend on
the cross-linker concentration. The growth of clusters has been investigated at various
stages in the course of the cross-linking process by quenching the reaction mixture to a
lower pH. The rheological results favor the percolation model for the semidilute
sample at the gel point. The slow relaxation time determined from dynamic light

scattering experiments increases and the sample becomes more heterogeneous in the

course of gelation. In the post-gel region, the gels shrink during a long time and this




phenomenon is accompanied by a strong turbidity enhancement. Small angle neutron
scattering results from samples quenched to a certain stage in the post-gel regime,
disclose growth of the heterogeneity in the gel with increasing level of cross-linker
addition. At smaller length scales, no effect of cross-linker addition could be detected

on the structural organization, and the wave vector dependence of the scattered

intensity in this domain suggests that the HEC chains are locally stretched.
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II.Introduction

A. Hydrogels

Hydrogels are three-dimensional networks made of cross-linked hydrophilic or
amphiphilic polymers. Cross-links can result from physicall’2 or chemical bonding.3 &
Hydrogels (the polymer concentration is usually low (typically 1 wt %)) are materials
which, when placed in excess water, are able to swell and retain large volume of water
in its swollen three-dimensional structure without dissolution. This particular behavior
makes them very attractive for many biomedical applications including contact
lenses’, time controlled drug delivery systems®, but also for ion exchange’, and
separating membrane® superabsorbents. The hydrophilicity is due to the presence of

water-solubilizing groups, such as -OH, -COOH, -CONH,, -CONH -,
- SO, H ,etc. The stability of the structure is due to the presence of a three-dimensional

network. The swollen state results from a balance between the dispersing forces acting
on hydrated chains and cohesive forces that do not prevent the penetration of water
into the network. Cohesive forces are most often due to covalent cross-linking.
Physical interactions are electrostatic, hydrophobic, or dipole-dipole in character. The
degree and nature of cross-linking and the tacticity and crystallinity of the polymer are
responsible for its characteristics in the swollen state’. The ability to imbibe water and

ions without the loss of shape or mechanical strength is valuable in many natural

hydrogels, such as those found in muscle, tendons, cartilage, intestines, and blood.




B. Microgels

The gelation of a semidilute polymer solution results from the formation of a
connected network via intermolecular cross-links that can be established by various

. . . . . 10.11
mechanisms, such as attractive interactions between hydrophobic groups'®'',

12-14 . .
, and cross-links mediated

temperature-induced attraction between polymer chains
by a chemical cross-linking agent.>'>'® However, if a dilute polymer solution is, e.g.,
chemically cross-linked, the connectivity is lost and non-linked aggregates of finite
size are formed, which may be referred to as microgels.'’

Microgels are cross-linked colloidal particles that can swell by the absorption
of many times their weight of solvent and exhibit a behavior ranging from that of
polymer solutions to that of hard spheres.'®" From an application point of view, the
microgel particles can respond to the environmental change much faster than bulk gels
due to much smaller size of the particles. Unusual properties of microgels lead to
various applications including the automotive surface coatings, and controlled drug
delivery.'”® Many methods have been developed for preparing microgels, including

emulsion  polymerization, inverse microemulsion polymerization, anionic

copolymerization, and cross-linking of neighboring polymer chains.'®

C. Cellulose Derivatives

Cellulose is an g —1— 4— D —anhydroglucopyranose copolymer that serves as

the major structural component of plants (Figure I). When the cellulose molecule

is extended, it is a flat ribbon with hydroxyl groups protruding laterally and capable




of forming both intra- and intermolecular hydrogen bonds. This form allows the
strong interaction with neighboring chains that makes dissolution difficult. In fact,
strongly interactive solvents are necessary for solubilization. Molecular weights

range from 5 x10”to 1.5 x 10°, depending on the source.*

& o
HO O\?\"LO HO 0‘?“7/
\  OH 1\ \ _ OH \ o
N O N
7o N\ o/ e N\
o o / OH HO/ OH
?O& HO QO'S’

Figure 1. The chemical structure of cellulose.

The anhydroglucose moiety contains three reactive hydroxyl functions: one
primary at the C-6 position, and two secondary at the C-2 and C-3 positions. These
hydroxyl functions provide the sites for alkylation to yield cellulose ether derivatives.

The abundance of hydroxyl groups leads to the formation of an intricate array
of intramolecular and intermolecular hydrogen bonds during biosyntheses.
Intramolecular hydrogen bonding between adjacent anhydroglucose rings enhances the
linear integrity of the polymer chain. Such intramolecular hydrogen bonding not only
affects chain rigidity, but also the reactivity of the hydroxyl functions, particularly of

the C-3 hydroxyl groups which hydrogen bond strongly to the ring oxygen atoms on

adjacent anhydroglucose units.
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Figure 2. Conformational structure representation of cellulose depicting intramolecular
hydrogen bonding between OH at C-3 and ring oxygen.

The regular rod-like cellulose chains allow an efficient close-packing
arrangement, permitting intermolecular hydrogen bonding to yield a fibrillar tertiary
structure of high order. Several methods have been reported for determining the
ordered fraction of cellulose. The high degree of order and cohesive energy among
chains is responsible for cellulose being insoluble in most solvents, including water,
and is the main obstacle to overcome in synthesizing soluble derivatives so it is
necessary to make modifications to improve its solubility in aqueous media. This is
accomplished by making cellulose derivatives, which are more hydrophilic in nature.*’

In the present study the hydrophilic hydroxyethylcellulose (HEC) is employed.

D. Hydroxyethylcellulose (HEC)

1. Structure and Preparation

HEC is a hydrophilic non-ionic polymer, typically prepared by the reaction of

cellulose with ethylene oxide.




Figure 3. HEC is white or yellowish powder.

Hydroxyethylcellulose (HEC) is prepared by nucleophilic ring opening of
ethylene oxide, by the hydroxyl anions on the anhydroglucose ring of cellulose. HEC
has a little surface activity in solution and is compatible with a wide range of
surfactants and salts. To quantify the substitution of ethylene oxide (EO) groups
along the cellulose backbone, the notations DS and MS have been introduced. The
degree of substitution (DS) denotes the number of hydroxyl groups that have been
substituted on each anhydroglucose unit, and can thus vary between 0 and 3. Due to
the ability of ethylene oxide to form short oligo (ethylene oxide) chains, the molar
substitution (MS) is employed. MS is equal to the total number of ethylene oxide

groups per anhydroglucose unit.** Figure 4 shows a schematic representation of

preparation and structure of HEC.
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Figure 4. (a) HEC is formed by the reaction of alkali cellulose with ethylene-oxide; (b)
schematic representation of the chemical structure of HEC.

2. Applications

Because of its broad compatibilities, HEC is widely used in applications and

products that require thickening, water binding, lubricating, film forming, and

20,21

protective colloid or stabilizing properties (See Table 1).




Table 1. Uses of Hydroxyethylcellulose®'.

Property Applications
Protective colloid Vinyl acetate and vinyl chloride
polymerization

Pharmaceutical emulsions
Latex paints

Lubricity Wallpaper adhesives
Pharmaceutical gels
Welding rods

Water binding Plastics

Cements, also as set retarder
Texture paints

Foundry cores

Ceramic glaze

Welding rods

Printing pastes

Size-press solutions

Film forming Fabric finishes

Aerosol starches

Glass-fiber size

Thickener Adhesives

Latex paints

Shampoos and hair dressings
Toothpaste

Cosmetic creams and lotions
Printing pastes

and inks

Completion and work-over fluids
Joint cements

E. Divinylsulfone (DVS)

The agent divinylsulfone (DVS) has been widely used to cross-link hydroxyl
containing polymers to prepare gels, microgels, and nanoparticle networks in alkaline

solutions (around pH = 12 or higher). The chemical structure of DVS is given in

Figure 5a and the function of the cross-linker is indicated in Figure 5b. This reaction




is an example of Michael addition chemistry, so in principle no byproducts should be
generated. However, in practice DVS is hydrolyzed by water (slowly at neutral pH and

more rapidly in alkaline solution; see Figure 5¢).”

i
H2C=CH—|S|,—CH=CH2
(0]
(b)
O
OH + ==~ ! —— i po —
|
@)
3 i
O O
\/\S/\/
I
(0]
(©
— =
= +  2H0 —»OH\/\! OH
|| ” (Slow)
o o]
O
(0]
ag T/ + H0 — |C|) (Relatively quick)
I S
0 [
O

Figure 5. (a) The chemical structure of DVS; (b) Reaction scheme for cross-linking of the
hydroxyl-functional polymers with DVS; (c) Side reaction of DVS in aqueous solution at
neutral and alkaline pH.

One advantage of using DVS as a cross-linker is that, in principle, the extent

of incorporation of the DVS can be assessed by sulfur microanalyses.”




1. Cross-linking Process

There are two types of cross-linking processes, that is, infer- and intrapolymer
cross-linking. The former allows the increase of the molecular weight (My) of a cross-
linked polymer via the coupling of two or more polymer chains. The latter does not
alter My but affects the quantities relating to a polymer chain dimension, e.g.,
hydrodynamic radius (Ry,) as well as radius of gyration (R,), because the cross-linking
should take place within the same polymer chain.**

A proposed scheme for the cross-linker reaction and the formation of a cross-
linked network for dilute and semidilute HEC solutions in the presence of DVS are

illustrated in Figure 6 and Figure 7, respectively.

Dilute system

OH DVS

OH

9@@ -
@0@?@/@%%@

Figure 6. An illustration of cross-linking reaction for a dilute HEC solution, in the presence
of DVS as a cross-linker.




Semi-dilute system

The mechanism is the same as in Figure 5b but in this case a connected network is

formed.

The Polymer- -
network.

Figure 7. An illustration of cross-linking reaction for a semidilute HEC solution, in the
presence of DVS as a cross-linker

F. Gelation

The problem of the transition of polymer solutions into gels (gelation) has
always been considered as a classical subject of colloid chemistry.” Gelation of a
polymer solution can be characterized as a process involving a continuous increase in
viscosity accompanied by a gradual enhancement of elastic properties. Gelation results
in ‘freezing’ of the whole system into a uniform non-flowing elastic mass, which is a
gel resulting from the formation of a polymer structural network, encompasses the
whole bulk of the system, and retains the solvent. The main cause of gelation in
polymer systems is the enhancement of interactions between the dissolved polymer
macromolecules or their aggregates. Gelation is wusually related to poorer

thermodynamic conditions and phase separation.”®*” In this work, gelation occurs

25




through a chemical reaction with the aid of a chemical cross-linker agent. In this
investigation, two different types of gels have been studied, namely microgels, which
are made by the intramolecular associations in dilute polymer solutions, and
macroscopic gels, which are prepared by the intermolecular associations in semidilute

polymer solutions. The word ‘gel’ refers to ‘macroscopic gel’ in this thesis.

G. Gel Point

A polymer at its gel point (GP), the critical gel, is in a transition state between
liquid and solid. Its molecular-weight distribution is infinitely broad (My / M,, — )
and molecules range from the smallest un-reacted monomer to the infinite cluster. The
molecular motions are correlated over large distances but the critical gel has no
intrinsic size scale. The polymer reaches the GP at a critical extend of reaction (p —
pe)- The liquid polymer before the GP (P < P,) is called a sol because it is soluble in
good solvents. The solid polymer beyond the GP (P, < P) is called a gel, which is not
soluble, even in a good solvent (only valid for chemically cross-linked gels). However,

low molecular weight molecules (sol fraction) are still extractable.*®

III. Experimental Techniques

A. Turbidimetry

Turbidity is a measure of how opaque the sample is, and this technique is a

powerful method to characterize the thermodynamic and associative properties of

26




polymer solutions. To measure the turbidity, a spectrophotometer is used. In this
instrument, a light source illuminates the sample with light of a certain wavelength and

the intensity of the transmitted light (I,) is registered.

Figure 8. The spectrophotometer

The spectrophotometer that has been used for this system 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 190 -1100 nm and a fixed 2 nm bandwidth.

It can measure in two modes:

- Absorbance ( how much light is absorbed by the sample)

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

The transmittance was measured in this study.

To calculate the turbidity from the measured transmittance, the following equation is

used *:




Transmitted light

Turbidity intensity
\ 7
r=(YHm)
° w Incident light
Light path Intensity
length

in the cell i
in the ce T:(_% )ln(%o)

(1)
B. Rheology

Rheology is the science of the deformation and flow of matter. It is concerned with
the response of materials to mechanical force. That response may be irreversible flow,
reversible elastic deformation, or a combination of both. Deformation is the relative
displacement of points of a body. It can be divided into two types: flow and elasticity.
Flow is an irreversible deformation; when the stress is removed, the material does not
revert to its original configuration. This means that work is converted into heat.
Elasticity is almost a reversible deformation; the deformed body recovers its original
shape, and the applied work is largely recoverable. Viscoelastic materials show both

flow and elasticity features.”

The Paar-Physica MCR 300 rheometer, utilized in this study, is a very accurate

instrument to monitor various rheological quantities. It is equipped with a Peltier plate

temperature unit that gives a very good temperature control (+ 0.05) over an extended




time. A cone-and-plate geometry, with a cone angle of 1° and a diameter of 75 mm has

been used in this study (See Figure 9).

Figure 9. The Rheometer

1. Steady Shear Measurements

In steady shear measurements, the cone will rotate, and each point is measured

at a different shear rate, giving us the shear rate () dependency. In this mode, the

viscosity of the sample can be determined. For some systems the viscosity is shear rate
independent; giving a viscosity (1) that does not vary with the shear rate. These
systems are called Newtonian systems. Some polymer systems will exhibit a shear-
thinning behavior (the viscosity decreases with increasing shear rate). This behavior
can often be attributed to intermolecular associations and/or entanglements that are
disrupted by the shear forces. A shear-induced viscosity drop can also be observed in
dilute solution through alignment of the polymer chains in the shear field. In addition,
some systems exhibit shear thickening at low shear rates, and shear-thinning at higher

shear rates. Stretching and alignment of the polymer chains, giving rise to easier
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access for intermolecular associations, usually cause shear-thickening. At high shear
rates, the associations breakup and the system exhibits shear thinning behavior.”® At
low shear rates, the viscosity assumes a constant value, which yields the zero-shear

viscosity. The shear rate dependency of the viscosity can be represented by eq. 2:

7 oc 7(I—1)

o <l Shear thinning system

Power law .
. —» a =1 Newtonian system
index

o> 1 Shear thickening system

2)

The intrinsic viscosity, [n], and Huggins coefficient, k, can be determined
from a measurement series in dilute polymer solutions.

The specific viscosity, 1y, i given by:

772 _770
Ny =——— 3
! 7o )

where 1 , is the zero-shear viscosity of the polymer solution, and 1 is the viscosity of
the solvent.

The reduced viscosity, 1,eq, 1S given by:

7,
Mot = (4)

Cp

where cp is the polymer concentration.




The intrinsic viscosity is given by:

[7]= tim "2

c—0 CP

)

The intrinsic viscosity and Huggins coefficient (k ) can be determined from

nsp

P

=[]+ k" -[n] -c, 6)

2. Oscillatory Shear Measurements

In oscillatory shear measurements, the cone or plate may oscillate and each

point is measured at a different angular frequency ().

LT } --.-."h
=.,_‘_ - __.3 The cone rotates/ oscillates or...
Torque bar

\ r—‘ Sample
e

Platg |

:'} ...or the plate rotates/ oscillates
=
Oscillation drive

...........

Figure 10. A schematic picture of the rheometer.




In order to determine the dynamic properties of the system, oscillatory shear
measurements are conducted. When a sample is constrained in a cone and plate
assembly, an oscillating strain at a given frequency can be applied to the sample. After
an initial start-up period, a stress develops in direct response to the applied strain due
to transient sample and instrumental responses. If the strain has an oscillating value
with time, the stress must also be oscillating in time. These two waveforms can be

represented as in the following way:

amplitude (arb units)

time
Figure 11. An illustration of oscillating strain and stress response.

When a tangential displacement is applied to the lower plate, a strain in the
sample is produced. That displacement is transmitted directly through the sample. The
upper cone will react in proportion to the applied strain to give a stress response. If the
viscoelastic material is in the instrument, some energy is stored and some dissipated,
the stored contribution will be in phase whilst the dissipated or loss contribution will

be out of phase with the applied strain®'. The stress and strain can be written as:

y =7,sinot ()




o =0, sin(wt +0) = o, cososinwt + o, Sin O cos wt (8)

where t is the time and y,and o, are the maximum amplitudes for the strain and stress,

respectively.

The stress can also be expressed as:
0 =70 [G’(a)) sinawt + G"(w)cos a)t] 9)

where G'(®) is the storage modulus (elastic response) and G"(w) is the loss modulus

(viscose response). G' and G” vary with the phase angle as:

"

tan o =
G

(10)

0 is the phase difference in radians between the peak value of the stress, and the peak

value of the strain, which is constant with time at any given frequency.’

The absolute value of the complex viscosity can be determined from *:

/Gr2 +G”2
DEE— (11)

@

*

o is the angular frequency, which is equal to 2zf where £ is the applied frequency

measured in Hertz.




a) Angular Frequency Dependency

of the Complex Viscosity

The angular frequency dependency of the complex viscosity gives information
about the solid-like or liquid-like behavior of the system, and can be expressed in

4
terms of a power law ™:

m=0 Liquid-like behavior

oc @ — -1 <m <0 Viscoelastic behavior

I

m=-1 Solid-like behavior

(12)
b) Determination of the Gel Point

The gel point can be determined by oscillatory shear measurements. According
to the model of Chambon and Winter’>>*, the gel point is characterized by a frequency

independency of tan J, and the following power-law of G" and G" is valid:
G'(w) x G"(w) x ®" (13)
where n (0 <n <1) is the relaxation exponent.

The gel point can be determined by plotting fan ¢ at several frequencies against
the gel forming parameter (e.g., time and temperature), and determining the point where

tano is frequency independent. The gel point can be also determined by finding the point

where the slopes of G’ and G” versus o are the same in a log-log plot.’




Gloca)n', G”OCC()n” (14)

!/ "

Atthe gel point: 77 =n =n
¢) Gel Strength Parameter (S)

To characterize how stiff a sample is at the gel point, the gel strength parameter
(S) is determined, which is dependent on the cross-linking density and the molecular
chain flexibility.”> The values of n and S for an incipient gel can be determined from a
power law describing the frequency dependency of the absolute value of the complex

. . 4
viscosity.’

" (@)= aSe” (15)
m = n-1 (16)

‘" ['(n)sin(nr) (17

where I'(n) is the gamma function and m is the complex viscosity relaxation exponent

and is directly related to the relaxation exponent n.

d) Theoretical Models for the Interpretation of n

A number of theoretical models >>* have been developed to predict the value

of the relaxation exponent. The present understanding of the phenomenology of




gelation is essentially based on concepts such as dynamic scaling, fractal analysis, and
percolation of clusters. The growing clusters, which appear as the connectivity
increases near the gelation threshold, may be described in terms of the fractal
geometry on the length scales between the monomer size and the correlation length of
the connectivity.

The structure of the incipient gel can be described by a fractal dimension, dj,

which is defined by:

R i o« M (18)

g

where R, is the radius of gyration and M is the mass of a molecular cluster. A
dynamical scaling analysis of flexible fractals in the Rouse limit (no hydrodynamic
interaction), taking into account the effect of screening of excluded-volume and
hydrodynamic interactions but ignoring entanglement effects, yield for a monodisperse

solution of polymers of fractal dimension d; a viscoelastic exponent of **">*:

d,
" :2+df (19)

If we assume that the fractal dimension is located in the range 1 <d; <3, then
eq. 19 predicts that the relaxation exponent is restricted for 1/3 < n < 3/5. When

polydisperse clusters near the gelation threshold are considered and Rouse dynamics

prevails, the relationship for non-entangled systems can be described as:




o d,(r=1
(d,+2) (20)

where 1 is a scaling exponent describing the cluster size distribution function near the

gel point:

where d (d = 3) is the space dimension. From percolation statistics (d;= 2.5 &
r =~ 2.2), it follows that n = 2/3. On the other hand, based upon a suggested®”*
isomorphism between the complex modulus and the electrical conductivity of a
percolation network with randomly distributed resistors and capacitors, a value of n =
0.72 has been predicted. Since these values are close to each other, dynamic
rheological experiments do not allow distinguishing between these predictions. In a
number of oscillatory shear studies on incipient gels of various natures, values of n in
the whole range 0 < n < 1 have been reported”. To rationalize these values,

1*! in which it is assumed that variations in

Muthukumar developed a theoretical mode
the strand length between cross-linking points of the incipient gel network give rise to
changes of the excluded volume interactions. It is anticipated that increasing strand

length should enhance the excluded volume effect. To account for this effect,

Muthukumar suggested that, if the excluded volume interaction is fully screened, the

relaxation exponent for a polydisperse system can be expressed as:




d(d+2-2d,)
" T dr2-d,) (22)
S

In the framework of eq. 22, all values of the scaling exponent 0 < n < 1 are
possible for a fractal in the physically realizable domain 1 < df < 3. In the case of
unscreened excluded volume interactions; 1 < n < 3/5 as d, varies from 1 to 3 (eq. 20
and 21). Incipient gel networks with high values of n, have low fractal dimensions and

are said to be “open”, whereas networks with low values of n have higher fractal

dimensions and are called “tight”. (See Figure 12)

Figure 12. An illustration of an open and tight network.




Table 2 shows n value for different systems:

Table 2. A list of relaxation exponent for different systems

n System

0.5 End-linking networks with balanced stoichiometry

0.5-0.7 | End-linking networks with imbalanced stoichiometry

~0.7 Epoxies
~0.8 PVC plastisol
<0.3 Radiation cross-linked polyethylene

It is evident from 7able 2, that the value of the relaxation exponent can vary depending

on the type of the system.®

e) Stress Relaxation Experiments

In a relaxation experiment, the system is subjected to a fixed small strain, and
the decay of the stress in the sample is probed as a function of time. This technique is
applied on quite viscous samples with elastic properties, since in a viscous solution the
relaxation is too fast and cannot be measured. However, some very rigidly cross-linked

networks might not relax at all within a reasonable time scale.

The relaxation modulus, G(2), follows a power-law behavior at the gel point™:

G(it)=S-t" (23)




C. Small Angle Neutron Scattering (SANS)

The scattering process allows us to explore a system on a length scale of q .

The wave vector q is defined as:

_ 4z -n,, -sin(6/2)

1 P

(24)

where A is the wavelength, € is the scattering angle, and nis the refractive
index of the solution. The same scattering equation can be used for a given value of q,
regardless of whether visible light, neutrons or X-rays are employed in a scattering
experiment. The information obtained from scattering depends on the quantity qL
(where L is a characteristic length; R, in the dilute regime or the screening length £ in
semidilute solutions), and there is an inverse relationship between the size of the
scattering object and the q values at which scattering is observed. The value of the
quantity qL indicates whether global (qL < 1) or local dimension (qL > 1) scales are

probed.*

Small angle scattering (SAS) is the collective name given to the techniques of
small angle neutron (SANS) and small angle X-ray scattering (SAXS). In each of these
techniques, radiation is elastically scattered by a sample and the resulting scattering
pattern is analyzed to provide information about the size, shape and orientation of
some component of the sample. In addition, thermodynamic information may be

extracted and enhanced aggregation or association of systems can be revealed at low q

values.




Figure 13. Small angle neutron scattering (SANS) equipment at IFE.

Neutron radiation can be produced to cover a range of wave vectors 0.005<
q(A™") < 0.8 (the SANS spectrometer at IFE), which makes the instrument able to

probe the structure of the system on a more local scale. At large q (qL >> 1) a power

law 1s observed:

I(q)ocq ™™ (25)

de=1 Rod-like

/ ds=1.7 Random Coil

r (good condition)

dr=2 Random Coil
\ (0 condition)

df =3  Sphere

At low q value (qL < 1), a plateau can be observed, which is called the ‘Guinier

regime’. In systems forming large association complexes, a strong upturn of the

scattered intensity is observed at low q values that can be described by a power law:




I(@~q~

45-49
4

In the ‘Porod Scattering’ regime, the value of the exponent is equal to z = , and it

has been reported that the exponent can vary between 2 and 4. (See Figure 14)

Guinier approximation:

2p2

I(g) o< exp(—2 3 =) (26)

I {q)

Porod-like regime  [(g) oc q_z

/ Z:2to4

Guinier regime
qL<1

o .
£ Fractal regime

I(g)>cq
qL>>1

Figure 14. An illustration of the SANS scattering intensity over an extended q range.

D. Light Scattering

Light scattering has been used in this study as a method for determining
polymer molecular weights, radius of gyration and some information about the mesh

size of the network.” Both static (intensity) and dynamic light scattering are used to
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determine these properties.’™* In this thesis, dynamic light scattering has been
discussed, while the results from static light scattering are shown in Table 3. (See the

appendix)
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{ﬁ
.@"y -+ Laser )
¥ .&Kﬁ&
o \nﬁ"‘ﬁ
K > 8 >
%, — —
e Incomming Transmitted
beam Sample beam

Figure 15. Light Scattering instrument of the Polymer Group at the University of Oslo (UiO),
and a schematic illustration of it.

1. Dynamic Light Scattering (DLS)

A dynamic light scattering experiment probes the relaxation times of processes,

which relax on some length scale ¢™'. If the scattered field obeys Gaussian statistics,

the measured homodyne intensity autocorrelation function, g”(¢,7), can be related to




the theoretically amenable first-order electric field correlation function; g’(g,1), by the

Siegert relation >

2
g (q.0)=1+Blg" (q.) (27)

where B (< 1) is an empirical factor. The Siegert relation is valid under ergodic
conditions; that is the time averaged intensity correlation function is equal to the
ensemble averaged intensity correlation function. In other words, the decay curves of
the time correlation function do not depend on the scattering position of the incident
light in the sample. A frequent consequence of non-ergodic features is that the
parameter B in the Siegert relation decreases; B < 0.6. In DLS studies of associating
and gelling systems, it is usually observed ', that the decay of the correlation function
can initially be described by a single exponential, followed at longer times by a

stretched exponential:
1 _ B
g'(@.0) =4, expl-t/7, [+ 4, expl-(2/7,)’ ] (28)
A, + A, =1, 0<p<1 (29)

where Ay and A, are amplitudes for the fast and slow relaxation modes,
respectively. t; is the fast relaxation time and 7, is some effective slow relaxation

time. 3 is a measure of the width of the distribution of relaxation times.

The mean relaxation time (t5) can be defined from the slow relaxation mode by:




o B
T, = .([exp - {Tt:j dt = %F(%) (30)

where I is the gamma function. The fast relaxation mode is a measure of how
the whole network fluctuates and moves around, while the slow relaxation mode

defines the movement of individual chains in the network.

The coupling model of Ngai*® introduced the value of the coupling parameter (Ncoup)

related to the value of the stretch exponent () by:
p=1-n,, (31)

As the associations increase, the number of couplings in the network increases,
and the stretch exponent () decreases. This model addresses the problem of how the
relaxation of a specific chain or cluster is slowed down due to the interaction or
coupling to complex surroundings, and it is in a good agreement with the results from

several systems, as well as cross-linked semidilute HEC solutions.

The fast relaxation time can be determined by >"":

7, =Dgq’ (32)

where D is the diffusion coefficient (D,, mutual diffusion coefficient in a dilute
solution, and D, the cooperative diffusion coefficient in a semidilute system; a

measure of how the collective polymer network fluctuates in the solution). The

diffusion coefficients can be determined by:




k,T
67z, X

D=

(33)

where kg is Boltzmann’s constant, (1.3 8x107% JK'I), T is the temperature, 1 is
the viscosity of solvent. The quantity X is identified as ¢, the hydrodynamic
correlation length, for semidilute solutions, which is a measure of the mesh size in the

polymer network, and X=R}, the hydrodynamic radius, for dilute solutions.
The q dependency of the fast and slow mode can be expressed ***° by:

-1 1 a

P R (34)

A diffusive mode is ¢* dependent.

IV. Experimental Section

In this study both dilute and semidilute samples have been examined by

different experimental techniques.

A. Materials and Solution Preparation

A sample of hydroxyethylcellulose with the commercial name Natrosol 250 GR
(Lot no. V-0403) was obtained from Hercules, Aqualon Division. The degree of

substitution of hydroxyethyl groups per repeating anhydroglucose unit of the polymer is

2.5 (given by the manufacturer). Dilute HEC solutions were dialyzed against Millipore




water for at least 1 weak to remove low molecular weight impurities. As a dialyzing
membrane, regenerated cellulose with a molecular weight cutoff of 8000 (Spectrum
Medical Industries) was used. After the dialysis, the samples were freeze-dried. After
freeze-drying, the polymer was re-dissolved in aqueous alkaline (NaOH) media with pH
of 11.8, and solution with the desired polymer concentrations were prepared by
weighing the components and the solutions were homogenized by stirring at room
temperature for one day.

The cross-linker agent, DVS, was purchased from Merck and utilized without
further purification. Millipore water was used for the preparation of all solutions.
Shortly before the commencement of experiment, the prescribed amount of DVS was
added to the sample and a fast homogenization of the solution was performed. The same
procedure to obtain homogeneous solutions was repeated for all samples to ensure good

reproducibility of the measurements.

B. Turbidity Measurements

Time evolution of the transmittance of dilute and semidilute alkali solutions of
HEC in the presence of various amounts of cross-linker (DVS) was measured with a
spectrophotometer at a wavelength of 500 nm. The results will be presented in terms

of turbidity (See eq. 1). For all samples, cells with 1 cm light path length have been

used.




C. Rheology

Oscillatory sweep, stress relaxation and steady shear measurements were
performed for semi-dilute samples, while for the dilute solutions only steady shear
experiments were carried out. The cross-linker (DVS) was added to the HEC solution
and the sample was homogenized during a short time and was then rapidly transferred
to the plate and the measurements were started immediately. To prevent evaporation of
the solvent, the free surface of the sample was always covered with a thin layer of low-
viscosity silicone oil (the viscoelastic response of the sample is virtually not affected

by this layer).

D. Small Angle Neutron Scattering (SANS)

The SANS measurements were performed on the SANS installation at the IFE
reactor at Kjeller, Norway. These kinds of experiments were only preformed on the
semidilute samples, since the scattered intensity of the dilute samples is too weak to
obtain a good enough signal. The wavelength was set by the aid of a selector
(Dornier), using a high FWHM for the transmitted beam (AAMA = 20%), and
maximized flux on the sample. The neutron detector was a 128x128 pixel, 59 cm
active diameter, He-filled RISO-type detector, which is mounted on rails inside an
evacuated detector chamber. The samples were investigated in 2 mm Hellma quartz

cells, using D,0 as a solvent to minimize incoherent scattering and to maximize the

scattering contrast between the HEC and the solvent.




Standard reductions of the scattering data, including transmission corrections,
were conducted by incorporating data collected from empty cell, beam without cell,
and blocked-beam background to obtain the scattered intensities in absolute scale (cm’
". Subtraction of the solvent scattering was then done to obtain the coherent
macroscopic scattering cross section dX/dQ (q) of the system, which is proportional to

the scattered intensity (1(q)).

E. Dynamic Light Scattering (DLS)

The sample solutions were filtered through filters of different pore size (0.22
um for dilute and 0.8 um for semi-dilute solutions) into pre-cleaned 10 mm NMR tubes
(Wilmad Glass Company) of highest quality. The full homodyne intensity
autocorrelation function g*(t) was measured mostly at a scattering angle of 70  for dilute
and 90" for semidilute solutions. All correlation functions were analyzed with the aid of

eq. 28.

V.Results & Discussion

The results are presented in two sections: dilute and semidilute solutions. In this way,

the presentation of the results should be more transparent.




A. Dilute Solutions

1. Turbidimetry

In Figure 16 the time evolution of the turbidity for dilute HEC solutions at
different cross-linker concentrations is depicted. It is evident that the solutions become
turbid in the course of the cross-linking reaction at all cross-linking densities, except
the lowest cross-linker concentration. The cloud point (CP) is the point at which a
definite lack of clarity, cloudiness, appears in the solution, which is due to the decrease
in the solubility of the polymer, caused by poorer thermodynamic conditions or
aggregation. The cloud points can be determined by observing the start point of
increasing in turbidity (See the inset plot). No cloud point is observed for the solution
with the lowest cross-linker concentration. The turbidity results indicate that the
formation of large aggregates starts at earlier times when the cross-linker
concentration increases and the value of the cloud point time decreases as the level of
cross-linker addition increases (See the inset). This finding demonstrates that, at
quiescent conditions, the inter-polymer cross-linking behavior, with the formation of
large aggregates, constitutes a dominant feature in the process. The generation of a
microgel is assumed to take place through inter- and intrachain cross-linking. By

intrapolymer cross-linking, microgel particles will formed. This process accompanies

phase separation, and solution turbidity appears.”!
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Figure 16. Time evolution of the turbidity (eq. 1) for 0.1 wt % HEC solutions with different
cross-linker concentrations. The inset plot shows the values of the cloud point determined from

the incipient rise of the turbidity curve.

2. Rheology

a) Intrinsic Viscosity and Huggins Coefficient

The intrinsic viscosity [n] and Huggins coefficient & can be determined from a
measurement series on dilute polymer solutions. ng, can be determined by eq. 3. The

intrinsic viscosity [n] and Huggins coefficient k can be determined by plotting Nsp/Cp

VErsus Cp.
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Figurel7. (a) Plot of the viscosity as a function of shear rate for different polymer
concentrations. (b) Plot of the zero-shear viscosity as a function of polymer concentration. The
viscosity increases with increasing HEC concentration. (c) Plot of the reduced viscosity as a
function of polymer concentration. The intrinsic viscosity and Huggins coefficient can be
determined by using the eq. 6.

The overlap concentration C* can be determined from eq. 35:

.1
¢ 7] (35)

For the HEC solution in the presence of NaOH solvent(pH ~11.8), the overlap
concentration is C* = 0.25 wt %. This shows that the concentration (0.1 wt %) employed
in the study on dilute solutions are well below C*, while the concentrations (1 wt % and

2 wt %) utilized in the project on the formation of macroscopic gels are in the semidilute

regime. The zero-shear viscosity increases with increasing the polymer concentration.




The value of Huggins coefficient (k = 0.42) confirms the good thermodynamic condition

of the system. (k < 0.5 — good conditions)

b) Shear Viscosity Measurements

Figure 18 shows the time evolution of the viscosity for a reaction mixture of
0.1 wt % HEC and DVS of a concentration of 30 pl/g under the influence of different
shear rates. At the highest shear rate, the rotation and stretching of the chains induced by
strong mechanical shear stresses prevent the intra- and inter-polymer cross-linking
reactions from occurring, but slight increase of the viscosity at very long times may be a
harbinger of incipient inter-chain aggregation. At lower shear rates, the general behavior
is characterized by a minimum followed by a rise of the viscosity (a minimum of the
transition area is depicted in the inset) at longer times. The former finding suggests
contraction of the species and this behavior is a signature of intra-molecular cross-
linking, whereas the latter feature announces inter-chain aggregation.

Intra-chain compaction of the molecules was never detected from the DLS

measurements (see the discussion on DLS results below), probably because of the

dominance of inter-polymer cross-linking at quiescent conditions.
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Figure 18. Time dependencies of the shear viscosity for a 0.1 wt % solution of HEC in the
presence of 30 pl/g DVS that is exposed to the shear rates indicated. The inset shows a
magnification of the data around the transition zone.

At moderate shear rates, the rotation of the chains may initially be more
favorable to intra-chain contacts than inter-chain reactions because the large number of
hydroxyl groups on a single chain, and its rotational motion may facilitate intra-
molecular contacts and cross-linking. At longer times, the repeated collisions between
the contracted species may lead to inter-polymer cross-linking reactions and the
formation of multichain aggregates. A scrutiny of the magnitude of the viscosity raise
for the lower two shear rates unveils that the breakup of the interconnected aggregates
depends on the shear rate.

It is obvious from Figure 18 that a lower shear rate promotes the buildup of
larger clusters before rupture sets in. The scatter of the data points at the peaks of the

viscosity curves signalizes the competition between the buildup and breakup of inter-

aggregate chains when the complexes are sufficiently large. This size-limitation step




begins as soon as the aggregates reach a size large enough to be broken by the applied
shear forces.

The enhancement of the viscosity takes place at earlier times at low shear rate
and the steepness of the rise becomes weaker as the shear rate increases. This result is
expected because at a lower shear rate inter-polymer association is promoted. A close
inspection of the viscosity (1) enhancement at various shear rates discloses that the time
dependence of the viscosity raise can be portrayed by a power law 7 oc t” (See Figure
19). The inset plot shows that the raise of the viscosity becomes weaker as the shear rate
increases. It can be argued that augmented shear rates should inhibit the growth of large
association complexes since mechanical disturbances will obstruct the cross-linker

reaction between functional groups on the polymer chains.
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Figure 19. Time evolution of the shear viscosity in the regime where multichain aggregates are
formed at the shear rates indicated for a 0.1 wt % HEC solution with 30 pl/g DVS. The inset
shows the shear rate dependence of the power law exponent @, describing the time dependence
of the viscosity (1 ~ t?) in the region of formation of inter-molecular aggregates.

In Figure 20, the time dependence of the viscosity at a constant shear rate (20 s

" for a 0.1 wt % HEC solution in the presence of different cross-linker concentrations is
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depicted. The profile of the viscosity curves at the higher two DVS concentrations is
similar to that observed above, that is, a minimum followed by an enhancement of the
viscosity. The upturn of the viscosity takes place at an earlier time for the sample with
the highest level of DVS addition, because the probability of forming inter-molecular
cross-links is higher. A close inspection of the viscosity curves representing the two
lower cross-linker densities reveals a decreasing tendency at long times, which may
reflect an incipient intra-molecular cross-linking effect. In this case, the cross-linker
concentrations are too low to provoke inter-chain aggregation over the time interval

considered.
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Figure 20. Time dependencies of the shear viscosity for 0.1 wt % solutions of HEC in the
presence of the cross-linker densities indicated and at a shear rate of 20 s™'. The inset shows a
magnification of the data around the transition zone.

Figure 21 shows the time evolution of the viscosity at a fixed shear rate (20 s™),
and a constant amount of DVS (30 pl/g) in solutions of different HEC concentrations.

The general picture that emerges is that the polymer concentration plays an important

role for the shear-induced development of intra-molecular and inter-molecular




structures. At the lowest HEC concentration, only a slight increase of the viscosity is
visible at long times. This trend may be a message of incipient aggregation after several
collisions of the entities.

At the higher two polymer concentrations, the general appearances of the
viscosity curves are similar as discussed above, with a minimum and viscosity
enhancement. The raise of the viscosity occurs at an earlier time for the higher polymer
concentration, because the probability that inter-chain cross-links are developed is
increased. The results in Figure 21 show that the rheometer is capable to detect viscosity
differences even between these low polymer concentrations. The average size of the
inter-polymer complex before it disintegrates is larger for the highest polymer
concentration. The conjecture is that a high polymer concentration promotes the creation

of strong multi-chain aggregates.
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Figure 21. Time evolution of the shear viscosity during the cross-linker reaction for dilute
solutions of HEC of the concentrations indicated in the presence of a cross-linker concentration
of 30 pl/g and at a shear rate of 20 s, The inset shows a magnification of the data around the
transition zone.




The time dependence of the viscosity at a constant shear rate (20 s™) and at the
same HEC/DVS composition is illustrated in Figure 22. By keeping the value of the
HEC/DVS ratio fixed, the state of the cross-linker reaction should be the same for all the
samples. At the lower two polymer concentrations, only a slight decrease of the
viscosity can be traced over time, but no inter-molecular association is visible. The
reason is probably that the polymer concentration is too low to buildup inter-connected
aggregates. At the higher polymer concentrations, compacted intra-molecular entities
are formed and the subsequent creation and breakup of inter-aggregated chains are
observed. Again the magnitude of the viscosity increases and a short induction time

before the growth of the aggregates commences are promoted by a high polymer

concentration.
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Figure 22. Time evolution of the shear viscosity during cross-linker reaction for mixtures of
HEC and DVS at the cross-linker and polymer concentrations indicated and at a fixed shear rate
of 20 s'. These compositions give a constant value of the HEC/DVS ratio. The inset shows a
magnification of the data around the transition zone.




3. Dynamic Light Scattering (DLS)

a) Correlation Functions

Figure 23 shows the time evolution of the correlation function for alkali HEC
solutions (pH = 11.8) of a polymer concentration of 0.1 wt % in the presence of different
amounts of the cross-linker. The general trend is that the relaxation function is shifted
toward longer times as the cross-linking process proceeds and this effect is more
pronounced with increasing cross-linker concentration. The slower decay of the

relaxation function at longer reaction times announces the growth of large clusters. The

same effect has also been observed for other systems of different natures.
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Figure 23. Plot of the first-order electric field correlation function versus time (every third data
point is shown) at a scattering angle of 70 °C for 0.1 wt % HEC solutions with various cross-
linker concentrations at different stages during the cross-linking reaction.




The growth of the aggregates has not been monitored over very long times in
the light scattering experiments to avoid floc sizes for which multiple scattering effects®
may be significant (multiple scattering is usually observed in turbid samples). This

effect is usually accompanied with a decrease of the value of B in the Siegert relation

(eq. 27).

b) Fast and Slow Relaxation Times

The time dependencies of the reduced intensity (scattered intensity divided by
the intensity of the incoming light) and the fast (1¢) and the slow (t,) relaxation times are
displayed in Figure 24 for an alkali 0.1 wt % HEC concentration in the presence of
various amounts of cross-linker. At the lowest DVS concentration, only a slight increase
of the reduced intensity at very long times can be traced (Figure 24a), whereas for the
other cross-linking densities abrupt upturns can be observed, suggesting that large
association complexes are gradually formed. The rise of the reduced intensity occurs at
earlier times when the cross-linker concentration increases. Similar trends are displayed
for the relaxation times. The fast relaxation time probably reflects the motion of
individual molecules and small associations of chains, whereas t; monitors the growth of
large clusters. The growth of the aggregates starts at earlier times for high cross-linker
densities and the rise of the relaxation times is stronger as the DVS concentration
increases. Theses findings clearly demonstrate that at sufficiently high cross-linker
concentrations, large inter-molecular complexes are evolved during the reaction in dilute

alkali HEC solutions at quiescent conditions, and the kinetic features depend on the

cross-linker concentration. This is expected, because at increasing level of cross-linker




addition the probability for inter-polymer associations is favored. The same trend has

also been found for other systems. >*>%
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Figure 24. Time evolution of the reduced intensity, fast relaxation time, and slow relaxation
time during the cross-linker process for a 0.1 wt % HEC solution in the presence of different

amounts of cross-linker.

¢) Quenching the reaction by HCI

To study the growth of the clusters under stationary conditions, 0.1 wt %
solutions of HEC in the presence of a fixed amount of cross-linker (30 pL./g DVS) were
quenched by a rapid acidification of the reaction mixture at different stages during the

association process, and the correlation functions were recorded (See Figure 25a). To

scrutinize the fitting procedure and to endorse the functional form of eq. 28 that is used




to portray the correlation functions, residual plots at two different conditions for 0.1 wt
% solutions of HEC are displayed in Figure 25b. The random distribution and small
values of the residuals indicate good agreement between the fitting expression and the
correlation function data. The results in Figure 25¢ show that the fast and the slow
relaxation times increase with increasing quenching time, as well as the hydrodynamic
radius (See the inset plot), calculated from the diffusion coefficient of the fast mode via
the Stokes-Einstein relationship. These results demonstrate that the clusters grow as

long as the cross-linker reaction continues.
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Figure 25. (a) First-order electric field correlation function versus time for 0.1 wt % HEC
solutions without cross-linker and with 30 pl/g DVS at different times of quenching (every third
data point is shown). (b) Residuals obtained by fitting the correlation function data with the aid
of eq. 28 at different stages of quenching. (¢) Evolution of the fast and slow relaxation time at
different times of quenching. The inset plot shows the effect of quenching time on the

hydrodynamic radius (eq. 33), calculated from the fast relaxation time via the Stokes-Einstein
relationship.




(1) q Dependencies of the Fast

and Slow Relaxation Modes

A diffusive mode is q° dependent. To define it more accurate, the power law parameter
can be determined by eq. 34. As the cross-linking reaction demands a basic condition (
pH = 12), it can be stopped by quenching with HCI and make a lower pH (= 1.5) in the
solutions. The q dependencies of the correlation functions are demonstrated in Figure 26

for the samples, which have been quenched at different times.
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Figure 26. Plot of first-order electric field correlation function as a function of q*t. The results
show the q* dependency (diffusive mode) of the fast mode for the systems. As the cross-linking
process proceeds, the q dependency of the slow mode is stronger than of a diffusive process.




By fitting the curves with the aid of eq. 28, and determining the fast and slow
relaxation times, the inverse fast and slow relaxation times can be plotted as a function

of q.
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Figure 27.Plot of the inverse fast and slow relaxation time as a function of q.

For each curve, a straight line through the points of the different q values is
fitted. The slopes of these lines yield values of o and o (cf. eq. 34). The results reveal
that the fast relaxation process is always diffusive, and the slow mode is diffusive for
the solutions with the two longest quenching times, whereas for the sample without
DVS and the one quenched after 15 min a stronger g-dependence is observed. If the

mode is diffusive, the mutual diffusion coefficient (D,,) can be determined. (eq.32).

(See Figure 28)
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Figure 28. Plot of the mutual diffusion coefficient as a function of time of quenching for 0.1 wt
% HEC in the presence of 30 ul/g DVS.

As the cross-linking reaction proceeds (time of quenching increases), the

mutual diffusion coefficient decreases, because of the formation of larger clusters.

(2) ¢ Dependency of the Reduced Intensity

The q dependency of the reduced intensity for 0.1 wt % solutions of HEC is
illustrated at different quenching times during the cross-linker reaction in Figure 29. In
the limited q range covered in these measurements, the wave vector dependency of the
reduced intensity .4 can be described by a power law .4 ~ q'1 , Where the value of the
scaling exponent may reflect the rod-like behaviour of the semi-rigid polysaccharide
chains®. It is interesting to note that the value of the exponent does not vary as the
association complex grows, which suggests that on this dimensional scale the structure

is not affected by the inter-polymer cross-linking process. The inset of Figure 29 shows

that the reduced intensity rises strongly with the quenching time, announcing significant




inter-chain aggregation and increased molecular weight of the clusters because for a

given polymer concentration the reduced intensity is proportional to My.
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Figure 29. Wave vector dependencies of the reduced intensity for 0.1 wt % HEC solutions
without cross-linker and with 30 ul/g DVS at different times of quenching. The inset shows the
reduced intensity at a scattering angle of 30 at different times of quenching.

To examine whether the aggregation process continues after quenching arrested
the cross-linking reaction, correlation functions were recorded over a long time (Figure
30). It was suspected that the quenched species might possess an enhanced stickiness
that could lead to further aggregation. However, the collapse of the correlation function
data onto a single curve suggests that the quenched clusters exhibit no tendency to

further associate into larger complexes. This means that decrease of pH is an efficient

method to interrupt the inter-chain aggregation process.
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Figure 30. First-order electric field correlation function versus time for a 0.1 wt % HEC
solution with 30 pl/g DVS (every second data point is shown). The correlation functions have
been recorded over a long time after the sample was quenched. This demonstrates that no
further aggregation takes place after quenching.

B. Semidilute Solutions

1. Turbidimetry

In the post-gel region, all gels exhibit syneresis effects, that is, the strong
shrinkage of the gel samples over time cause expulsion of solvent. A systematic
examination of this de-swelling effect is in progress®. An illustration of this effect is

displayed in Figure 31:

After 24 h

Figure 31. An illustration of gel shrinkage and appearance of turbidity during the cross-linker
reaction of 1 wt % HEC sample with a DVS concentration of 15 pl/g.




In the analysis of the time evolution of the gelation process it is convenient to
introduce the quantity &, which is the relative distance from the gel point and can be

defined by:

_-GP
GP

& (36)

where t is the reaction time and GP is the gel point (for the determination of the gel
point, see the discussion in section 2b(3) below).

The degree of turbidity depends on both the cross-linker concentration and the
distance from the gel point (See Figure 32). The growth of the turbidity is promoted by
high cross-linker concentration, and the cloudiness of the gel increases in the post gel

region during a long period of time after the formation of the gel.
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Figure 32. Time evolution of the turbidity for 1 wt % HEC solutions with the cross-linker
concentrations indicated. Every 15 data point is shown.




The turbidity starts to increase in the post-gel region for all polymer solutions.
It is shown in Figure 31 and 32 that the samples are very clear at the gel point (¢ = 0),
and some time after the gel point. The samples in the post-gel become more turbid as the
concentration of DVS increases, which is due to the larger cross-linking zones in the
presence of higher amount of the cross-linker at a constant polymer concentration. The
same results have been found for other systems.*

According to the cross-linking mechanism mentioned above (Figure 5), the
cross-linking reaction proceeds at basic condition, therefore the growth of the turbidity
can be quenched at an earlier stage by adding a few drops of concentrated HCI to the
samples to lower the pH to acid conditions (pH = 1.5) and thereby terminate the cross-

linker reaction.

2. Rheology

a) Steady Shear Measurements

Steady shear measurements have been conducted on 4 different concentrations
of HEC in the semidilute regime. When the shear rate is raised and then lowered again,

for some systems, it takes time to re-arrange, and as a result hysteresis effects may

arise.
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Figure 33. Plot of viscosity as a function of shear rate for different HEC concentration. The
curves showed with stars (™) are measured from low to high shear rates, while the curves
showed with triangles (A) are measured from high to low shear rates. Every second data point
is shown.

It is evident from Figure 33 that the hysteresis effect is small for all the
considered polymer concentrations, which suggests that no complex association
structures are formed. The shear rate dependency of the viscosity for all the systems

has been determined by finding the slope of the curves at high shear rate, using eq. 2.

(See Figure 34c)
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Figure 34. (a) Plot of viscosity as a function of shear rate for different HEC concentrations.
Every second data point is shown. (b) Plot of Zero-shear viscosity as a function of polymer
concentration. (c) Plot of the power law index as a function of polymer concentration.
According to eq.2, the system shows shear thinning effect in all conditions, and it is more
pronounced for the higher HEC concentrations.

The zero-shear viscosity increases with increasing the polymer concentration.
(Figure 34b). For the two lower polymer concentrations (0.5 wt % and 1 wt %),
Newtonian behavior is observed, whereas for the higher two concentrations of HEC
solutions (2 wt % and 3 wt %), Newtonian behavior is observed at low shear rate, and

the shear thinning effect is found at higher shear rates. The decreasing trend of o in

Figure 34c, which has been plotted with the aid of eq. 2 shows that the shear thinning




effect is stronger for higher polymer concentrations. Because of enhanced associations
and more entanglements in the solutions at higher polymer concentration, the effect of
breaking them up at high shear rate is more pronounced.

The same measurement has been performed for a constant polymer concentration (1 wt

% HEC) at different temperatures. (See Figure 35)
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Figure 35. (a) Plot of viscosity as a function of shear rate for 1 wt % HEC concentration at
different temperatures. Every second data point is shown. (b) Plot of zero-shear viscosity as a
function of temperature. (c) Plot of the power law index as a function of temperature.

Because the mobility of the polymer chains increases with increasing

temperature the viscosity decreases. The shear thinning behavior has also been observed

for other systems with different conditions.*




b) Oscillatory Shear Measurements

The viscoelastic behavior of the system has been examined for 4 different HEC

concentrations. (See Figure 36)
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Figure 36. Frequency dependencies of the storage modulus G’ and the loss modulus G" for the
systems indicated. The curves have been shifted horizontally by a factor p of the value
mentioned in the graph.

For the lowest polymer concentration, the loss modulus is much higher than the
storage modulus, and the distance between the storage and loss modulus becomes less
and less by increasing the HEC concentration, which shows a higher contribution of the
elastic response as the polymer concentration rises. These results reveal that the

viscoelastic behavior becomes stronger as the concentration of polymer increases, due to

the stronger interactions and formation of entanglements in the system.3 06




(1) Angular Frequency Dependency

of the Complex Viscosity

The frequency dependency of the absolute value of the complex viscosity has

been examined for HEC solutions of different concentrations. (See Figure 37)
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Figure 37. (a) Frequency dependencies of the complex viscosity for different HEC
concentrations. Every second data point is shown. (b) Plot of the complex viscosity as a
function of polymer concentration at a constant value of the angular frequency ® (3.98 rad/s).

The complex viscosity at a low value of the angular frequency rises as the
polymer concentration increases (Figure 37b), and at higher values of angular
frequency, shear thinning effect is observed for the two higher concentration of HEC (2
wt % and 3 wt %), while turbulence®’ (the upturn in viscosity at high angular
frequencies) can be seen for the lowest concentration (0.5 wt %). The viscosity of the 1

wt % HEC solution (the concentration that is focused on in this thesis) is almost plateau-

like, showing a Newtonian behavior.
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Figure 38. Frequency dependencies of the absolute value of the complex viscosity (n*) at
different stages during the gelation process of 1 wt % HEC solutions with different levels of
cross-linker addition.

The frequency dependence of the absolute value of the complex viscosity, as
measured in small amplitude oscillatory shear experiments, at different stages during
the gelation process for a 1 wt % HEC solution at different cross-linker concentrations

is displayed in Figure 38. The general trend is that at early stages in the pre-gel

domain, weak frequency dependence of |n*| is found (liquid-like behavior), whereas as




the gel evolves, a progressively stronger dependence is observed and a solid-like
response is approached for gels far into the post-gel region. A higher cross-linker
concentration favor the growth of more effective intermolecular bridges during the
cross-linking reaction, and a stronger gel beyond the gel point with an almost solid-
like response (m close to —1) is found. These results clearly show that the chemical
cross-linking reaction in HEC solutions proceeds far beyond the gel point. The same

trend for the value of m has also been found for other systems. ***

(2) Testing of the Cox-Merz Rule

According to the Cox-Merz rule®®, the viscosity as a function of shear rate is identical to
the complex viscosity as a function of frequency, f (o = 2xnf). Deviations from this rule
are often observed for more complex polymer systems. (See Figure 39)

At very low frequencies/shear rates, no difference between the methods is observed.
However, as the polymer concentration is increased there is a deviation at higher
frequencies/shear rates between the complex viscosity and the shear viscosity. The most
pronounced deviations from the Cox-Merz rule are observed for the most entangled

solutions. This type of behavior has been reported for many associating polymer systems

that display shear thinning effect.®’




s
13 3
2] ]

@©
o ]

= {3wt%HEC

—

10° 102 10" 10° 10" 10*° 10> 10°
shear rate, frequency (3'1)

Figure 39. Plot of viscosity as a function of shear rate and the complex viscosity as a function
of frequency for three different HEC concentrations.

(3) Determination of the Gel Point

In a semi-dilute solution of HEC in the presence of a sufficiently amount of the
cross-linker DVS, the system will gradually form a gel. The gel point can be
determined’® by observation of a frequency-independent value of tan § (= G"/G')
obtained from a multi-frequency plot of tan O versus time. The gel point has been
determined for two different HEC concentrations (1 wt % and 2 wt %) with different

amounts of divinylsulfone (DVS) as a cross-linker. For the sample with 1 wt % HEC, 3

different concentrations of DVS (5, 10 and 15 pl/g) have been added to the polymer




solution (Figure 40), while for the 2 wt % HEC, the measurement has been done by

adding only 5 ul/g DVS to the sample.(Figure 41)

1 wt % HEC, 5 pl/g DVS
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Figure 40. Time dependency of fan ¢ at various angular frequencies for 1 wt % HEC solutions
in the presence of different cross-linker concentrations; (a) 5 ul/g DVS, (b) 10 pul/g DVS, (¢) 15
ul/g DVS. At the gel point, tan J is frequency independent. The gel points (GP) are indicated.
The inset plot of Figure 40b shows the magnification of the area around the intersection.

The gel point decreases as the concentration of the cross-linker increases,

because the probability of cross-linking increases and enhanced cross-linking zones




evolve. The polymer concentration plays also an important role in the gelation process,
and gelation occurs at earlier times (cf. Figure 41) as the polymer concentration is

increased because more reaction sites are available for intermolecular cross-linking. The

same results have also been found for other systems.’
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Figure 41. Viscoelastic loss tangent (fan J) as a function of time for 2 wt % HEC solution with
a cross-linker concentration of 5 pl/g DVS. The inset plot shows the magnification of area of

intersection.

Figure 42 shows the angular frequency independency of fan J at the gel point
for 1 wt% HEC with different DVS concentration. Since tan ¢ is independent of the
angular frequency’ at the gel point (¢ = 0), the plateau is observed at this point by
plotting tan o versus ®. Depending on the viscoelastic behavior of the solution and the

relation between storage (G') and loss modulus (G"”), the value of tan ¢ is different for

different systems. In the present work, the value of loss modulus is always larger than




the storage modulus (Figure 44) at the gel point. As a result tan 6 > 1 (eq. 10) is

observed for all HEC solutions in the presence of different DVS concentrations.
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Figure 42. Plot of tan J versus angular frequency (®) for 1 wt % HEC in the presence of
different cross-linker concentrations. The graph at the gel point is independent of o.

d *** to determine the gel point is the observation of the

An alternative metho
crossover of n and n' (eq. 14) (See F. igure 43). The results from this procedure are in a

very good agreement with the results from the observation of the crossover of tan ¢

versus o (Figure 41). The same agreement is also observed for incipient gels with 1 wt

% HEC with different DVS concentrations.
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Figure 43. (a) Frequency dependencies of the storage and loss modulus for 2 wt % HEC with 5
pl/g DVS at the gel point, showing the power law behavior. (b) Time dependency of n and n
during the gelation.

The lower value of the relaxation exponent (n) for 2 wt % HEC as compared
with 1 wt % HEC at the gel point (Figure 45), support the hypothesis of enhanced
associations and more entanglements in the system with the higher polymer
concentration.” The same features have also been found for other systems.*

Up to the gel point, G’ is always smaller than G", and liquid-like behavior is

observed. After the gel point, G’ becomes larger than G”, which is a characteristic
feature of the elastic response that is dominant in the post-gel region. The elastic

response in the post-gel domain becomes stronger as the cross-linker concentration

increases. (See Figure 44)
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Figure 44. Plot of the storage and loss modulus as a function of € (eq. 36) for 1 wt % HEC
solution in the presence of different amounts of DVS. The loss modulus is higher than the
storage modulus at the gel point (¢ = 0).

(4) Gel Strength Parameter (S)

and the Relaxation Exponent (n)

Effects of cross-linker concentration on the gel point, n, and S for incipient gels

(1 wt %) are illustrated in Figure 45. The incipient gel is formed when the connectivity




of the sample-spanning network has been established. The time of gelation decreases
as the level of cross-linker addition increases. This suggests that the number of ‘active
sites” for cross-linking of the polymer network increases. It has been observed™*”' that
both increasing cross-linker density and polymer concentration favor a faster gelation,
because the kinetics of gel-formation is controlled by the probability of forming cross-
links in the system.

The values of n ( = 0.7) observed for the present incipient gels at different
cross-linker concentrations (See Figure 45b), are consistent with the percolation model
373870 which describes the fraction of chemical bonds at the gel point to establish the
connectivity of a sample-spanning cluster. This finding is parallel with that
reported”*~*"! for other incipient gels that have been chemically cross-linked. The gel
strength parameter (calculated from eq.15 in combination with eq.17) is found (Figure
45¢) to rise steadily with increasing level of DVS addition. This is intuitively
expected, because a higher cross-linker concentration should promote a more efficient
cross-linked network with higher gel strength. It has been observed ***° for other
gelling systems that at higher polymer concentrations, where the polymer

entanglements contribute to the strength of the network, the excess of cross-linker

concentration has reduced the impact on the gel strength parameter and a value of n

lower than 0.7 is usually reported .”°
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Figure 45. Effect of cross-linker concentration on the gel point, exponent n (eqs.15 and 16),
and the gel strength parameter (eq.15) for incipient gels of 1 wt % HEC solution in the presence
of various cross-linker concentrations.

(5) Zero-Shear Viscosity

Figure 46 shows the evolution of the shear viscosity at low shear rates in the
course of gelation of a 1 wt % HEC solution in the presence of 10 ul/g DVS. To probe
the viscosification of the system during the gelation process, the value of the shear rate
was continuously lowered as the gelation proceeds to monitor an apparent zero-shear
viscosity. At the gel point, a sharp transition of the viscosity to higher values is

observed. The pronounced viscosity enhancement beyond the gel point announces the

development of a strong gel network. The strengthening of the network proceeds over




a long time, and the scattering of the viscosity values detected at long times may
reflect effects of syneresis (See the discussion above). As a result of this effect, solvent
is expelled from the gel sample and this may lead to slippage during measurement and
scatter of the viscosity values. These results demonstrate that it is possible to probe the
evolution of the gel by steady shear measurements if the magnitude of the shear rate is
adjusted as the viscosification of the system is enhanced. This is the first time this is

demonstrated.

1 T T
1 1 wt % HEC,10 ul/g DVS

Zero-shear viscosity (Pas)

Figure 46. Time evolution of the apparent zero-shear viscosity during the gelation of 1 wt %
HEC solution at a cross-linker concentration of 10 pl/g. The shear rate has continuously been
shifted toward lower values to be in the apparent zero-shear regime.

¢) Stress Relaxation Experiments

The decay of the relaxation mode (determined from stress relaxation
measurements) is shown in Figure 47 for a cross-linker concentration of 10 ul/g. Similar
results are observed at the other considered cross-linker concentrations. Up to the gel
point the relaxation process is so fast that it is not possible to monitor it with a

mechanical technique such as rheology. In the post-gel region the slow decay can be

85




captured, and at sufficiently large values of € almost no relaxation of G(t) is detected in
the considered time window. Figure 47c shows the change of the initial relaxation
modulus G(1) during the gelation process. The results demonstrate that beyond the gel
point the elastic response increases because more cross-links are established in the post-
gel region. The gel network is strengthened during a long time after the gel point, and a
more solid-like material evolves. The same results have been found for other

systems.”>’
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Figure 47. Shear relaxation modulus versus time at different stages of gelation for 1 wt % and
2 wt % HEC solutions at a cross-linker concentration of 10 ul/g and 5 pl/g, respectively
(every 5th point is shown). Graph (c) shows changes of the initial shear relaxation modulus
during the gel evolution.




3. Small Angle Neutron Scattering (SANS)
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Figure 48. SANS scattered intensity plotted versus the scattering vector q for 1 wt % HEC
samples with different cross-linker concentrations at various stages of gelation.

To shed light on the structure of HEC networks on a mesoscopic dimensional
scale, SANS measurements on gelling samples with different levels of cross-linker
addition, and on gels that have been quenched at a certain stage, have been carried out.
The q dependencies of the scattered intensity during the gelation process for a 1 wt %

HEC solution with different amounts of DVS are depicted in Figure 48. To be able to

monitor the gelation process at various stages, and to maintain a sufficiently strong




signal with good statistics from the SANS measurements, it was necessary to limit the
considered q range. The intention was to probe possible changes of the network
structure in the course of gelation. The general feature that can be traced in the spectra
is the stronger upturn of the scattered intensity at low q values for gels that have been
cured for a long time. This is again an indication of that the heterogeneities within the

gels grow during the curing process.

Figure 49 shows SANS results over a broader q-range for gels with different
cross-linker concentrations that have been quenched after a certain time (¢ = 0.4). A
salient feature is the progressively stronger upturn of the scattered intensity at low q
values as the level of cross-linker addition is increased. This upturn can be described
by a power law, with a slope of approximately -2.1 for the sample with the highest
cross-linker concentration. In this q regime the scattered intensity is determined by
large-scale fluctuations of the polymer concentration and this feature has been ascribed
to the formation of multichain domains.”” A higher value (-3.6) of the slope has been
observed for charged” and neutralized”* polyacrylate hydrogels. It was argued’® that
this value reflects the presence of surfaces (an exponent z of 4 suggests a Porod
scattering law” from surfaces), and the behavior was attributed to the presence of
large frozen-in structural inhomogeneities. The upturn in the scattering profile at low q
values has previously been reported’’®"” for polymer systems of various natures and
values of the power law exponent z from approximately 2 to 4 have been found. In the

light of these observations, the results in the low q regime indicate the existence of

large association complexes, which likely originate from cross-link zones.
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Figure 49. SANS scattered intensity plotted versus the scattering vector q for 1 wt %
nongelling and gelled HEC samples with different cross-linker concentrations. For the gels,
the cross-linker reaction has been quenched at a certain stage (e =~ 0.4).

In the higher g-range, all the curves display an intensity that varies
approximately as q”'. This dependency corresponds virtually to the characteristic rod-
like behavior of semirigid polymer chains when we look at smaller distances than the
persistence length. This suggests that the HEC chains are locally stretched, and it
seems that the cross-linker reaction does not affect the local structure of the network.
The only visible effect is the higher values of the scattered intensity as the cross-linker
concentration is increased. The q' dependency of the scattered intensity at higher q

64,78 - - .
d’>"" previously from SANS experiments on various

values has been reporte
polysaccharide systems. In this context, it is interesting to note that a ' dependency

of the scattered intensity was observed from light scattering measurements on a dilute

HEC solution with DVS at different stages of quenching (See the discussion above).




4. Dynamic Light Scattering (DLS)

The highest cross-linker concentration (15 pl/g), employed in the other
experiments, has not been included in the DLS study because the fast gelation of HEC
at this DVS level causes alterations of the sample in the course of measurement and

this may yield unreliable data.
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Figure 50. Plot of the first order electric field correlation function as a function of time for 1 wt
% HEC with 5 and 10 pul/g DVS.

Figure 50 displays the correlation functions for 1 wt % HEC with 5 and 10 pl/g
DVS. The curves are fitted with the aid of eq. 28. The correlation functions can be

described by a single exponential, followed by a stretched exponential at longer times.

The curves reveal a gradually increase of the slow relaxation times as the cross-linking




proceeds in the solutions. This behavior has been observed before in many other
systems in different conditions.®*""

Figure 51 shows the normalized time correlation data, together with some
curves fitted with the aid of eq. 28, at various stages during the gelation process for a 1
wt % HEC solution at two different levels of cross-linker addition. The general trend
at all stages is that the long-time tail of the correlation function is shifted toward
longer times as the gel evolves, and this effect is more pronounced at the highest cross-

linker concentration. At all conditions, the correlation functions can be well described

by means of eq. 27 and the samples exhibit ergodic features (B > 0.6).
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Figure 51. First-order electric field correlation function versus time (every third data point is
shown) at a scattering angle of 90° for 1 wt % HEC solutions with two cross-linker
concentrations at different stages (&) during the cross-linking reaction.




The variations of the cooperative diffusion coefficient D, (Tf_l = chz), the slow
relaxation time T, and the reduced intensity as a function of € are depicted for the two
considered DVS concentrations in Figure 52. The value of D, drops as the gel is
formed, and in the post-gel region the decrease of D, is stronger for the sample with
the higher level of cross-linker addition. These features can probably be associated
with nonuniformities of the network.’ It has been reported® that nonuniformities in the
network structure play an important role for the diffusion properties. This model
predicts a reduction of the diffusion coefficient for a gelling system with increasing
nonuniformity. In the light of this approach, the present diffusion results suggest that
the nonuniformities of the network increase as the gelation process proceeds, and the
effect is enhanced as the cross-linker concentration is increased. This is consistent with
the overall picture that emerges from this investigation. The influence of cross-linker
addition on the slow relaxation time during gelation is illustrated in Figure 52b. The
results reveal that the slow relaxation process is slowed down as the cross-linking
reaction proceeds, and this trend becomes more pronounced with increasing DVS
concentration. This is expected because as more and more chains are cross-linked the

chain relaxation should be hampered, and longer relaxation times are foreseen. The

51,57

same results have also been reported for other systems.
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Figure 52. Variations of the cooperative diffusion coefficient (a), the slow relaxation time (b),
the ratio Ay/Ar (c), and the reduced intensity (d) as a function of ¢ for 1 wt % HEC at the
cross-linker concentrations indicated.

The results for the ratio AJ/A; during gelation (Figure 52c) show that the
contribution from the slow mode increases slightly in the course of gelation and higher
values of the ratio are observed at the highest cross-linker density. At both cross-linker
concentrations, the value of the stretched exponential 3 decreases from about 0.4 to 0.3
as the gelation process proceeds, suggesting a broader distribution of relaxation times.
These features are probably a result of enhanced structural heterogeneity of the
samples and that a connected gel-network is established.

Figure 52d shows the effect of cross-linker density on the reduced scattered

intensity during the time evolution of the gel. The results indicate that the large-scale

structural inhomogeneities of the samples grow during the gelation process, and this




growth is promoted by increasing cross-linker concentration. The gelation induces
large-scale heterogeneities, probably arriving as a result of formation of cross-linker

zones. An increase in relaxation time during the gelling process has also been observed

59,82

for various gelling systems.




VI. Conclusions

In this work, some novel information about the influence of steady shear flows
on intramolecular and intermolecular association in dilute aqueous solutions of
hydroxyethylcellulose in the presence of a cross-linker agent have been reported.
Dynamic light scattering results at quiescent conditions reveal no intrachain
contraction but only multichain aggregation. The weak perturbation caused by the
Brownian dynamics will favor intermolecular association and possible intramolecular
association is overshadowed. The growth of the aggregates starts at earlier times when
the cross-linker concentration increases. After quenching to a lower pH, the growth of
the species is arrested.

At moderate shear rates, the large number of hydroxide groups on the
individual chain will come close to each other through rotation of the chains and form
intramolecular cross-links. As time goes by, the moieties will collide with each other
many times and gradually large aggregates will be buildup via interpolymer cross-
linking. The commencement and magnitude of these features depend on factors such
as shear rate, polymer concentration, and cross-linker density.

Rheological, dynamical, and structural changes of semidilute HEC samples
during the chemical gelation of these systems have been examined. The steady shear
measurements reveal that the shear rate dependency increases by increasing the
polymer concentration. The rheological findings have clearly demonstrated that higher
polymer and cross-linker concentrations promote a faster gelation and a stronger

incipient hydrogel. Both shear viscosity and relaxation measurements reveal that

strong gel-network structures are formed far beyond the gel points.




The general picture that emerges from SANS is that the formation of cross-
linker zones during the gelation process gives rise to large-scale heterogeneities in the
gels, which grow in intensity as the cross-linker reaction proceeds. The slow relaxation
process is slowed down as the gel evolves, because more chains are cross-linked.

The SANS experiments carried out in this study allowed us to access
information concerning the structural organization of hydrogels in terms of
concentration fluctuations on mesoscopic length scales. In the low g-range, an upturn
in the scattered intensity is detected and this effect becomes more pronounced as the
cross-linker concentration in the gel is increased, due to the growth of the
heterogeneities in the gel by increasing the cross-linker concentration. In the high g-
range, no effect of cross-linker concentration on the morphology can be detected on
this short length scale. The q dependency of the scattered intensity in this regime
signalizes that the polymer chains are locally stretched. This work has shown that by
changing the cross-linker density and the curing time, the mechanical and structural

features of the hydrogel can be tuned for certain applications in e.g., pharmaceutical

formulations.




VII. Appendix

Table 3 shows some characteristic results for HEC samples.

Table 3. Some Results from Different Techniques

C: 025wt% | C*=1/[n] See page 52
CP: 100°C Ref. 22
Some
Characteristics My = 400,000 By the aid of Zlmm—plot
of HEC . . .
A,:7.41E-4 By the aid of Zimm-plot/ Showing a good
thermodynamic condition ( A;= 0 — 0 Condition)
R,: 1089 A By the aid of Zimm-plot
Semidilute HEC
1 wt%HEC [5ul/gDVS [10pul/gDVS |15 pl/g DVS
GP 221 min 157 min 129 min See Page 34
m -0.28 -0.37 -0.38 See Page 34
n 0.72 0.67 0.67 See Page 35
S 0.08 0.13 0.19 See Page 35
2 wt % HEC 5 ul/g DVS
«+ The polymer concentration plays an important role
GP 39 min for the dynamical structure of the network.
¢ GP decreases with increasing HEC and DVS
0.46 concentrations.
m - ¢+ Higher S and lower m lower values of m suggest a
stronger network.
n 0.54 s Lower value of n reveals a higher aggregation
and entanglements in the solution.

S 1.05
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