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Abstract

Ultrasonic probes for metrology are critical for the quality control of several products,
such as airplane engine rotors. Currently, ultrasonic analysis is performed by means
of immersion testing whereby the object to Imeeasured is submerged in water and
scanned with an ultrasonic probe to obtain morphological data. The immersion of
individual objects in water is labour intensive, tiroensuming, restrictive andan

cause damage to valuable test objects.

Herein, we report the development of a disruptive negtestructive testing
technology using a novel coupling approach which utilises the unique properties of
superabsorbent polymer (SAP) hydrogels. Unlike other coupling materials tested,
SAP hydrogels can contain 10p99.9% of coupling fluid while exhibiting exceptional
mechanical strength and flexibility. The implementation of SAP hydrogels combines
the precision of immersion testing with the mobility and ease of measurement of dry
coupling techniques. An ultrasanprobe has been designed which is capable of

attaching a modified tip for supporting the SAP couplant.

Twolayer sedimentation polymerisation (TSLP) was develdpegield polymer
hydrogelscomprisingvarious monomers, crosslink densities and compos#itm
yield spherical hydrogels with improved characteristiegy.( mechanical strength,
responsivenessppherical hydrogels prepareth TLSP showed outstanding swelling

and ultrasound coupling character.

BEvaluation of promising high strength hydrogelsabled the synthesis of spherical
high strength hydrogels by TLSP and moulding techniques. The high strength
hydrogels showed excellentltrasound couplingcharacter and outperforned all
materials previously testedor this disruptive application,in terms of their

mechanical strength.

We anticipate that the materiaJsdeas and techniquedescribedwill leadto future
non-destructive testing applicationg.urthermore the polymer synthesigechniques

developedwill broadenfurther the field of hydrogels.
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Chapter 1

Chapter 1- Introduction

Metrology, the science of measurementisgessentiafor ensuringproductquality as
well as the development of science and produdiseaerospace industry isne of
the mostrapidly developingsectorsand perhapsvherethe essence ometrology is
most obviousvhen thinking about the multiple critical parts that allow aeroplane
to fly thousands of miles without failing in mair. Metrologycan furtherensuse the
high product qualityof critical parts thereby mtigatingthe risk of malfunctionsOne
of the essential metrology methodsr reaching this goak morphological analysis
which can be used fdyoth the detection of inperfections during production as well
ason used parts for preliminary crack detectidfor instance, the rotors of the
engines in aeroplanes can be tested afte fabrication and afterusingthem for a

specified time

Besides the aerospace industry, multiple diverse industsesh as the automotive
and additive manufacturing industriesare currently benefitting from, or would
benefit from, the unique advantage of morphological analyses various products
One of the requirements fahe measurements is that they are naestructive. The
techniques that allow for nowlestructive analysis are often referred to as non

destructive evaluatiofNDE)r non-destructive testing (NDT) techniques.

Ultrasonic probes are usefdr wellestablisied morphologicabnaly®s of objects
with various configurationg? Theseanalysesare mostly performed bgystematic
screening of an object by artrasonic probeviaa PulseEclo methodology whilehe
object isimmersedin water.2* The immersion of object that require analyses with an
ultrasonic probe occurs often in dgnated immersion tanksAn exampleof an
immersion tankis shown inFigurel.1. It is also shown that a rotor blade was
submergedand tested with an ultrasonic probe mounted ortyge of robotic arm.
Immersion tanks with a wide spread of dimensionsdhwaare and softwarare made

by various manufacturers.
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Figurel.l: Example of aimmersion tank asnanufacturedby VictorAviation®

The immersia processof objects inimmersiontanks is highly time consuming,
requires the object to beompletelywater resistant, induces restrictigon the size
of the object, éads toadditional expense in consumablesd brings the risk of
damageassociated witldisassembling and transpang the object. The application
of ultrasonic probe$or metrologyanalyses has bearstricted by the incompatibility
of the immersion method with the objects of interestand the ddiciencies of

alternative approache%’

Recently Renishaw started research on tats-of-the-art approach forthickness
measuremens usingtheir extensive experience with probes used for metratod
analyss and process contr8IRenishaw has released a wide set of probesr the
yearsincludingbasic toucHrigger, contact and laser probeis combination with
automated stylus and probe changers, motorised indexing probe heads, and
revolutionary 5axis measurement systemgshese probes are applied sectors as
diverse as dimensional rtrelogy, spectroscopy, machine calibration, motion

control, dentistry and surgical robotics.

In terms of thickness measurements using ultrasonic probas, of the essential
changes that iboth distinctive and imperative fohie development of thiglisruptive
techniqueisby avoiding the use of immersion tanks. This can be donmsibyg super-

absorbent mlymer (SAP)hydrogels as coupling agents within these advanced
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probes® By using SAP hydrogels, the high quality data received from the immersion
method will be matched or even impved. Additionallyjmmersion of the objects is

no longer neededince the hydrogel imbeds the coupling liquid

The research described within this thesi$asused orutilising the unique properties
of lightly crosslinked hydrophilic polymer spheessareplacement forthe currently
cumbersome immersiomethod. Tle properties of the swollen polymer spheres are
ideal to allow their useas an ultrasound couplingagent between theprobe and
testableobjectshavingboth smooth and rough morphologies. The rasgh includs
the synthesis of hydrogel spheres and tailorofghe deswellingof both in-house
prepared and commercidy available hydrogel spheredgor novel product
development. Otherresearch goaldnclude the development of noeapherical

hydrogels asvell as novel hydrogel materials.

1.1. Ultrasonic probes

The ability to produce ultrasonic signals came with the discovery of piezoelectricity
by Pierre and Jacques Curie in 188Bpplicationsfor ultrasonic waves were firstly
invented for military purposes in the form of sound navigation and ranging (SONAR)
by Chilowskyand Langevirin 1916 Rado detection and ranging (RADAR) was
developed between the First and Second World Wars by multiple scientists from
several countriesincluding Robert A. Watsewatt and A. Wilkins (UKJ. These
inventions wereeventually followed by nomnilitary inventions and with this the
complete potential of ultrasonic detection for analysis was revealed. The use of
ultrasonic signals for the measurement tbke thickness as well as inner and outer
morphologies of objects vafirst shown by F. A. Firestone in 193@irestone
developed a device that was capable of measuring time intervals between the
sending and receiving of ultrasonic waves. When the propagation speed of the
ultrasonic waves through thebjectwas measured, wall thicknesses ofetig, such

as hollow ba#, could be determined. Additionally, the idea of a through transmission

setup was developedin which irregularitieswithin materials gave rise to a
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discontinuation or diminishment of the ultrasonic signal from the emitting te th
receiving transducer. Numerous developments resulted in inventions in this dynamic
area, including the medical figlavhich is exemplified by the development of the
ultrasonic apparatus of K. T. Dussik from 1992714 This apparatus was meant to

be used as a way to analyse the insiderohay’ R A @bodygrrtfwighaut the need

for a surgical procedurdan Donald developed the first ultrasound machine for the
examinationof unborn children in 1963 Nowadays, these ultrasonic examinations
are routinely being used, for example, by performing an echo on a foetus in the

uterus (womb).

The area of metrology using ultrasonic analysis is expanding due to the wide need for
non-destructive evaluation (NDE). Currently, among numerous other applications,
ultrasonic probes are utilized for the detection of the morphologe. crack,
porosity, abrasion) of materials, which is @jrgficantimportanceto manufacturing
industries.Additionally, ultrasonic probes can be used to determine the geometry of
parts and thé thickness. Noteworthy, using an ultrasonic probe, the thickness of
hollow parts can also be determined easily.is evident that by expiting the
analytical possibilities of ultrasonic probes the development of multiple techniques
has been realised. These techniques differ in aspects such as the mobility and design
of the probe, frequency of the signal, data transfer and the processidgcanapling

method.
1.1.1. Measurement setips

An ultrasonic probe is an instrument whereby thickness measurements can be done
on various materials. The (piezoelectric) transducer within the ultrasonic probe is
responsible for converting electrical signals instirasound, which are getting
transmitted and received. Transducers can either only transmit (transmitters),
receive (receivers) or are capable of both (transceivers). The probe of Renishaw
includes a transceiver transducer and converts ultrasound wawves dlectrical

signals to determine, for example, thickness.
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Various ultrasonic techniques allow for the accurate determination of thicknesses of
objects of different sizes as well as crack detectibnring a measurement, the
ultrasonic waves transmitted by the probe pass through the material aititer
bounce back as echoes are scattered by the material in all directionsThese
different types of wavearedependenton the setup usedandare detected and used
for the determination of the thickness or fracturéghree main setips are applied
when using ultrasonic probes for NDT applicatibsn unmistakable difference
between these setups is the spatial placement of the transmitting and receiving
transduces. Two techniques require the use of both a transmitting and receiving
transducer whilst for the third technique the transmitting and receiving transducer
are in the samerobe. The three main seatips are shown schematicallykigurel.2,

and their operation details are explain@dmore detailbelow.

Figurel.2: Through transmission (1), Pitcatch(2)and pulseecho (3 ultrasonigprobesetups.

In the first setup known asitK NP dz3 K (i NX1y theviarisdudess yaée each
other andthe receiving transducer detects the ultrasonic waeesitted directly by

the transmitting transducer. Through transmission is the onlyugetvhere the focus

is on the detection of the primary transmitted wave(s). The receiving transducer
converts the ultrasonic waves into a signallowing for interpretation of the

thickness and any possible failures of the scanned objects.

The second setip, known asipitch-O | (i @)Kuées two transducers placepatially

at an angle of Oto 180" depending on the scanned objee.g, shape, size, area of
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interest). The receiving transduceollectsscattered ultrasonic wavesaused byan

air-solid interfacesource €é.g., a crack}®

PulseSOK2 ¢ 0600 AdLIZGO KISy Ri KMINRT daySQii A 2y a- Ay
Ol ( Gnéugh it has a single transducer acting as both a transmitter and a

receiverl’

The thickness measurement probe technology of Renishaw is based apon
conventional ultrasonic pulsecho transducer setip thereby allowing for boh
thickness measurement and the detection of irregularities. Theupaghatwasused
throughoutthe work described in this thesis wie REVOUItrasonic Probe (RUR)

in combination with aspecially designed couplant holdefhe couplant holder
enablesthe couplant material to act both as the delay line and as the couplant

between the transducer and the material. The specially designed couplant holder

used throughout the work described in this thesis supports spherical SAP hydrogels.

The RUPR1 with couplant holderis mobilisedon a ceordinate nmeasuringmachine
(CMM) An CMMis a machine that can manoeuvre irages (X, Y and Z) with high
precision. An CMMllows for geometry measurements of objects by measuring with
a suitable probeA common use ahe CMM is to compare prepared materials with
the original design and look at the precision of manufacturilige CMM in
combination with the RUR allowsfor a 5axes spatial movement of the transducér
The RUA and CMM combinatiorwith the couplant holdefattached and detached)

are shown irFigurel.3.
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Figurel.3: CMM (A) with an RUP (B) including transducer acduplant holdeXC) (left), 7.5 MHz transducer (D)
connected (middle) and unconnected (right) tooaiplant holdefE).

1.1.2. Measurements of materials

There are hree techniques used for the thickness measurement of materials using
an ultrasonic probeMode 1, Mode 2and Mode 3 Mode 1 Usinga direct contact
transducer the thickness is measured between the main bang (excitation pulse) and
the first back wall echdlhe main bangepresentsthe signal of the ultrasonic pulse
echo between the transducer and the objetiie to the absence of a couplar®ne
ultrasound pulse is usually comprised o# 2imes the wavelength of the frequency
used. The first back wall echo results from the ultrasonic waves tirapagated
through theobject,to the airsolid interfaceat the other side of the objectandback

again

Thecouplant holdemused during this researdcts as aelay line A delay line results

in a delaytowardsthe detection of the interface echo which is a result of the first
couplantsolid interface. The firstdrk wall echo is again a result of the salid
interface at the other side of the object measured. A typical graph plotted for an
ultrasonic thickness measurement performed with a delay line is showigurel.4.

If the interface echo and first back wall echo are used for the measurement of the

thicknessthen it is normally referred to ablode 2
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Figurel.4: Typical graph resulting from a thickness measurement of an object by an ultrasonic probe with a delay

linels

Mode 3 Whenthe time it takes for the ultrasonic wave to travel back and forward
within the object is less than 0.5 times that of tpeopagation time through the
couplant The thickness of the materialill be calculated from the first and second
back wal echo. An increase in the accuracy of the thickness measurement results
from this mode of operation andiastherefore preferred and used as the standard
measuring technique throughout the researoéported herein. When the second
interface echo arrives athe transducer before the second backwall echo,
interference and misinterpretation of the peaks cause for inaccuracy in the thickness

measurements.

To ease the visualisation of the ultrasonic waves, schematic representations of the
ultrasonic waves fromhte transducer, irough thecouplant holdemith the coupling
material andfinallythrough the object are shown iRigurel.5 andFigurel.6. Within

the schematidllustration the wave forms drawn do not represent the frgencyor
amplitude of the propagating wavebut instead representhe paths the ultrasonic
waves have travelledzor clarity, the ultrasonic wavese not transverse waves but
longitudinal waves. With longitudinal waves the displacement of the mediumthe

same direction as the propagation of the waves. With transverse waves the
displacement of the medium is perpendicular to the propagation of the wakes.

arrows on the lines represent the direction the ultrasonic waves are travedimy
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since evey interface creates echoes of the ultrasonic waves, only the waves of
interest are further visualisedddditionally, to enhance the ease of visualisation, the

couplant holder couplant and object are not drawn to scale.

Figurel.5 shows the propagation dhe excitation pulse (blackhrough thecouplant
holderand the coupling materiaUpon reaching the couplasgolid interface théirst
interface echo ireated(green. The first interface echo results amsecondecho
(red)upon reaching the transduceagain propagating in the direction of the object.
The main excitation pulse (blacgartially propagates through the couplasbid
interface and the object to reach the aplid interface.At this point, he first

backwall echo is formed (orange) aisetventuallydetected by the transducer.

Transducer

Couplant holder —

—

Couplant —1

—

Couplant-solid interface

Object —

LT Air-solid interface

Figurel.5: Schematic representation afselection otiltrasonic waves propagating through tieeuplant holder
coupling material and the objedExcitation pulse (black), first interface echo (green), echo of first interface echo

(red) and first backwall echo (orange).

In Figurel.6, the echo formedrom the first backwall ech¢createdby the couplant

solid interface)is represented in ple. This produces the second backwall echo
(blue) upon contact with the asolid interface. During the time it takes for the
second backwall echo to reach the transducer, the echo of the interface echo (red)

propagates further. Eventually, the echo bktinterface echo produces the second

interface echo (yellow) upon contact with the couplant/solid interfadéthin this
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project, the aim isthat the production of the second interface echo occurs after
multiple backwall echoes are detected. Timember of backwall echoes detectésl
depended on the difference in speed of sound in the materials and the thickness of

the object.

Transducer

Couplant holder —

—

Couplant 1

—_—

Couplant-solid interface

Object — ' \

| — Air-solid interface

Figurel.6: Schematic representation of the second time frame taken for the ultrasonic waves propagating through
the couplant holder coupling material and the objedEcho first backwall echo (purple) second backwall echo

(blue), echaf first interface echo (red) and second interface echo (yellow).

The thickness of the material is calculated éxuation €q.) 1. Where T is the
thickness of the tested material, V is the velocity of sound in the tested material and

t is the measured e between the first and the second back wall echo.

Y oo- (1)

One of the requirements of the coupling agent is a particularaizgdrogel sphere
which facilitates the measurement of multiple back wall ech@dsde 3. These
backwall echoes are measured before the second interface echo that is created by
reflection of the ultrasonic wave twice by the interface of the couplart e object

and orcefrom the couplanttransducer interface between the two interface echoes.
Measuring the thickness bylode 3can only be done when the material measured

allows for the multiple echoes before the second interface e@hg.(metals). The

10
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path length of the ultrasound through the couplant can be tuned towards the

thickness of the material measured.
1.1.3. Coupling agents

The conventional immersion techniqueutlined previously, is still being used as a
method to apply water as a coupling fltbdtween the probe and the object followed

by the morphological analysis of the object. The function of the couplant is to guide
the ultrasonic waves from the transducer to the object of interest and lzayzin

The elimination of the aisolid interface ha a positive effect on the receiving signal
due to the large acoustic impedance diffetith between air and solid materials.
Thus, elimination of the asolid interface is critical for obtaining a higher sigteal
noise ratiol® The greater the acoustic impedance mismatch, the higher the
percentage of initial energy that is reflected at the interface between the two
materials. Additionally, the ultrasonic attenuation influences the ultrasonic signal.
The ultrasonic attenuation deribes the loss in energy of ultrasonic waves by effects
such as absorption and scattering. In air, the energy loss is considerably higher
compared to the liquids that are being used as coupling media. The ultrasonic
attenuation can differ immensely betvea various materials, and it is described by
the attenuation coefficient specific for the material andnsreasedy an increase in

the frequency and the path length of the ultrasonic wave through the matétial.
Thus, liquid couplants mostly result in a significantly enhanced signal by optimising
the factors influencing the sign#d-noise ratio by decreasirtge acoustic impedance

mismatchand minimising the attenuation coefficient.

A variety of alternative liquidouplants are available which do not make use of
immersion. Typically, these liqumbuplants are viscous neoxic liquids, gels or
pastes, such as animal, vegetable or olivgagiwell as aqueous solutions of polymers
both natural and synthetipolymers However, applying these gels to the surfaoé
interest is labour intensive and errors often arise. The errors are caused by high

signalsensitivity to contact pressure changes and #immogenous coating of the

11
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tested area with the couplant. Ultrasonic testing applications require viscous
couplantsto prevent running of the liquid or gel from the applied surface which can
give problems with cleaning the object after scanning. The coupling media can be
changedto answer the requirements for specific applications, such as morphology

tests of various raterials.

Although liquid couplants seem to be idede to their high signaio-noise ratiq
there are also applications for nesontact aircoupling! where the negative effects
of acoustic impedance mismatches and ultrasoattenuationhas a neglectable
effect on the end result of the measuremeiithese techniques should be considered

as alternative method for avoiding the use of the immersion tanks.

Air-coupling techniquesre particularly relevant in the area nbn-contact senmg.

The aircoupling techniques used when contact between the probe and the object
should be avoided or cannot take place.d., hollow object3. Besides the non
contact aircoupling method, another method of interest is ergupling,
distinguishedby the presence of a solsblid interface during the measurements.
Dry-coupling can be used when contact between the couplant and object is not

detrimental but the use of water should be avoided.

Some materials that qualify for digoupling methods will contain large quantities of
water within the solid, to allow for a lower acoustic impedance difference between
the couplant and the object of interest.. Brinkwater and P. CawRydescribed a
dry-coupling method in which an apparatus supports a rubber wheel tmelant

that enables an increase in the efficiency of the analysis by covering more area in a
smaller time frame.Other materials such as Aqualene aaéso commercially
available. The properties of Aqualene are described on the Olympus website:
OGAcousticimpedance of the new material is very nearly the same as water and its
attenuation coefficient is lower than all other documented elastomers and many

plasticsé??

12



Chapter 1

Another method that avoids the use of immersion tanks instead uses a continuous
flow of water on the surface of ietest by means of a water jet nozzle connection.
This jet nozzle provides a water column coupling the transducer to the surface of
interest, as shown ifrigure1.7.5 The optimised probe of Drinkwater and Cawley,
shown inFigure 1.8, claims to work well without wate¥* For these alternative
techniques it should be emphasized that the use results in a decrease ityquali
(signalto-noise) of the received data compared to water coupled measurements. In
house research within Renishaw has determined these techniques to be insufficient

for the aimed applications such as measuring rotor blades, engines, etc.

Figurel.8: Wheel probe design with ergonomic handle.

In the case of SAP hydrogels, the coupling fluid will be compartmentalised which
I 2 ARA& (KS LINENibzySyYA y23r¢ di Q2idzLbf fhay2i art @S &

couplant coating of the object due to the continuous contact of the hydrogel to the

13
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transducer and surface of the object. Furthermore, due to the low quantity of water

that is being used, water damage to the object of interest is minimized.

Swollen SAP spheres have a significant advantage due to their lower attenuation
coefficient relative to drcoupling methods such as the roller probe showkigure

1.8. Additionally, due to the migration of the coupling fluid out of the hydrogel
network, a thin coupling film continuously coats the surface of the SAP spheres. SAP
spheres are therefore capable of saibisturisation and actively avoiding the
problematic airsolid and liquidair interfaces (acoustic impedance mismatch)

identified as one of the main limitations for ultrasonic measurements.

A complicatingfactor with the application of hydrogels as coupling agastther
restricted time in the swllen state. In air, hydrogels lose their coupling fluid by
means of evaporation. When in use, the rate of releaSeateris even greater as a
result of sweatingSweating is used to describe the sektting character of the
hydrogel surface. The sweag is being caused by the transportation of water from
the bulk of the hydrogel to the surface.N&ha hydrogel comes into contact witn
surface to gather ultrasonic datthe hydrogebill likelyleavea small trace ofvater
behind. This is due to the weak binding of the surface water of the hydrogel to the
hydrogel itself. The rate of water loss (deswellingy determined by the rate of
evaporation and the rate ofvater lost on the surface of the object due $weating
during use. fe rate of evaporation depends ofactors such as the ambient
temperature and room humidity. Additionally, it depends thre absorbed liquid
within the hydrogel networkand isrelated to the vapour pressure and therefore to
the boiling pointof the liquid With increasing boiling point, the rate of evaporation

viathe evaporation pathway will be lowered.

Highly polar liquids which are completely miscible in wageg(diols and triols such
as ethylene glycol, propylene glycol and glycemld be benécial for increasing
the boiling point.For example, the vapour pressure of a%@lycerclwater mixture

is almost half that of pure water at Z@.25 When using additives to influence syific
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unwanted effects such as a fast evaporation rate, other features are often aléeyed
well. For example, Wwen a mixture of glycerol and water is evaporating, water will
evaporate faster leading to a higher glycerol concentration. The increasingalyce
concentration would have an influence on the signals obtained by the transducer due
to the difference in speed of sound in water and ethylene glycd.iiifuence of the
additive concentration should be considered duriadditive formulationof the

coupling liquid

1.1.4. Ultrasound couplantequirements

For the disruptive setip described herein, necessary requirements which the
hydrogel coupling material should satisfy are listed beldhe® requirements are
set by Renishaw and are based upon their inleoeisperience, costumer contact and
marketing studieslf an aspect of the system changes in the future, the requirements

of the coupling material may be altered.

Diameter of swollen hydrogspherebetween6.0and 8.7 mm for testing.

- Diameter of swollen hydrogedpherebetween 8.6 and 9.2 mm for sieving
before use.

- Diameter of swollen hydrogealpherebetween 8.6 and 8.8 mm for avoiding
sieving.

- Minimum accuray of thedetermination of thickness standargs0.025mm):
1.000, 1.040and 1.080 mm Ideal accuratedetermination ¢£0.020 mm) of
thickness standards: 3.000, 5.000, 10.000, 15.000 and 20.000 mm.

- No crack development within the SAP during a minimum of 10h of operation
time including 2h of unused time.

- Qualitymeasurements taken during a mininm duration of 10h including 2h
of unused time (operation temperature rangel0°C- +40°Q.

- Quality measurements taken during a minim duration 32h including 24h

of unused time within a protective cap (operation temperature ranged°C

- +40°C).
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- Must sustain its accuracy as a coupling agetdgr a minimum ofLl2 months
in storage (storage temperature rang5°C- +70°C).

- Must be robust enough to be handled by an unskilled user.
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1.2. Superabsorbent polymers: Hydrogels

1.2.1. Introduction

SAPs are lightly crosslinked polymeric materials thatade toabsorb and retain
large amouns of liquid.?%3° When ®\Ps are hydrophilic and cambsorb a large
amount of waterthey are called SAP hydrogels. Hydrogels can ahgotb several

hundred times their own weighh water,as shown irFigurel.9.

The absorption capacity of hydrogels is not limited to water; they are able to absorb

large quantities of other hydrophilic liquids as wéllshould also be mentioned that

hydrogels are not restricted to any particuksize orthree-dimensional shape.

Figurel.9: Hydrogebpheredefore(d= 1.3 mmjleft) and 8h afteraddition of water @= 9.1 mmjright).

Hydrogelswere developedover half a centuryago, with their first applications in
hygiere products (disposable diapers, tissjetc.).3533 Shortly aftertheir discovey,
their remarkableability to absorb large amounts of water was exploited by the
agricultumal sectorfor maintaininga continwous water supply througthe controlled
absorption and desorption of water, therefore also preventing dights343°
Additionally, the biocompatibility and favourabfghysical properties of hydrogels
werefirstintroducedto the worldon a large scaleith the production of soft contact
lenses®® Further investigation into various diffent polymers andheir response to
external factors such asmperature?’ pH28electrical fields®4°small molecule®-#2

and ultrasound® has led tathe devebpment ofmore sophisticated polymer$*

A more indepth view was obtained and exploiteahd resulted in lhe creaton of

numerous novel hydrogels with tailored properties relatedlistinctiveapplicatiors.
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An example of this ithe use of hydrogels in the biomedi®ctor wherehydrogels
are used for drug deliver§® wound dressig,*® cartilage repait’ and tissue
engineering®® Therespmsive character of different hydrogetswards a range of
external factors also allows them to be used as sen$@sft actuatorsfor roboticS®

and within microfluidic device®.The tailoring of theiselectivesorption capacity has

led to possible applicationsuch aslye waste water trement.>?

Further interesting research for future applicatiorbising carried outn the area of

multi-NB & LI2yaA @S Keé RNER IS f descrididy achydibgeNdetsvorkkK & R NB
capable of responding to multiple external factors for innovative technological
applicationsThese changes are not restricted to swelling dedwelling but in fact

include predesigned spatial movement of the network without significant loss of

liquido SGGSNI Y26y | &85DhasholnihiterysSarid dedlopiment

in hydrogelsis shown bythe numerous hydrogelshat are used in a plethora fo
applicationswith the promiseof many yet to come. The remaride adaptability of

hydrogels towards multiple areas makes them a highly interdisciplinary group of

materials.
1.2.2. Categorisation

Numerous hydrogel materials have begreparedby varying the &rting materials,
preparation method, charges, mechanical chaeaistics, porosity and morphology.
Hydrogels can be organised into different categories based on the aforementioned
variables and many more. Categorisation of hydrogel materials allows for the

identification of the applicability of specific types of hydetsy

The origin of the starting material can classify the hydrogel as synthetic, natural or a
combination of both.Within industry, the nost common hydrogels are synthetic
hydrogels. Typicallysynthetic hydrogels arpreparedby polymerisation obne or

more monomers witha crosslinkerby addition ofan initiator. Monomers such as
vinyl acetate, vinylpyrrolido® acrylic acidAA) acrylate salts and acrylamidaM)

in combination with the crosslinkdr > dn€&thylenebis-acrylamide(MBA)are often
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used intypical polymerisations. As witthe monomers and crosslinkers used, the
initiators are mostly watesoluble €.g, peroxydisulfate salts) which are often used
in combination with the acceleratorb % b Z defambtitylethylenediamine
(TEMED). A selection of the aforementioned chemicals that have been used by the
author within this research are shown3temel.1. Although rarely, \ater inoluble
initiators and crosslinkers have beemsed in experiments®® Other initiation
techniques are by means of t)\ganma- or electron beam radiatioR® Furthermore,

J. J. Sperindet al. made it possible to synthegfydrogels by enzymatic initiation of
the covalentcrosslinking of functionalised poly(ethylene glyédProblems can arise
when synthetic hydrogels are used in large quantities.,(agriculture, hygienic
products,water purification) orin vivo(i.e.,drug delivery) due to the toxic nature of
the monomers?®57:58Even though synthetic procedures for biocompatible polymers
have be@ developed and optimised for years, monomer residues are often still
present resulting in the need for excessive purification methods for the removal of

these residues$?

0 0 o J\ oo 9 ? o0
\)J\OH \)J\NHZ \)J\N H4N o—ﬁ—o—o—ﬁ—o NH,
H (o) o
Acrylic acid Acrylamide  N-lsopropylacrylamide Ammonium persulfate

o o o 00 |
\
\)]\ PN )J\/ \)]\ ></S/\ \N/\/N\
Y N oH |

N,N'-methylene-bis- 2-Acrylamide-2-methyl-1- N,N,N',N'-Tetramethyl
acrylamide propanesulfonic acid ethylenediamine

Shemel.1: Chemical structures of a selection of monomers, crosslinker, initiator and accelerator used for the

preparation of hydrogels within the research presented.

Natural hydrogels are mostlgomprised of proteins and polysaccharides such as
collagen®® agarose! hyaluronic acig? carrageenaf?® and other synthetic and/or
natural derivatives of chitos&hand alginate®® Many of hiese natural hydrogelare
known to bebiocompdible. The ug of natural polymers to prepare hydrogels has

increased in the last decade due to the search for applications for green chemicals.
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However multiple problems must be resolvetiefore they find widespread
commercial use, primarilgheir low mechanical strength anthe reproducibility
issues of natural hydrogel synthesis. The latter is mainly due to fatbhatch

variability inthe composition of natural starting materials such as algitfate

Thethird goup of hydrogels is a mixture of synthetic and natural parts. This includes

APRATASR o0A2f23A0If LIRRfeYSNE KeRNRISTE a

Gol O1 02yS¢é diffeeem fedctivédRemicals as well e®nomers, polyrars
and crosslinker$7¢%° The resulting range of modifil biological polymerand other
natural hydrogels are excellent for applicatioinstissue engineering, bone repair,

muscle repair and celineapsulation’®7*

Various alternative hydrogel types are present such estnal and ionic, modified
and unmodfied, homa and cepolymer hydrogels and many more. Often, these
alterations in the polymeric structure of the hydrogel give rise to specific
characteristic properties. r@sslinking withinall polymeric hydrogelss essentiafor

the physicemechanical propertietn the swollen and dry state and is therefore an

essentidconcept in the hydrogel area.
Crosslinking

Crosslinking describes the bondihgtween polymer chains andhere are two
generalwaysof crosslinking polymer chaingdd firstis covalent crosslinking and the
second is non-covalent crosslinkinge.g., by hydrogen bonding atior ionic
interactions. Both covalent and nowgovalent crosslinking result ichange in
mechanical properties within a polymer networlHowever, polymerpolymer
entanglement is also of significant ualand could on rare occasios, be the main

reason for the insolubility of a hydrogel network

It is essentialor many applicationghat the hydrogelnetwork has a crosslink density
wherebythe hydrogeldoes not lose its capabyitto maintain its threedimensional

geometrical shapeWhen describingpolymer networks as being lightly crosslinked

20
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within this thesis, the crosslink density is of a sufficient quantity as to stillvdbr
swelling of more than 10 times its own weighta complementary solvenMostly
for the hydrogels synthesised this translate9t651 mol% of crosslinker in the feed

of the polymerisation

It should also be resistamaigainst solvent lodsy pressure on the polymer networR.
The ability of a hydrogel teetain the amount of liquid while force eppliedon the
network can be weltlescribed by the centrifugal retentiompacity (CRCY The CRC

is determined by applying centrifugal force on the hydrogel angeasuringthe
corresponding loss of liquid at a set force and duration. Alternatively, the absorbance
under load (AUL? method can be used to determine the capability of a hydrogel to
swell unde a set pressurdncorporating >1@% crosslinker (w/w) relative to the total
amount of monomer in a hydrogel wikad to an increase in polyer-polymer
interactions and either severely limiting or completely inhibiting thesolvent
absoption by the polymer network® Thus increasing the crosslink level will result
in a less dynamic polymer netwgrand leads to @ecreasdan the maximum solvent

absorptionas well asn increse in the AUland CR®@alues’’

Noncovalent crosslinking can also be tteuse for(additional)crosslinking strength
of ahydrogel”lonic crosslinking is one of the n@ovalent types of crosslinking and
is mostlyachievedby addition of a multivalent cation to an ionic polymestm.
lonic crosslinking within a hydrogel can ingplementedby the addition of Cagto
water-soluble sodium alginate wheran insoluble crosslinked polymer network is
formed due to ionic interactions between the calciurh & A 2 y -L-gulirBnaté

blockswithin the anionic ptysaccharide, as shown figure1.10.79-8
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Figurel.10: Schematic representation of ionicosslinking of sodium alginate containihgl-guluronate blocks

with C&* cations8o

It hasbeen discussed that the continuous distribution of crosslinksiiadditional

factor, besides the crosslink densijtior determining the properties of the resulting
hydrogel®t + SNE 2F(iSy s> ONRaatiAyla 6AGKAY GKS
distributed®® and this can have disastrous consequences on, for example, the

mechanical strength.

Heterogeneous crosslinking (surface crosslinking) alsoemtkes the properties of

the resulting hydrogel. Heterogeneous crosslinking can be done by performing a
heterogeneous free radical polymerisation with a (additional) crosslinker which is
soluble in the continuous phase. Alternatively, multiple posisslirking methods
have been developed. Pastosslinking is often applied by industry to inhibit fish
eyeing of SAPS Fisheyeing is also revered to as pore blocking and is a result of the
blocking of the transportation of the liquid through the polymer particles, resulting
in a dry core and a swollen shell. Surface crosslinkdmgalso lead to an increase in

mechanicabktrength8+8°
1.2.3. Mechanical strength

All crosslinked hydrogeldescribed up to this point hadne thing in commonthe
crosslink density within the hydrogleés a diect impact onthe mechanical strength.
Although it isdifficult to predict the mechanical strength of hydrogels due to the
multiple factors that influence it, the LakEhomas model predicthat the intrinsic

fracture energy(w is dependent on the pgher fraction ¢ ), as shown by e®.
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®oz 7 ?)

® approaches the energy required to break the polymer chains along the crack plane.
Therefore,w is strongly dependent orz  within hydrogels due to their ability to
absorb large amount of aqueous liquithe complete Lak€homas model of J. Tang

et al® (eq. 3), describes the intrinsic fracture energy calculating the thikness of

a single polymer layer and coining it with the energy of the € bondf the dry
hydrogel where the factor is determined by the energy of@ Bond divided by the
area of the monomer(s) usedhere is the number of € bonds per unit volume

"Yis the energy required to break one@bondis the length of the monomeand

¢ is the average number of monomarsthe chain Many refinements are applied to
this mode] however, a complete fit with experimental resultbas yet to be

obtained?8®
© z Tdve (9

For the development of hydrogels with improved toughnebe intrinsic fracture
energy needs to be improved. The LaKkeomas model is based on breaking
molecular bonds along the crack plane. The energy put into the system can be
dissipated described by hwhich leads to an increase in the total intrinsic fracture
energy @ as shown by eq4. Dissipation of the energy happens by energy
dissipation mechasms such as fracture, reversible crosslinks, domain
transformation, fitse pull-out and others®” Considerable effort has been made to
explore the various mechanisms and the resp® on the increagktoughness of the

material.
W O © @
Novel high strength hydrogels

Most hydrogels have low stiffness (10 kPa), stre@®0 kPa) and toughness (10 J
m2).88 The mechanical strength of a hydrogel is crucial for many applications. Most

importantly, their toughness and fracture resistance (fracture toughness) should be
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appropriate. Atough¢ hydrogelisa hydrogel which is able to absorb a large amount
of energyin whichits properties aranore akin tothat of rubber. From an application
point of view, the toughness, mamum stress and marmum strainwould behigher

than theforcesand strainto which t is exposed to when in use.

However, due to small defects, macroscopic fractures are easily developed during
multiple loading cycles andill eventually lead to failure of the hydrogedvenwhen

the material useccan resist a high stress and str&Hydrogels are known tbe

brittle which means theyhave a fast crack propagatioWhen a fracture occurs,
failure of the material happens almoststantaneously The brittleness of hydrogels

IS a crucial factor taddress for the improvement othe mechanical strength of
hydrogels. The ability of a hydrogel to resist crack propagation is descrilired@ase
toughness. This can either refer to thatical energy required per unit area of crack
growth (J MP) or the critical stress intensity factor upon crack growth (P&MThe

former is usednostlyfor hydrogels and is wedistablished within the literaturé?

Thewidespreadattention onthe creation of more mechanically strong hydrogels ha
led recentlyto a range of strong hydrogels using different approaches. These novel
high strength hydrogels (HSHGs) have one general thimgpmmon which is the
presence of an energy dissipation mechanism for the force put upon the syétem.
Unfortunately, the focus of the presented literature is not on highly swollen
hydrogels but rather on hydrogels containing up to @water?® As mentioned
previously the ultrasonic attenuation is increased wisim increase of the polymer

fraction within the hydrogel couplant.

Both interpenetraing polymer network (IPN}°? and double network (DN§?
hydrogels have resulted in significantprovemensto the mechanical strength and
toughnesf hydrogels IPN hydrogels are created by two or more polymer networks

that are crosslinked by nenovalent electrostatic interactis®*

By contrast,DN hydrogels are prepared by two polymer networks which are

covdently crosslinked and exhibit an improved mechanical strength and toughness
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compared to the IPN hydrogeli3aNumerous DN hydrogels are presented within the

literature and a selection is presented heraogether with other strong hydrogel

materials

DN hydrogels aramong the strongeshydrogelsand are therefore often chosen

when a high strength hydrogel is require@ne of the first DN hydrogetsepared

gl a
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network, therefore brittle and rigidwhich was integrated with asoft and ductile

second network. The pioneerd. P. Gong and colleagiféshave created the DN
acid)/polyacrylamide

hydrogel

poly2-acrylamid-2-methylpropane sulfonic

ySig?2

(PAMPSPAM) whereby the firshetwork is the dissipating network by means of chain

fracture. The combined forces of highly crosslinked polyelectrolyte and the weakly

crosslinked hydrophilic polymer leads to extremely high tensile strengflofdPa),

elongation (1002000 %) and compreson strength (2.27.2 MPa).Stressstrain
curves forPAM PAMPS andPAMPSPAMDN gels under uniaxial compressi@amd

the correspondingmages are shown irFigurel.11.
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Figurel.11: Stressstrain curves for PAM, PAMPS and PAIARA DN gel with a water content of 9@, under

uniaxial compression (AExample of a PAMPS SN gel before, during and after compression (B). Example of a

PAMPSPAM DN gel before, during and after compression (C). Fracture stress: SN (0.4 MPa), DN (2.2 MPa).
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One of the requirenents for the preparation oh (PAMPSPAM DN hydrogel has
been that the first network should be a crosslinked polyelectrqglydeenable the
swelling of the first network with the monomer of the second netwotkiditionally,

the polyelectrolyte characteof the first network shouldensuretension of thefirst
network after formation of the DN hydrogel. The reasortasensure chain fracture

of the first network upon force instead of the second network. However, recently a
universal stent method has been widoped which enables the synthesis of high
performing DN hydrogels from neutral or weak polyelectrolyte hydrogels as the first
network.2® This method provides the swelling and the tension characteristic of the
first network by adding a polyelectrolyte stent, whereafter the second network is
then subsequentlgynthesisedFurthermore, after the invention of the DN, work has
been carried out to understand the toughening mechanism of the DN hydrogel
focussing on crosslink density, concentratigiscosityand molecular weightMw) of

the PAMwithin the PAMPS network’

The PAMPSPAMDN hydrogel made from covalent crosslinked hydrogels have left
some room for improvements. After a loading cycle, a fraction of the crosslinks is
sacrificed for the dissipation of the energy. This results in a high sensitivity of the DN
hydrogels toward$atigue and the inevitable breakage of the hydrogels if the loading
cycle is repeated® Since this realisation, necovalently (physically) crosslinked
networks are prepared to overcome this problewhich in itself opens the path to

selthealing character in the energy dissipation mechanism and the DN hydrogel.

With regards to havingnly onenon-covalently crosslinkedetwork, it is normally
the case thathe first networkis noncovalently crosslinkedue to the importance of
the first network in the energy dissipation. These DN hydrogels can alsddreetk
to as semi norcovalent DN hydrogel$ull physical crosslinked networks have also
been prepared®® The physical crosslinketetworks show closg¢o 100 % tensile

strengthrecoveryafter being allowed to selfheal after breakade.
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An excellentexample of an ionic crosslinked/covalent crosslinked DN hydrogel is
C&*alginate/PAM which has excellent elongation (2308) and frature energy
(9000 J M) andcan be tailored by controlling the amount of acrylamide aa$Q
added. The authors claim the unique mechanism of the unzipping of tHealginate
chain gives them leading mechanical characteristic compared to alternative DN
hydrogels and a wide scope of possible applicatidgfs'®t A schematic

representation of the unzippingf C&*alginate chainss shown inFigurel.12.

M G ) ._G M
M L@
short-chain alginate
. 8,80,
:(b) long-chain alginate

Figurel.12: Schematic representation of the structure and the dissipation mechaP®m(grey lines) crosslinked
by MBA (blue squares) (a).%apture (red circles) lilie G blocks of short (green) and long (black) alginate chains
(b). Plastic zone (pink) that causes energy dissipation of the force on the crack by umzgmiiagism of the ionic

crosslinks present (&)?

An altenative approach for the reinforcement of hydrogels is by micellar
crosslinking®2Sun and cavorkers have developed nanomicelle (NM) hydrogels with
impressive strain (30006) and toughness (2.34 MJ)rby incorporating Pluronic
F127 diacrylate micelles within a polyacrylamide hydrogel. NiMehydrogelsmake

use of nanomicelles as nanosized crosslinkers which have been shown to be
beneficial for the ovall mechanical strength. Unfortunately, the fracture stregs

NM hydrogelss low (276 kPa) and the fracture toughness using a notched specimen
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has not yet been measured’le measurement of the fracture toughness from a
notched specimeiis known to give #&etter indication of the real resistance against
crack propagation. The water content (70 9&) of these NM hydrogelsas also

relatively low compared to other hydrogels.

A highly promising hydrogel reinforcement strategythe implementation of clay
particles to preparasnanocomposite hydrogels. Various modified clays, acting as nano
crosslinkers have been incorporated to prepare this hybrid mat&HdP> For
example, Gacet al. incorporated modified sodium montmorillonite (NaMMT9
whichshowed selfhealingproperties increasecelongation (11800%) andncreased
fracture toughness (10.1 MJ %)) allat a water content of 82.Figurel.13 provides

an illustration of exfoliated clay nanosheets as nano crosslinkers between polymer
chains in relaxation and while applying for¢¢alloysite nanotubes havalsobeen
implemented within hydrogel$?” However, due to the acoustic impedance
mismatch between the hydrogel and clpwrticles a high acoustic attenuation is
expected whichldoes notmake this strategy ideal for the preparation wifrasound
couplans. Non ultrasound interfering nano crosslens would be ofyreatinterest.

To accomplish this, theequired nano crosslinkershould besoluble or swellable in
water. The use of dendrimers fahe improvement of the mechanical strength of
hydrogels has been reportéd®1% However, cheaperhyperbranched polymers
which are easily modifiabjare seldomlyimplemented and characterised within the

area of strong hydrogefs?
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Figurel.13: Schematic representation of clay nanosheets as nano crosslinkers for hydrogels, relaxed (A) and under

tension (B). Redrawn from referené®.

Hostguest interactions can also improve the mechanical strength and toughness of
a hydrogel and create sdffealing characteristicsas shownby Nakahata and
coworkers!!! The hostguest interactions increase the strength of the roovalent
bonds between two functional groupand can lead to mechanical improvemsim

the material.

Poly(vinylalcohol) (PVA) DN hydrogels are prepared by synthesising a hydrogel
networkin the presence oPVA. After polymerisatiqithe hydrogelcan besubjected

to multiple freezethaw (FT)cycles toinstall crystallire regions within the hydrogel.

The noncovalent interactions between P\Whainswithin these crystallie regions
canbe brokenby forcesmpingern upon the material, dissipating the energ\2.Work

has been done towards the usage of PVA/calcium pectin hydsémgetirug delivery

applications'*®

PVA crystallieregions are also often used for the preparatiortighle network (TN)
hydrogels. TN hydrogels combine approaches for the enhancement of the dissipation

mechanism. For example, a DN hydragpat becreated withpoly(acrylic acid)aga,
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Fe*and PVA to create an ionarosslinkedpoly(acrylic acidpetwork with agar as an
additional physical network. The hydrogethen subjected to multipld=Tcycles to
create anotherroute for energydissipation by the formation of PVA crystals with

the hydrogel4

Polypseudorotaxane supramolecular hydrogeieade from poly(ethylene glycpol
methyl ether methacrylate (PEGMA},-cyclodextrin {{-CD)}!>116 sodium acrylate
(SA)and acrylamide (AM), result in a duatesponsive and tough material. This
hydrogel involves the hogjuest interaction othe poly(ethylene glycol)REGwithin
h-CD.The energy dissipation mechanism is based on theéngjidf the h-CD across
the PEG chainin addition to hydrogen bonding and potentially crystalline

formation 116

As mentionedreviously the synthesis of a homogeneous hydrogel network can lead
to an increase in the mechanical strength comparedatoormal inhomogeneos
hydrogel network. This is also interesting in combination with energy dissipating
mechanisms described within thiGhapter. etra-PEG hydrogels are erof the
homogeneousydrogels synthesised. For example, these hydrogels can be formed
by combining teta aminePEG and the tetra succinimide PEG in equimolar
proportions!118C, J. Hawker and amorkers produced a homogenous hydrogel
network by performing a copper{tatalyzed cycloadditidd® of a tetraazide with 2.0
equivalent of PEG diacetylene to form -flinctionalized 1,2,3riazoles'?® Other
HSHGs are prepared by polyampholytéand lamella bilayers'??both of whichuse

reversble sacrificial bonds for the energy dissipation.

The water content of these HSHGs is restricted ¥®0arml therefore the mechanical
strength of hydrogels with a truly high watecontent (9899.99 %)is yet to be
investigated and improvet?® The Thomasake model gives a prediction af
decrease in mechanical strengthith anincreasen the water content howeverwe
hypothesie that when using a nowovalent dissipation mechanism, the water

content could be increased to the pointhere the non-covalent bonds arenot
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sustainedwhich leads to the inhibition of energy dissipation. Therefamgximum
swelling with respect to the mechanical strength couloe evident from the
mechanical testing of hydrogels where only the water content is systematically
changed.The mechanical strength and respective water content have been plotted
by J. J. Vlassak andworkers®® as shown irFigurel.14. It should be noted that the
materials are often notswollen fully in double distilled PD) water prior to the
mechanical testingThe elastic modulus and fracture energy cleaHpw adecrease

with increasing water contentor these materials.
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Figure1.14: Elastic modulusersus equilibrium water conterf). Facture energyversusequilibrium water
content (B). DA PVA: Bayneal method PVA. FT PVA: Frabaer method PVA. P(Na8&MPTC): Sodium-p
styrenesulphonateo-3-(methaacryloylamino)propytfimethylammonium The area: Hybrid gel in this work

refers to he PVAPAMprepared by Vlassak and-wemrkersse

Measuiing mechanical strength

The mechanical strengtlof hydrogelsis normally measured by tensile and/or
unconfinedcompressiortesting.Using tensile testing, several physical properties of
the material can be determined sucht® ultimate tensile strength, strain at break,
elastic modulus, toughness and fracture energy The calculation ofthese
characteristics of the materiare explained below due to the importance thfe
accurateinterpretation of the data discussed within this thesis. Titemate tensile
strength is determined by the highest point within a stresssin plot. The strain at

break is the maximum strain forg@ven sample when tested to failure. The elastic
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modulusis determined by the slope of the first positive linear region of the stress
strain plot. The toughness of a material describes the amount of energy a material
can absorb before breakingnd is ckulatedasthe area under the line of a stress
strain plot. The fracture energy is often used to describe the energy needed for crack
propagation within a material. Sint¢bere aregeometic influences associated with

the calculation of the fracture eneyg a standard geometry and notch length is
adapted known as the pure shear té8%:124The tensile test is performed by clamping

the hydrogel on both sides parallel to the notch.

Unconfined compression testingan be used to determinemaximumcompression

strength, maximumcompressionstrain and toughness which areall determined
fromastressi A NI Ay LI 20® ¢@LIAOK Tt &3 ,deledning?2 Y LINE a
by O/Do whereby Dis the diameter at a given time and I3 the original diameter of

the measured sample. Within this thesithe focus will be on the unconfined
compression testing since most of the hydrogel samplessphericaland tensile

testing therefore cannot be performed on intact samples.
Determination of crosslink density by swelling

Extensive research has been done melyag the numerous factors capable of
influencing the swellability of hydrogels. Crosslink levdetermine swelling
characteristics and therefore the crosslink density of a knasimple single network

(SN) polymeric hydrogel can be determined through swelling experiméits.

Swelling experiments are basagon the early work of Flory and Reh#&r2’who

derived a mathematic model for the thermodynamics of polymer solutions. The
formula is shown ireq. 5, and allows for calculations to be made on Honic

hydrogels. The Gibbs free energy0 A & OF f OdzZf I SR FNRBY GKS
6nl o FyR SydhdwB ihJegs FonNJon D

yo Yo Yo  (5)

YO YO WY  (6)
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For calculations to bearried outon ionic hydrogelsthe formula® 2 Nd: nedals to

be converted to take additional forces, such as ionic interactioesveen the

polymer chains anthe media, into account. The resulting formula@mallywritten
asshownineq@® | 26 SOSNE (G KS I RR)ishattifedobly eBeftS NH& |
of the ionic characteonn B, | & mipal3o gets further complicated and causes an

error (3040 %) wha this is not taken into account®
yo Yo yo VYo @)

N Rix describes the interaction of the polymer chains with the media and is often
SELINB&&SR 068 GKS LRfeYSNnénhidiSyd Ay dSNI O

From the thermodynamic mathematical model and further lexation of the
relation between the elasticity of the network and the interaction between polymer
and solvent, variousormulae and methodswere derivedto describe parts of the
polymer network One of these formalis shown by Z. Y. Dirgg all?® and is
presented as the formula thamost accuratyy describes the numbeaverage

molecular weight of the polymer fraction betweerosslinks.

As with many other models it does not always fit perfectly, and the authors identify

the inaccurate estimations and imperfect polymer systems, including the gmuddic

soluble polymer fraction, as one of thpgacticaldifficulties to overcomeDing used
eq.8F2NJ 0KS SadAYl (A 2y &hkhisdéeheddNBAINVRdrel Y1 RS
0 is the numberaverage molecular weight of the polymer fraction between
crosslinksg is the molar volume of the solverit, is the polymer densityG is the

volume of the polymer fraction when swollenyis the FloryHuggins interaction

parameter betveen solvent and polymer and is the molecular weight of the

polymer repeat unit.
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= ©)

Increasing the number of monomers implemented in the polymeric network will
FTdzZNIKSNJ AYLISRS { rdlitioSady(i they hallels2déscriBeTidedlly
homogenous crosslinked polymer systems and are therefore limited. Another way to

determine thecrossink densityis by mechanical testintf?

1.2.4. Swellinganddeswelling

Mechanism

The ability of hydrogels to absorb and retain large amounts of hydrophilic liquids is
their main defining characteristic. The ywi@ whichthe liquid gets incorporated into
the polymer network is described by a multistage mechanism, giving a view of the

behaviour of a polymer hydrogel network.

Extensive research work has been done on the multistage mechaaisththe

present theory is generally agreed up&i.

The hydrophilic groupse(g, amine, carboxyt acid, carboxylate, alcohglen the
polymer chairswithin the hydrogehre the firg to be hydrated onceontact is mad

with water. The water that Inids to the polar groups is called primdrgund water
This isfollowed by the swelling of the hydrogel network, exposing the hydrophobic
(less hydrophilicparts of the plymer network. Over time, thikads to secondary
bound water which is occasionally referred to as hydrophobidaiynd wate. The
sum total of the water bound in theprimary and secondary water absorption
mechanisms is called total bound water. After the absorption of the total bound
water, the polymer system will absorb additional water which is often referred to as
bukorNBS ¢ GSNWP ¢KS o0a2NLIWiA2y 2F (KAA&a aoc
pressuretowards complete dilutionhoweverthe complete dilutiorof the polymer

network is preventedy the crosshksin the hydrogel
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Crosslinkswithin a hydrogel can bever-exparded after swelling irDD waterdue to

the hydrophilic character of the materialhe over expansioputs a retractive force

on the polymer network described #%e elastic retraction forceAllforces eventually
reach an equilibriumvherebythe elastiaetractionforces are equal to the absorption
forces. Thesolvent quantitythat a hydrogel networlcanabsorbdependsgreatlyon

the solventpolymer interaction, the osmotic pressure of free counv@s andthe
electrostatic interchain repulsion forcesAlthough countless responsive materials
have been developed, a noteworthy example of a material that enables a changeable
solvent uptake through selectively differentiating mentioned factovhile dso

showing excellent swelling characteristarge polyelectrolyte hydrogels.
Polyelectrolyte hydrogels

Polyelectrolytes have beaea focus of attentionin the area of hydrogs for years.
Typically, paired (ampholyteand unpaired dationic or aiopnic) pdyelectrolyte
hydrogels are the two types described within the literatd#é3® Unpaired
polyelectrolyte hydrogels are @rimary interestwithin the current researchiue to
their higher absorpticn capacitywhen comparedo non-ionic and polyampholyte
hydrogel networks. Polyelectrolyteytirogels are often made frorderivatives of

poly(acrylic acid) and poly(methacrylic acid).

Besides possessing extraordinary absorption capacity, mpalyelectrolyte
hydrogels such as polygcrylic aci)l are also pH sensitive due todtpossibility of
protonating or deprotonatingunctional grougg by varyingthe pH of the liquid below
or above the pKof the carboxylic acid within the polymeFhe pKof the carboxylic
acid moiety within the polymer is closely related to the pkr the same moiety in
the monomer used. Increasinge pH abovets pk leads to further swelling athe
lightly (0.051 mol %)crosslinkedpoly(acrylic acieco-sodium acrylat) [poly(AAco-
SA)networks due to an increase in polymer chain repulsion foeseshown irFigure
1.15where thepH is shown on the-&xis and the absorption on theakis Gationic

polyelectrolytes py contrast shrink uporincreasingof the pH due to the dereased
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repulsion forces created witn the material bydeprotonation of thefunctional
moiety (.e., an amine salt) Above a critical ion concentratipncounterion
condensation occur§*13Seffectively resulting in a screening effect of the polymer
chain. Induced by the thermodynamically favourable formation of ion pairs in the
presented situation, the conformation of the polymer changes causing its volume to
be reduced. Due to this reductian volume ion pairs are again favourable due to
the decrease in the dielectric constant, leading to a-selfated sequence of
rearrangements within the polymer netwofR®137 The screening effect will form

j dzZA O1 SNJ 6 KSy | Gt 26SNE RASE SOGNRO O2yadl.y
Neverthelessa shrinking effect will result when increasing the ionisation degree, as
shown inFigurel.15. Optimal absorption is showrof poly(AAco-SA) in a solution
with a pHabove the pKand belowthe pH where counterion condensation occurs.

It is also shown thatomplete deprotonation iswithheld when solution is not
sufficiently basic (pH < 10dlue to the buffer capeity of the lightly crosslinked
poly(AAco-SA.138
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Figurel.15: Schematic representation of a typical absorption graph over a range of pH values.
When observing two fferent categories of hydrogelseutral and ionic, it is evident
that an ionic hydrogelpossesses a greater affinity ftne hydrophilic liquid and

indeed alsoallows for a higher electrostatic repulsion éer between the polymer
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chains The consequences of thistierefore a greater swelling equilibriuf&g) for

ionic (chargedhydrogels.

The &qis determined by eq. 10 whereby Mépresents the weight of the swollen
hydrogel and the Wthe weight of the dried hydrogel.

Y —— (10)

The exceptional properties dfydrogels have led to a plethora of different designs
overthe last couple of decadeBased on preferensed shape, properties and costs,
polymerisation methods such as solutiéfl, inverse suspensidf® and
sedimentation polymerisationt*' and variations thereqf have been used to

synthesise the required products.

N-Isgpropylacrylamide (NRAM) is another example of a monomtrat is often used

for the preparation of hydrogeJssince the polymer derived from this monomer
changes its configuration upon environmental influences, particularly
temperature!*2When NIPAM is used to make a hydrogel, the change in configuration
can cause a change in swelling behaviour whereby water is expelled from the polymer

network at higher temperaires.
PolyNPAMhydrogels

PolyNIPAMhas been investigated for various active applications such as drug
delivery**3, tissue engineering* and sensors® due to its thermeresponsive
behaviour.PolyNIPAMXhibits adwer critical solution temperatur@.CST) of ~3Z,

which is also referred to as a ctilglobule transitiont*® At the LCST, theolyNIPAM

goes from a hydrophilic state (extended) to a hydrophobic (collapsed) state in
aqueous environments. The LCST is linked to the formula for the Gibbs free energy
(YO ) as shown in eg5. Some polymers also exhibit an upper critical solution
temperature (UCSTat temperatures below the UCShe polymersbecomepoorly
soluble. Oge the temperature reaches above the UCST the polymer is suddenly

highly soluble.
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At lower temperatures (<32°C) polyNIPAMis extended becauseit is more
energetically favourabléor the poly(NIPAM to undergoyddrogen bonihg with the

g1 GSNI 6AGKAY (KS oSt 622N S ZhSRNrdseidetliendE {S n |

to the increased ordeof the polymer chains wheswollen created bythe hydrogen

bondingof the polyNIPAMto the water, therefore preventingandom mixing. The

L2t @YSNJ ySiig2N] O2ftftlLASE |G KATKSNI GSY
outweighsit KS T I @2dz0l& @ $ 9 kapdnd the transition is therefore

entropy-driven.14’

When a small amount af crosslinker, such as MBA, is used withpoéymerisation

of NIPAM a hydrogel can be prepared which also exhibits LCST behaviour.
Poly(NPAMco-MBA) is é-dimentsional polymenetwork and, more importantlya

size which is significantly bigger than the lingaolyNIPAM chains previously
discussed This increase in size results in a less dif@ote-dependant)thermo-
responsivenessand thereforethere isoften a larger temperature range at which the

collapse of the network occurs.

1.3. Synthesis techniques

1.3.1. Solution polymerisation

Solution polymeristion is one of the mosttommonly used techniques for the
preparation of hydrogels. The polymerisation is perfornsaaplyby dissolving the
monomer in a suitable solvent (often watdéogetherwith a crosslinker and initiator.
The initiator can besither a thermalinitiator (e.g.,persulfate salt) or a Wnhitiator
such ash-ketoglutaric acid("-KGA)or Irgacure E2959 shown inFigure 1.16.
Typically,for thermal-initiated solution polymerisationshe monomer solution is
transferred ino a mouldand polymerised agitherroom orat elevated temperatures
with or without an accearator (TEMED)The hydrogel formed is often cut to the size
required. For photepolymerisations, thenonomersolution can betransferred to a
rectangular mould of two glass plates which are separated by a silicone spéager (1

mm) and subjected to the redned wavelength for a specified timé® The UV
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intensity, wavelength of the lamp usexhd the distance to the samplall have an

effect on the initiation speed and should be optimised for the desired polymer.

(o)
(0] (o)
HO OH
o) ~"o0
2-ketoglutaric acid Irgacure D-2959

Figurel.16: Water soluble UM y A (i A-Kketbgdutdiic adid and Irgacure-2959

The Tromsdorff effect should be taken into account when performing solution
polymerisations where themonomer concentrationexceptionally highl4® The
Tromsdorff effect describes the increase in the rate of conversion due to the decrease
of the rate of termination. An increase in monomer concentration results in an
increase inrate of conversion. However, the monomeoncentration can be

increased to a point where the percentage monomer conversion decrééses

1.3.2. Sedimentation polymerisation

Sedimentation polymerisation was described in an article by E. Ruckenstein and L.
Hong in 1993%° Therein, they described a novel pathway towards the synthesis of
hydrophilic polymeric spheres with a mean diameter between 1 and 2.5 mm. Their
method is based on thedalition, via syringe of an aqueousmonomer solution to a
heated hydrophobic sedimentation medium of lower density. The monomer droplets
polymerised while sedimenting, thereby retaining thsize andspherical shape, as

represented schematically fhigurel.17.
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Syringe éﬁ:ﬁqucous Monomer Solution
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Figure 1.17: Schematic representation of the sedimentatipalymerisationsetup used by Ruckenstein and

Hong150

¢KS GSOKYyAIljdzS Fff2ga F2N 6KS aeyidikKSaira 2
allowsfor the change of criticghbarameters(e.g., monomers, crosslinking density,

monomer concentration)to tailor the characterists of the beads that are
a8YyiKSaAaSRd |1 26SPOSNE 0ST2NB (GKS aaSRAYS
G. Park and A. S. Hofman (1992published a relevant article concerning the
polymerisation of poly(N\MAMco-C&*-alginateco-MBA) beads by encapsulation and
polymerisation of a sedimenting monomer/sodium alginate solution dropped into an
aqueous Caglsolution. Following the same principle, polymerisations have been
performed using different ways of droplet formation, such aspgending methods
viaagitationt>?and vibration'>3Besias the polymerisation of hydrophilic monomers

by exploiting the difference in density and the immiscibility of the liquids, methods

for hydrophobic monomers have also been publiskh&d® Most are known as

ascension polymerisation, derivém the ascension of the polymer spheres by use

of organic solvents athe droplet phase and water as the continuous media.
Ascension polymerisation can be used in combination with hydrophilic monaimers

the density of the continuous media greater tha the density of the droplet phase

introduced to the solution.
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The methodology of Ruckenstein was also exploited by Coepeal. for the
production of high internal phase emulsion (HIPE) particles by injecting &m olil
water (aqueous monomer solution) ersion in a mineral oil resulting in emulsion
templated beads$°%15’Furthermore, other sedimentation media are explored, such
as 1,1,1,Zetrafluorethane and mixtures with liquid G@vhich avoids the use of
volatile organic solvent®? Millimetre-sized emulsion droplets of poly(ethylene
glycol) methyl ether acrylate with -at-hexylsulfidewere prepared by sedimentation
polymerisation in gicone oil. The din-hexylsulfide was added to act as an extractant
for Pd(Il) ions. However, due to the crosséinkjuantity (20mol % MBA) in the
monomer solution the beads failed to absorb satisfactoguantities of the target

compound?®®®

Sedimentation polymerisation can also be tuned to increase the speed at which the
monomer droplets are added. For example, Tokuyama and Y&zdkiveloped
circulation polymerisation by using silimoil and mehanical stirring during the
sedimentation for the preparation of individual beads. Tate ofmonomer addition
was increased up to 2.50l#min. while still givinga coefficient of variation C\j of

6.4 % for the beads preparetihe CV is determined bydlstandard deviatiorof the
diameter of the beadsand therefore represent the size dispersity of the sample.
Values below 5 % are described as monodisperse whereas saniplesCV 06-15

% are described as quasbnodisperse and above Hspolydisperse The formula
for the catulation of the C\s given in eq. 12 (Chapter 2.2.lt)should be noted that
preventing coagulation igenerallyeasier with higher crosslinking levels it leads to
an earlier gelation of the monomer sphere and tougher bedtt® monomer solution
for the circulation polymerisationontained 5mol %MBA.Furthermore, the solvent
for the monomer solution wasalso investigatedand changed toN-methyl2-
pyrolidinone to yield several poly{-alkylacrylamide) millimetrsized bead$®!
Additionally, porous NAAM beads were prepared using aqueo N,N

dimethylformamideasthe solvent!?
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It is evident that sedimentation polymerisatidvas beerused in the past as an easily
modifiable method for the production of millimetrsized polymer spheres from a
range of different monomer$® However, he sedimentation polymerisations
presented within the literature do not describe the synthesisaiymer spheres with

a low crosslink density, essential for the swelling properties of hydrogels.
1.3.3. Suspension polymerisation

The preparation of polymer spherasa the versatile suspension polymerisation
technique has led to a range of commercial polymenaterials. Suspension
polymerisation is usually performed using freslical polymerisatiorand is often
applied in industrial production plants using agitated batch (or deahch) reactors.

The principle of suspension polymerisatiomvolves the producton and
polymerisation of droplets containing monomer, crosslinker and initiator, with
suspension stabilisers being used for the stabilisation of the drofdetsed in an
agitated continuous phase. Upon heating, initiators will undergo homolytic cleavage,
resulting in the formation of radicals. These radicals lead to the polymerisation of the
monomers and crosslinkers within the monomer droplets to form polymer spheres.
Over the yearsthe applicability of suspension polymerisation was enharfoether

by the development of alternative procedureBy exploring perfluorocarbo(PFC)
liquids as continuous phasg the monomer range that can be polymerised by
suspension polymerisatiowas increasedsignificantly especiallyby enabling the
suspension polymerisan of monomers that are incompatible with watee.@.acid

chlorides, trimethoxysilanes, anhydride$)?

Alternatively, suspension polymerisation using an aqueous monomer phase and a
hydrophobic continuous phase were also performadd are referred to as inverse

or reverse phase suspension polymerisation. The advantage of performing an inverse
suspension pg@imerisation lies in the production of hydrophilic polymer spheres,
which are particularly useful as sorbents of varipagar liquids. Mostly, suspension

polymerisation results in the synthesis of polymeric spheres (exceedipgnl®ith
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a large particle meter distribution (polydispersé$* For all suspension
polymerisation procedures, it is known that the same procedure can result in
different products when tried in the same lab and it is especially hard to reproduce
results from other research groups. The éifince might ke based on different mean
particle size, morphologes a larger fraction of coagulated products or complete

coagulation of the polymeric product.

lf 0K2dZAK AYOSNRS adzallSyaArzy LRteYSNRAI GA
suspension polyerisation, numerous studies have been performed over several
decades towards the production of novel hydrophilic polymeric products. Crosslinked
poly(sodium acrylate}® copolymers of poly(acrylic aciéhf16” poly(acrylamideco-
itaconic aid),*®® polyacrylamidé®® and polyNIPAM™ are all examples of such
polymers prepared by inverse suspens polymerisation. Multiple studies were
performed concerning crosslinkers, surfactants, monomers, initiators and mobile
phase fraction variables within polymer systetfs!’£173 Although beads exceeding
500 um were synthesised on occasidfl’® detailed results and procedures of
inverse suspension polymerisation of nooagulated hydrogels are scarce and are
restricted mainly to the patent literaturé’® However, the inverse suspension
polymerisationmethod would be less laboriousdh sedimentation polymerisatign

in particular, due tothe easy increase in batch size. The batch size of sedimentation
polymerisation is restricted due to thame at whichthe accelerator TEMED is added.
With sedimentation polymerisation ¢@"/TEMED addition to the monomer solutisn
done before the additiorof the monomer solution to the sedimentation oilt is
known that the fast polymerisation of the monomer phase after addition of TEMED
results in polymerisation within the syringe prior to the addition to the oil phase
within the sedimentationpolymerisaton setup. The fast polymerisation of the
monomer solutiorresulisin the preparation oimultiple monomer solutionsand the
consecutive addition of these monomer solution to the sedimentationvbién a
larger batch of beads is requireDuring inverse suspensiq@olymerisation a stable

suspension of the monomer solution within the oil phase is realised before the
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addtion of the acceleratorthereby avoiding prepolymerisation of the monomer

solution before the addition to the oil phase

O. Okayet al. were one of the firstgroupsto report beads in the mm size range,
specifically between 2 and 10 mm in diamet&tafter they first prepared smaller
poly(NPAMco-MBA) (0.25-2.8 mm)beads Thesewnere used to concentrate various
dilute aqueous solutions of penicillin G acylase, bovine serum albumin and 6
aminopenicillanic acid’® The inverse suspension polymerisationsed to prepare

these large hydrogel spheres was inspired by the earlier work of T. G. Park and A. S.
Hoffman!’” Unlike the work of Okay, Park and Hoffman used the surfactant Pluronic
L-81 to generatesmaller (100400 pm)stable inversesuspensionparticleswithin
paraffin oil. It is not uncommon for inverse suspension polymerisation to yield
coagulated particulates. #hould be noted that there are examples in the literature
where the term noncoagulated is mimterpreted resulting in coagulated particles
being reported as nowoagulated particle$’®17® With many polymerisation
proceduresA Y Of dzZRAY 3 A GNFI RAGAZ2Y I ¢ &adzalLlSyarzys
PFC liquids, producing n@oagulated particles is preferred and often a requiesmh

for the designated application.

Extensive research has been done on the subject of particle stabilisation in
suspensiorpolymerisationsystemsEq.11, stated by R. Arshaggives alearview

of some ofthe factors that influenceéhe mean particle diameter withisuspension
polymerisationst8® Where, d is the mean particle diameter,0 is the apparatus
design (reactor shape, stirrezic.), O is the diameter of the vessal, is the viscosity

of the droplet phase} is the ratio of droplet phase to suspension medjuns the
interfacial tension between the two immiscible layef3 is the diameter of the
stirrer, U is thestirring speed U is theviscosity of the suspension mediuand 6 is

the gabilizer concentration

(oL L (11)
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It should be noted that these parameters are expected to be roughly the same for
inversesuspension polymerisation and are takas guidancdor the development
and optimisation of (inversepuspension polymerisation method® produce

millimetre-sized hydrogels

Numerous models have been developed to descthme stability of the suspension
with variables such as the flow, droplet breaf, calescenceetc. within the
polymer systenfor a better understanding of the procesSuchresearch habeen
performed to gain knowledge and alleviate the complexity of the suspension systems.
The systems can be highly sensitive to small changes stlisbs&sassociated with a
change irreactor or stirrer and can therefore not be descridadsimplylooking at a
model,but rather, areunderstood by endless trials, errors and experience. However,
in past studiesmportant factorsare identified such as thcoalescence efficiencyefC
which is determined by the interaction time of colliding dropsj),(tand the
coalescence time {t or the required time for drops to coalesé& A better
understanding of the system is essential for tthevelopment of procedures that

work and are reproducible.

Factors which are essential for tisability of the droplets within the continuous
phaseare determined byelementssuch as (turbulent) agitation, surface tension,
mobility ofthe droplet interface viscosityof the continuous phase and the viscosity

of the dispersed phasé&lnfortunately, due to the complexity of the system, sinde
formula can describe all factors that influence the stability of the suspension system.
Nevertheless, the models amdjuations designed and studied give an insigtd the
variables that need to be considered when reproducing or changing a designed

suspension polymerisation reaction.

1.4. Researclobjectives

Hydrogels are applied in a broad range of products awattiple disciplines. The
development of these materials is ever growing, and the application of novel

hydrogel materials is seemingly endless. One of the many interesting ateare
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hydrogels could be used is morphological analysis by means of rd@gructive
ultrasonictesting. Theproposedutilization of hydrogels in this area seems to be
original to the best of our knowledgexhile their characteristic properties can be

comfortably exploited. It is therefore our goal to explore novelr)-functionalised

hydrogels as couplants for ultrasonic analyses in combination with distinct

enhancemens of ultrasonic probes.
Research hypothesis:

An ultrasonic testing technique with the novel employment of tailored hydrogegls
ultrasound couplard will exceedthe performance of the current ultrasonic testing

techniques.

Main researchaims:

1. Sureillanceand evaluation of commercially available hydrogel spheres.
2{eyiKSaAra IyR S@lfdzrGA2Yy 2F aGavYl NI¢
3. Synthesis and evaluation of highestgth hydrogels.

4. Tailoring the swelling capaciy hydrogeld¢o match applicational requiremest

5. Increasing the working time of commercial and hemade hydrogel spheres.

6. Ultrasonic evaluatiof hydrogel spheres prepared-house.

Sutsidiary researchaims:

1. Synthesis and evaluation of hydrogels with a range of different crosidimsities.

2. Synthesis of poly(acrylic aexd-sodium acrylateco-acrylamidecob ZH Q

methylenebis-acrylamide) with different monomer feed ratios.

3. Synthesis of hydrogel spheres by inverse suspension polymerisation.
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Chapter 2- Synthesis of millimetrsized hydrogel spheres

2.1. Introduction

The synthesis of millimeg-sized hydrogel spheres can be approached along several
synthetic pathsSomeconsiderations that have been made are described heegaft

to clarify some of the choices madéillimetre-sized hydrogel spheresac
potentially be synthesised using inverse suspension polymerisation or sedimentation
polymerisation.To perform asynthesisof millimetre-sized hydrogel spheres several
factors need to be considered for the resulting product to be satisfactory. The
product aimed for withinthe current research wasndividual (non-coagulated)
spheresand without anysign ofdamage such as cracks. Due to the low mechanical
strength of traditional hydrogels, cracks will lead to premature failure of the products
under low mechaical forces such as thosexperiencedduring ultrasonic testing.
The hydrogel beads also need to be capable of sufficient swelinglling

equilibrium 506300 times)n DD water which requires a low crosslink density.

With the use of moulds, hydrogéals many shapes and sizes can be produddoulds

for the preparation of spherical hydrogels are available, although imperfections are
normally created. The imperfectionsclude a parting line aridr a gate.A parting

line is created when a mould is ustitht consists of two pieces. When the pieces are
placed against each other to forra mould, they are most likely slightly out of
alignment which causes the small imperfectighgate is a small addition to the
mould which is caused by the channel throughiel the moulding solution is added.
Besides the negative visual impact, parting lines and gates lower the mechanical
properties of the resulting hydrogel material prepared within the mouldgdrogels

with parting lines and/or a gate are therefore congielé unsatisfactory to serve as a

coupling material for use within the RUP

The successful synthesis of spherical hydrogaisverse suspension polymerisation

is dependent on the stability of the preformed suspension. It is-iwadwn that for
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suspengn polymerisation techniquesnaequilibrium occurs wherebw constant
amount ofmonomer droplets break and coalesce with neighbouring droptét&?
When the continuous droplet breakage and coalesceooeurs during the inverse
suspension polymerisation, misshaped and coagulated hydrogels will be produced. It
is thereforenecessaryo preparea stable inverse suspension priortheinitiation of

the polymerisation

To accomplish the synthesis of individual spherical prodwés sedimentation
polymerisationthe sedimentation time needs to bsimilarto the polymerisation
time of the monomer droplets. When the polymerisatiohthe monomer droplets is
too slow, the droplets will coagulate when contasetween dropletsoccursat the
bottom of the sedimentationpolymerisationsetup. The sedimentation time is
determined by the sedimentatiopath length andrate of descenbf the monomer
droplets. The lengthan be increasedf space allows. The sedimentaticste can be
increased or decreasedased onthe relative viscosity anddensity of the

sedimentation liquid and the monomer droplets.

The hydrogel spheres produced need to satisfy the requirements mentioned in
Chapter 1.1.3. The diameter of sedimenting monomer droplets is restriayetie
polymerisation speed, sedimentatiotime and stability of the dropletsWhen
increasingthe diameter of the sedimenting monomer droplets, the sedimentation
time and stability of the dropletsvill decreag. The stability of the droplets is
especially a concern upon contact with the-airinterface. After a certain diameter,
increase of the diameter will result in the splitting of thédeddroplets into multiple
smaller droplets.The massof the hydrogel spheres itherefore restricted and a
minimum swelling equilibrium is required for tlspheres to meet the requirements.
Theextent of swelling of hydrogels is determined by the crosslink density and the
charge of the hydrogel. For inverse suspengiotymerisation,the stability of the
droplets is also dependent on their diameter and shobkl consideredin the

polymerisation design
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2.2. Experimental

2.2.1. Materials and instrumentation
Materials

The following reagents were used as received unless stated otheratstone
(Sigma, 99%), acrylamide (Sigma, 99), acrylic aciccontaining 200 ppm 4-
methoxyphenol(Sigma, 996), ethylene glycol (Sigma, 9963, glycerol (Sigma, 99),
mineral oil specific gravity: 0.8592 (Alfa Aesanyeral oil heavy (Sigma), mineral olil
light (Sigma)b Z dméthylenebis-acrylamide (Sigma, 9%), potassium persulfate
(AnalaR, 984%), propylene glycol (Sigma, 99, silicone oil 350 ¢St (Sigma), silicone
oil 10,000 cSt (Sigma), sodium acrylate (Sigm&poptetramethylethylenediamine
(Sigma, 990).

Acrylic acid was purified by vacuum distillati@2 °C at 20 mbarand stored below

its melting point in the absence of light.

Instrumentation

Scanning electron microscopy (SEM)

SEM was carried out using a Cambridgg#® SSEM micrographs were acquired at an
accelerating voltage a25.0 kV. A thin layeof sample was deposited onto a steel
stub, which had been coated previously with conductive, dolded adhesive tape.
Gold/palladium coating of the immobilised sample was then carried out by a Polaron
SC500 Sputter Coater (8 min. at 24 mpAYr to SEMmaging

The coefficient of variation (CV) was determined by analysing a USB Digital
Microscope picture using ImageJ. The program allows for manual identification and
measurement of the individual spheres, whereafter the presented scale bar in the
picture allows for the accurate calculation of tdeameter of the bead3® The CV

was calculated from the@aluesobtained by using eql2, whereby s is the sample
a0l yRINR RSGA I l(dlameferfdr tfidbeass nie&sGretht S | y
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ow iT 12
Fouriertransform infrared (FHIR) spectroscopy

FTFIR spectra were measured using an A2 technologies ML ATRRIpEctrometer.
Before every measurement of 32 scans, 32Kground scans were performé@00

4000 cm'). The resolution of 4 was used during all measurements.
Hemental microanalysis

C, H and N elemental microanalysis were determined using a Perkin Elmer 2400 Series
Il CHNS Analysethe analysis was carried ogté (G KS | yAGSNAAGE 27
elemental analysis servicdhe results were obtairteby a thermal conductivity

detector and are represented gercentageby weight

DD water

DD water was produced by an Aquatron A4000D water still.
Lyophilisation

Lyophilisation on (partially) swollen hydrogel samples was done using an Albha 1
LDplus60°C 1.53 mbar) freeze dryer.

2.2.2. Procedures and spectral data
Generalprocedure forinverse suspension polymerisation

The polymerisation was condigc in a 500 mL rountiottomed threenecked flask,
fitted with a mechanical stirrer, nitrogen inlet and needle outlet. Mineral oil (m. oil)
with a kinematic viscosity of 24.83 ¢St (200 mL) was purged witbrNO min. and
stirred at 100 rpm. The monomeaplution was prepared by dissolving an amount of
monomer(s) in a determined quantity &dD water The monomer solution was
introduced dropwise into the mineral oil and tetramethylethylenediamine (0.12 mL,

0.80 mmol) was added after a stable suspension whserved. The reaction was
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allowed to proceed for 3h att whereafter the beads were separated from the oil
phase and washed several times with acetone &Ml water The clear hydrogels
were immersed in distilled water fahree days while the water was fieshed twice

a day. The swollen hydrogel particles were dried af@&@ntil a constant mass was

recorded.
Inverse suspension polymerisation to yield poly(NIPAdd-MBA)

The monomer solution was prepared by dissolMiigopropylacrylamide (3.949 g,

34.90 mmol),b Z dné€thylenebis-acrylamide (0.080 ¢).52 mmol) and potassium
persulfate (0.047 ¢9.17 mmol) inDD water(20 mL) under a Npurge for 10 min.
Polymerisation and purification gave a yellow coagulated solid (1.57 g, Yiell). 39

FTIR (ATR)BcnY): 3284 NHstretch secondary amide); 296Z K asymm. stretch);

2925 CH asymm. stretch); 287Z5H symm. stretch; 1640 (C=@mide I); 1536NH

amide 11); 1458 GHasymm. scissoring); 138&ks symm. scissoring); 1364k}

symm. scissoring); 124CNstretch); 1169, 1128, 985, 927, 879 and 88&mental
microanalysis: 62.8 % C, 9.7 % H, 12.5 % N (expected); 56.3 % C, 8.9 % H, 9.2 % N
(found).

Inverse suspension polymerisation to yield poly(AMR&EAM-co-MBA)

A monomer solution waprepared by neutralising -dcrylamide2-methylpropane
sulfonic acid (2.016 g,78 mmol) with 2.0 M sodium hydroxide (4.86 mZZmmol)

at 0°C and made up to a total volume of 10 mL by additiobBfwater(2.2 mL). To

a mixture of acrylamide (0.6018 §4.67 mmol), b % dnéthylenebis-acrylamide
(0.026 g0.17 mmol), potassium persulfate (0.0490318 mmol) and neutralised-2
acrylamide2-methylpropane sulfonic acid stock solution (5.8 mlp waterwas
added to make a total volume of 20 mL which wasgearwith N for 10 min. After
polymerisation, transparent coagulated polymer spheres were obtained.
Subsequently, the gel was dried giving yellow coagulated polyasicles (1.59 g,
Yield: 82 %)..$ 154 g/g. FIR (ATR))BcnTtl): 3284 (NH stretch sendary amide);
2923 (CH stretch); 1655 (C=0 amide I); 1536 (NH amide IlI); 1450 (CH asymm.
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scissoring); 1299 (CN stretch); 1182 (S=0O symm. stretch); 1158 (CH skeletal); 1039
(S=0 symm. stretch); 800, 7@&demental microanalysis: 42.4 % C, 6.5 % H, 1N4 %
(expected); 42.3 % C, 6.8 % H, 7.5 % N (found).

Superhydrophobic glassware by modification with octadecyltrichlorosilane

Toluene (350 mL), octadecyltrichlorosilane (12.25 mL, 31.1 mmol) and concentrated
HCI (8.75 mL) were added to a rodbdttomed, three-necked flask (500 mL). The
reaction was allowed to occur overnight at°@, whereafter the glassware was
repeatedly washed witbD waterto result in a highly hydrophobic surface inside the

glassware.
Generalprocedure forsedimentation polymerisationadapted from Ruckensteit®

For a typical general sedimentation polymerisation, an aqueous solution of
potassium persulfate (22102 mmol/mL) was purged with Nor 10 min whereafter

4 mL was added to a mixture of acrylamide (1.42 g, 20.0 mmol), and MBA (0.308 g,
2.0 mmol). The mnomer solution was added dropwise (1.0 mL/h) into the
sedimentationpolymerisationsetup (90 'C, light m. oil) using a syringe and a 25
gauge (G) needle. During, and after addition, the droplets were allowed to sediment
to the bottom of the setup, wherethey further react to completion for 2 h. The beads
were collected and extractedvernightwith acetone using a Soxhlet apparatus, to
yield white coagulated spheres (0.243 g, Yield¥Q4TR(ATR)U0BcnTY): 3312 (NH
asymm. stretch); 3184 (NH symntresch); 2931 (CH stretch); 1655 (C=0 stretch);
1603 (NH bend); 1450 (CH bent¥,15(CNstretch).

In-houseoptimised sedimentation polymerisation

For a typical advanced sedimentation polymerisation, an aqueous solution of
potassium persulfate (2.2102mmol/mL) was purged with Nor 10 min, whereafter
4 mL was added to a mixture of acrylic acid (0.721 g, 10.0 mmol), sodium acrylate

(0.940 g, 10.0 mmol) and MBA (0.010 g, 64193 mmol). The resulting suspension
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was homogenised while purging with &t 0'C for 10 min. before addition oEMED

(100 pL, 67.% 102 mmol). The monomer solution was added dropwise (1.0 mL/h)
into the sedimentatiorpolymerisationsetup (90'C, % light, ¥ heavy m. oil) using a
syringe and a 2% needle while maintaininghie temperature of the monomer
solution by means of a cooling mantel prepared by wrapping the syringe in a sealable
bag filled with ice which was then wrapped in tin foil. Afteonomer droplet
addition, the droplets were allowed to sediment to the bottorh the setup and

react till completion for 2 h. The beads were collected and extraotenightwith
acetone using a Soxhlet apparatogield yellow coagulated spheres (0.2495 g, Yield:
93 %). FAIR (ATR)EcnTY): 2927 (CH stretch); 1694, 1683 (C=fetsh carboxylic
acid); 1564 (C=0 stretch carboxylate); 1452 (CH bend); 1404 (C=0 symm. stretch

carboxylate).

2.3. Results and discussion

2.3.1. Inverse suspension polymerisation

Inverse suspension polymerisation yields hydrophilic polymer spheres- (non
coagulated) within a certain size range. However, more often than not, the
polymerisation yield coagulated spheres or individual beads with a broad size
distribution. In an attempt to prepare hydrogels by inverse suspension

polymerisation, multiple methodwere followed.
Preparation of poly(NIPAMo-MBA)via inverse suspension polymerisation

N. Kayamaret all’® prepared polydisperse poly(NIPA-MBA) hydrogel spheres
(1252800 um in diameter)via inverse suspension polymerisatidny following the
procedure of Park and Hoffmdn’ In the procedure of Park and Hoffman, paraffin oil
(Sayvolt viscosity, 18090) was used as the continuous phase. The method of
Kayaman reports the use of paraffinal$o,but does not go into further detaslabout

the viscosity, density or origin. 18M®0 Sayvolt viscosity translates to -30

centistokes (cSt) depending on the density of the liquids. To reproduce the work of
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Kayaman, m. oil (Alfa Aesar) withkinematicviscosity of 24.83 cSt and Saybolt
viscosity of 129.1 SUS was used.

Uy = 5
Py
7o 5 |

Figure2.1: The five stages during an inverse suspension polymerisation of NIPAM and MBA. (1): Inverse ¢
of monomer solution in heavy mineral oil. (@mediately after TEMED addition. (3): Initial polymerisation ¢
monomer fraction. (4): Coagulation of the polymer particulates. (5): Further coagulation and adherenc

polymer particles to the roundottomed flask after 50 seconds.

Apolymerisation following the protocol of Kayaman led to coagulation in the reactor
(round-bottomed flask). As shown Figure2.1, inthe first instancea suspension was
formed consisting of differentiroplet sizes (1). After the addition of TEMED, {B¢
suspensiordropletsstarted to polymerise (3) whereaftéhey lost their stabiity and
coagulated (4). Adherence of the particles to the rothaitomed flask was also
observedand this was more apparent in the last stage of the polymerisation (5). The
time frame from the addition of TEMED (2) to coagulationWhlreafter nofurther

visual differences were observed, was 50 seconds.

The stability of thalropletsis determined by factors includirte interfacial tension
and the forcewith which droplets collide. If the collision force exceeds the interfacial

tension, the particles W coagulate. One of the hypotheses thatas further
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investigated was based on the ratio of the droplet phase to the suspension medium.
It wasargued that a decrease in the ratio might facilitate a more stable suspension

during polymerisation.

Following this reasoning, the ratio was decreased by a factor of two, which
unfortunately led to the sameutcomeas the aforementioned experiments. Due to
the stickiness of the droplet phase during polymerisation, alternative droplet phase
compositions were trieghowever no individual hydrogel particles were obtained. A
typical FTIR spectrum of poly(NIPABb-MBA) prepared by inverse suspension

polymerisation is shown iRigurell.7.

Synthesis of poly(zacrylamido2-methylpropane sodium sulfonateco-acrylamide

co-b Z dm€&hylene-bis-acrylamide)via inverse suspension polymerisation

O. Okayet al. prepared poly(2acrylamic-2-methylpropane sodium sulfonateo-
acrylamideco-b Z iné€thylenebis-acrylamide) [poly(AMPS®-AM-co-MBA)] by
inverse suspension polymerisatiét?, again by following the work of Park and
Hoffman and additionally Kayamarhis procedure also lacked the necessary details
about the continuous phase. The procedure was replicated by the author and
resulted in agglomerated particles. The repeated inverspsension polymerisation
method of Okay showed the same 5 stages as described when replicating the
procedure of Kayaman. The polymerisatioshswn schematicallyy Scheme2.1. An

FTFIR spectrum of the product is shownkigurell.8.
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Scheme2.1: The inverse suspension polymerisation of AMBER @) and MBAJ) initiated byammonium
persulfate (APS) and TEMED.

The coagulation of the particles during the polymerisation couldtmemoted by
adherence of the particles to the glass surface of the rebatilomed flask. To
investigate thisthe procedure of Okay was replicated whereby the glassware was
modified by pmming the glassware with octadecyltrichlorosilane followilag
procedure adapted from J. X. H. Wong and H®YTihe modification led to a highly
hydrophobic glass surface and therefore an unfavourable attachment site for the
droplet phase. Nevertheless, the particles still coagulated during polymerisation
which disproved the hypotsis that the glassausedthe coagulation of polymer
particles.Figure2.2 shows an SEM image of coagulated poly(AMESSM-co-MBA)
wherein morphological details & apparentRough details are shown on the surface
of the coagulumThe roughness.é., cracks, sharp edges) of the surfaces is one of

the factors that often leads to early failure of beads used within ultrasonic probes.
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Figure2.2: SEM imagef coagulated poly(AMP&-AM-co-MBA) spheresynthesisedvia inverse suspension

polymerisation.

2.3.2. Sedimentation polymerisation
Monomer(s) and crosslink ratios

Folbwing the sedimentation polymerisation proceduwlescribed byRuckestein et
al.*>%the sedimentatiorpolymerisationset-up consisted of a condenser and a 50 mL
round-bottomed flaskaltogether 45 cm in length, as shownhkigure2.3. The outer
jacket of the condenser was heated by means of a recirculating water bath. The
placement of an oil bath allowed the temperature of the rodnoottomed flask to
equalize that of the condenser placed on top. The reaction is shown schematically in
Scheme2.2 and the resulting beads are shown kigure2.4. The solubilisation of
acrylamide (AM)and MBA in the potassium persulfate (KPS) solution took a

considerable time. This was not ideal due to the early polymerisation that

57



Chapter 2

occasionally occurred. To overcorttes problem, AM was replaced by the liquid

monomer, acrylic acid (AA).

=

'

S
i | |
—

Figure2.3: Schematic representation of a sedimentation polymerisatiorupet

m
o 0. _NH, o
\)J\ H H S NH
KP
NN, + /\m ~ W/\ phulbalg o
o o H,0 n NH
90 °C o
2 3
m

Scheme.2: Reaction scheme fohé sedimentation polymerisation of Ald) vith MBA 8)
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Figure2.4: Coagulated beads prepared bgdimentation polymerisation.

A sedimentation polymerisation using acrylic acid as $b& monovinylnonomer
and MBA as crosslinker, did not result in any spherical particle formation. The
decreasein rate of propagation (§, from acrylamideto acrylicacid, might have

caused the inability of particle formationp B determined by the following ed.3.
Y Q080 (13)

The R is dependent on the propagatiomate constant (k), concentration of
propagating chains () and the monomeconcentration ([M]). From the values in
Polymer Handbodk8 Chapter Il, it can be derived that an acrylic acid solution with

a pH below 7.9 will have a propagation rate more than 10 times lovedative to
acrylamide at pH = 5.5. The pH values mentioned are close to the ones for the
monomer solutions prepared. However, not every monomer solution was measured

individually before the polymerisation

For the enhancement of the reactivity of the monemandto facilitate swelling of

the product, the sodium salt of acrylic acid was used. Further deviations from the
sedimentation polymerisation procedure were neediedfacilitate the synthesis of
hydrogels with a high swellinghe poor swelling charactstics of the synthesised
poly(AM-co-MBA) and poly(AAo-MBA)hydroget (with 2.0 mmol croslinker, 10 mol

%) was partially due to the high amount of crosslinker usgal the crosslinkewas
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therefore decreased from 2.0 mmol to 0.40 mmol. Neverthelbes) using 2.0 mmol

(10 mol % and 0.40 mmolZ mol % amounts of MBA in combination with sodium
acrylateresulted in the production of nospherical coagulatedparticles Although
particles were formed and the amount of crosslinker added was significantly lowered,
it was still not possible to swell thgarticleswithout irreversible structural damage
occurring.Moreover, problems with the solubility of the monomers recurred doe

the change from acrylic acid to sodium acrylate. Solubility experiswsith acrylic
acid, sodium acrylate and acrylamide led to the use of the monomers and crosslinker
in the following ratio: acrylic acid (10 mmol), sodium acrylate (10 mmol), MBA (0.4
mmol) and KP(22 mmol). The monomer concentratiowas optimised tobe as

high as possible while a homogeneous solutioas stillobtained. A concentrated
monomer solutionwasof great importance because, Ras alinear relationship to

[M]. Due to thelimited polymerisation time (82 seconds), a fast polymerisatioas
essential.Following this procedure, coagulated particles were formed, as shown in

Figure2.5.

Figure2.5: Coagulated particles by advanced sedimentation polymerisation.
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Uponswelling, the particles again fragmented, caused by osmotic sfibekosmotic
shockwas observed due to the presence of sodium acrylate within the polymer
chains.The polymerised sodium acrylate groups result in a high salt concentration
with the hydrogel The high salt concentration promotes the absorption of water.
Even though it was not possible to swell the resulting particles, further optimisation
of the rate of polymerisation was achieved by the addition of
tetramethylethylenediamine TEMED The addion of TEMEDabove 20 uL often
leads to the polymerisation of the monomer solution in the syringe after 5 to 30
minutes therefore careful tailoring of theTEMEDconcentration was critical for
maximizing decomposition of the initiator, while still beialgle to add the solution

to the sedimentatiorpolymerisationsetup. Although significant acceleration of the
polymerisation process was observed coagulation still occurred after sedimentation.
TEMEDquantities added to the monomer solution were increasgol to 100 pL

whereby polymerisation occurred in a cooled syringe after roughly 20 minutes.

¢CKS GaKAIKEé ONRaaAftAY{SNI O2y OSy i NI (tle2y OIF d
particles wereallowed to swell inDD water. The crosslinker level was decreased

further to yield materials whichdid not fracture during or after swellingThe

materials were obtained by following the sedimentation polymerisation procedure

shown inScheme2.3.

\)J\OH + \)J\o Na + /W \[(\ TMEDA co co

4 5 90 °C (j;/) o)
m

Scheme.3: The sedimentation polymerisation of A#, (SAAR) and MBAJ).

These optimised monomers and crosslinker ratios led to sphexatginer hydrogels

able to swell to their full extent ¢=285) while preserving their original geometrical
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shape. Further effogto optimise monomer, crosslinker antEMEDatios did not

lead to individual spheres or a reductionl@vel ofcoagulation.
Sedimentation medium

The sedimentation mediurallows for the sedimentation of the monomer solution in
spherical form. Additionally, the sedimentation medium can be used to influence the
speed at which the monomer drops sedimerdue to the setup length feing
restricted to the height of the fumehood, the sedimentation speed determines the
sedimentation time when the sedimentation lengthemains constant The
sedimentation mediunused originally was light mineral oil, in which the particles
completed their descent in roughly 8 secontlee sedimentation time is determined
from the moment of addition of the monomer droplets to the sedimentation
medium, till contact with the bottom D the setup has been made. The
sedimentation distance for the sedimentatipolymerisatiorsetup was determined

to be 45 cmDue to the difficulty in forming individual spheres with the optimisation
of the monomers, crosslinker and polymerisation accler, the optimisation of the
sedimentation medimwas a promising approach for further improveméatbtain

the final product & individual beadsMultiple sedimentation media were tried; the

resulting sedimentation times aitésted inTable2.1.

Table2.1: Sedimentation media and the respective sedimentation times for a monomer droplet.

Sedimentation 3light, Y2 light, % light, % Heavy Silicone ' Silicone

medium Ya Yo heavy m. mineral oil oil 350 oil
heavy heavy oil cSt 10,000
m. oil | m. oil cSt
Sedimentation 10 s 12 s Partial Ascension 6.5 min 2 hours
time ascension
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With mixtures of light and heavy m. oil, tlsedimentation time could be increased.
However, due to the increase in density in the sedimentation media and general
reaction temperature, the monomer droplets started to asderduring
polymerisation due to the formation of gas bubbles within the monomeplets.

This gas shown in the monomer droplet was formed due to the heat produced by the
exothermic polymerisation, resulting in the vaporization of some of the water
present. The ascension of the droplets has been prevented for sedimentation
polymerisaton using silicone oil by lowering the general reaction temperature from
90 'C to 80"C. Although the use of high viscosity silicone oil (350 cSt) led to a
significant increase in sedimentation time, an increase ifekiel ofcoagulation was
shown relatve to ¥z light, %2 heavy m. oil mixture. When changing the sedimentation

medium to high viscosity silicone oil (10,000 cSt), a decrease in coagulation was

observed, as shown fRigure2.6.

Figure2.6: Beads produced by sedimentation polymerisatioriz iight, %2 heavy m. oil (lefihd 350 cSt (middle) a1
10,000 cSt (right) siliceroil.

Following the sedimentatiorpolymerisations Soxhlet extraction with acetone
removed a soluble fraction. This fraction consgsdf unreacted monomers or soluble
oligomers and made up % w/w of the tdal amount of monomer inside one
monomer droplet Due to the presence of a soluble fraction after sedimentation, it is
highly likely that a part of the soluble fraction (ones in the receiving flask) migrated
towards neighbouring beads and partially polymsed forming a chemical bonded

aggregate before workip. The SEM morphological analyseardggregate resulting
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from using 10.000 cSt dke sedimentation medium is shown iRigure2.7. The
connection formed between the two beads indicatdsarlythat the soluble fractions
within the beads made contact and formed a bridge between the two beads while
minimizing the surface area. Due to the larger soluble fractioh mtesent after
sedimentation in 350 cSt silicone oil, a clearer view of these connecti@ss

obtained ands shown inFigure2.8.

33,34 23KV WD:39MM

i MM

02:30PM Fri 26 May 2017

Figure2.7: Two coagulated beads formed using 10,000 cSt séiobn
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02:15PM  Fri 26 May 2017

Figure2.8: Three coagulateeadsformed using 350 cSt silicenil.

The coagulation of the beads could be prevented if the soluble fraction was removed
before contact between individual beads was maéldditionall, the immobilisation

of the soluble fraction would avoid coagulation of the individual beads. This
hypothesiswas tested in additional research whiclesults in the removal of this
soluble fraction before coagulation by means of a navdl @ 8yer Sedimentation

t 2f & YS NATAd Sedlidefitation polymerisation procedure was used in
combination with a sedimentatiopolymerisationsetup consisting of two liquid

immiscible laye® one of which prevents the coagulation of the particles fomne

2.4, Conclusion

Several inverse suspension methods have been explored for the preparation of

millimetre-sized spherical hydrogels. Some troubleshooting was performed, which
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unfortunately did not give nowmoagulated hydrogel produst The coagulated
hydrogds produced by replication and alteration oinverse suspension
polymerisationmethods found in the literature were unsuitable for their usage in

ultrasonic probe setps.

Sedimentaion polymerisation has been optimised, focussing on multiple factors such
as monomer and crosslink ratios, sedimentation media, reaction temperature,
concentration of the monomer solution, accelerator quantities and the
sedimentationpolymerisationsetup. The adjustments describduave enabled the
synthesis obpherical products by combining acrylic acid and sodium acrylate within
the monomer solution. The swelling was enhanced by decreasing the crosslinker
concentration and the addition of a polyelectrady forming monomer. The
polymerisation time was tailored by adjusting the quantity of accelerator added to
the monomer solution. The coagulation was significantly reduced by all factors
mentioned The best results were obtainedy using10.000 cSt silicanoil as the
sedimentation medium. The soluble fraction of the monomer solution present after
sedimentation was identified as the main factor causing the coagulation of the
partially polymerised sphere$Vhen separating the hydrogel particles, clear arefas o
damage and deformations were shown on the surfathe produced beads showed

to be unsuitablan their usage in ultrasonic probe seps.
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Chapter 3- Synthesis ofmillimetre-sized hydrogel spheresa

two-layer sedimentation polymerisation

3.1. Introduction

Theidentification of the soluble fraction of the monomer solution as the main cause
for the coagulation of hydrogel spheresdl¢o the hypothesis that this soluble
fraction, consisting of monomers and oligomers, should be minimised for the
production of indivdual hydrogel spheres.Additionally, removal and/or
immobilisation of the soluble fraction would benefit the production of individual
hydrogel spheresWithin this thesis, the second layer that can be added to the
sedimentation polymerisation seatp is rderred to as the dehydration layer. This
dehydration layer is hydrophilfanctionsto dehydrate thepolymersphere as well as
solubilise the soluble fraction (monomers and oligomers) of the polymerised spheres.
It is hypothesised that if the dehydratioayler works, it will also allow for a further
decrease in the crosslink densityhite still obtaining spherical particke The TLSP
designsetup consists of a sedimentation column (Liebig condenser, 51 cm) and

receiving flask (1L conical flask, 21 cmlaswvn inFigure3.1.

[El:&'i ‘

_Sedimentation layer

_Dehydration layer

Figure3.1: TLSP saip showing the addition of the monomer solution by syringe pump and the sedimer

and dehydration layex
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3.2 Experimental

3.2.1. Materials and instrumentation
Materials

The following reagents were used as received unless stated otheratstone
(Sigma, 99%), acrylamide (Sigma, 990), acrylic acid containing 200 ppm 4
methoxyphenol (Sigma, 98), ammonium persulfate (Sigma,%3, mineral oil heavy
(Sigma), mineral oil light (Sigma),Z inéthylenebis-acrylamide (Sigma, 9%), N-
isopropylacrylamide (Sigma, 99), octadecyltrichlorosilane (Sigma,%J, potassium
persulfate (AnalaR, 98®), propylene glycol (Sigma, @, silicone oil 350 cSt (Sigma),
silicone oil 10,000 cSt (Sigma), sodium acrylate (Sigma, %Y,
tetramethylethylenediamine (Sigma, 99).

Acrylc acid was purified by vacuum distillation &2 at 20 mbar) and stored below

its melting point in the absence of light.
B1 commercial hydrogel spheregre supplied by Renishaw.

Instrumentation

Scanning electron microscopy (SEM)
See Chapter 2.2.1. for detalils.
Fouriertransform infrared (FHIR) attenuated total reflectance (ATR) spectroscopy

FFIR ATR spectra were measured using a 4500 Ser#f? Bfjectrometer from
AgilentTechnologies. Before every measurement of 128 scansbagground scans
were performed (6004000 cm'). A resolution of 4cnt! was used during all

measurements.
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Elemental microanalysis
See Chapter 2.2.1. for detalils.
Renishaw CMM RUR setup

Forthe ultrasonic measuremesath CMM and &UP1 with a 7.5 MHzransducemwas
used. An iFhouse produced (MATLAB) programme was used to control thepset
and collect and plot the data. The calibration measurements were done using

stainless steel parts with @libratedthickness 1.000, 1.040 and 1.080 mm.
DD water

DD water was produced by an Aquatron A4000D water still.
Lyophilisation

Lyophilisation on (partially) swollen hydrogel samples was done using an Albha 1

LDplus60°C 1.53 mbar) freeze dryer.
3.2.2. Procedures and spectral data
General vo-layer sedimentation polymerisation (TLSR)yocedure

For a typical TLSP, an aqueous solugibf mL)f potassium persulfate (22.0 x 20
mmol/mL) was purged with Nor 10 min at 0°C, MBA (0.050 §.32 mmol) was
added and dissolved in 5 mifiheprepared solution wasdded to a mixture of acrylic

acid (0.721 g, 10.0 mmol) and sodium acrylate (0.940 g, 10.0 mmol). The resulting
solution was homogenised while purging withd 0°C for 10 min. before addition

of tetramethylethylenediamine (100 pL, 67.1 x2umol). Themonomer solution

was added dropwise (3.0 mL/h) into the tiayer sedimentation polymerisation set

up (90°C, propylene glycol (900 mL) and a mixture of®0ght, 506 heavy m. oil)
using a syringe and a Bheedle while maintaining the temperature dfé¢ monomer

solution by means of an ice pack wrapped around the syringe. dfog@let addition,

69



Chapter 3

the droplets were allowed to sediment to the bottom of the sgi and react till
completion for 2h. The beads were collected and extractedrnightwith acetore

using a Soxhlet apparatus to yield white individual spheres (0.217 g, Yiélg): &

262. Mean g: 1.21 mm. CV: 44 FTIR (ATR))Bcntl): 2927(CH stretch); 1694 (C=0
stretch carboxylic acid); 1556 (C=0 stretch carboxylate); 1448 (CH bend); 1404 (C=0
symm. stretch carboxylateElemental microanalysis: 42.8 % C, 4.2 % H, 0.1 % N
(expected); 43.4 % C, 6.6 % H, 0.4 % N (found).

Two-layer sedimentaton polymerisation to yield poly(AAco-SAco-AM-co-MBA)

Poly(AAo-co-SAs-Co-AMzs-co-MBA 19) and poly(Ass-Co-SAs-Co-AMso-co-MB Ay 19)
were synthesised exactly as stated in the tlager sedimentation polymerisation
procedure. The molarity of the monomer solution remained constant, only the

monomer composition changed.

The twolayer sedimentation polymerisation of poly(&&0-SAs-co-AMzs-co-
MBAy 10) resulted in opaque spherical hydrogels (0.714 g, Yiel#t)43&,: 311. Mean

@: 1.71 mm. FIR (ATR)DEcnTY): 3341 (NH asymm. stretch); 3196 (NH symm
stretch); 2926 (CH stretch); 1702 (C=0 stretch carboxylic acid); 1655 (C=0 amide I);
1554 (C=0 asymm. stretch carboxylate ion); 1448 (CH bend); 1400 (C=0O symm.
stretch carboxylate ion); 1167, 1039, 989, 920 and &¥mental microanalysis: 46.1

% C, 5.20 H, 4.7 % N (expected); 46.2 % C, 6.9 % H, 3.8 % N (found).

The tweclayer sedimentation polymerisation of poly(&A0-SAs-co-AMso-Co-
MBA.19) resulted in opaque spherical hydrogels (0.622 g, Ya€8l&). Mean @: 1.70

mm. FTIR (ATR)Bcn): 3342(NH asymm. stretch); 3193 (NH symm. stretch); 2930
(CH stretch); 1651 (C=0 amide I); 1556 (C=0 asymm. stretch carboxylate ion); 1446
(CH bend); 1402 (C=0 symm. stretch carboxylate ion); 1173, Flémhental
microanalysis: 46.2 % C, 5.5 % H, 9.1 % N¢e@e 44.8 % C, 6.9 % H, 7.7 % N
(found).
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Two-layer sedimentation polymerisation to yield poly(Séo-AM-co-MBA)

Poly(SAc-co-AMse-c0-MBAy 32 was synthesised as stated in tlyeneraltwo-layer
sedimentation polymerisation procedure, except for the folloing aspects. The
prepared initiator solution was added to a mixture of sodium acrylate (0.940 g, 10.0
mmol) and acrylamide (0.711 g, 10.0 mmol). A tetramethylethylenediamine solution
of 1.25% (v/v) (50 pL, 4.1 x £Gnmol) inDD waterwas added and the monomer
solution was added dropwise (3.0 mL/h) into the Heger sedimentation
polymerisation seup. The oil layer was a 5 % (v/v) solution of
tetramethylethylenediamine in m. oil (5% light, 50% heavy). The sedimentation
polymerisaton yielded white particulates (0.419 g, Yield:®3 Mean @: 1.91 mm.
FTFIR (ATR)EBcnT!): 3330 (NH asymm. stretch); 3189 (NH symm. stretch); 2932 (CH
stretch); 1659 (C=0 amide I); 1556 (C=0 asymm. stretch carboxylate ion); 1460 (CH
bend); 1402 CH end); 1320, 1117Elemental microanalysis: 43.6 % C, 4.9 % H, 8.6
% N (expected); 42.0 % C, 6.7 % H, 7.4 % N (found).

3.3. Results and discussion

3.3.1. Selection of the dehydration layer

To prevent thespheresphere coagulation from occurring, the surfaczef the
polymer beads should be free from residual monomer and the interasti@tween
beads minimised. A second layer was added with the purpose to dehydrate the
polymer spheres before contact between beads was realised. Due to the
polymerisationtemperatureused,the hydrophilic liquid should have a boiling point
above 90°C. The dehydration layer should be below the oil phase, therefore the
density should be between 0.9 and 1.2 gkiBeveralhydrophilic liquidssuch as
dimethyl sulfoxide PMSQ, 2-methoxyethand and propylene glycol were

investigated within a sedimentatigpolymerisationsetup.

For the liquids thatwere evaluated the reaction parameters wereonstant

throughout. The twdayer sedimentation polymerisation (TLSP) procedure was
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followed. In shat, a prepared monomer solution containing monomer(s), initiator
(potassium persulfate [KPS]), accelerator (TEMEDPinvaterwas added dropwise
to a heated sedimentatiopolymerisationsetup (90°C) containing mineral oil and
propylene glycol. The syge used for the dropwise addition was wrapped in ice to
maintain the temperature of the monomer solution. The polymerisation performed

by TLSP shown schematicallyn Schemes. 1.

o o ° NH KPS Oy OH Oy ONa ° NH
\)]\ + \)J\ SH ( TEMED co co (
OH O Na H.O
® NH 2o n m NH
4 5 o= 3 90°% o

Scheme3.1: TLSP of A(4), A (5) and MBAY) initiated by KPS and TEMED.

Only the use of propylene glycakided in individual spheres that were intaetq.,

no cracks on the surfaseand nomisshapen spheres). Crack formation is likely to
occur when the beads deswellddast Therefore, although significant hydrophilicity

is required, it should be tailored to the polymer spheres prepared. During the
dehydration, residual monomer was removed from the polymer spheres in addition
to the solvent. ltwashypothesised that the monomeaemoval occurgprimarily on

the surface of the beads creating a shell with a reduced monomer concentration.
Morphological analysis of a split bead using a scanning electron microscope (SEM)
AK26SR y2 RAFTFSNBYOS Ay 2 @S NdtheinnekdodedS | NI y
and could therefore not confirm our hypothesis. The SEM analysis was done on fully
dehydrated hydrogel spheres which likely removes any visual features of the possible

core-shell structure.

When combining the longer sedimentation timesing high viscosity silicemil > 350

mm?/s, with propylene glycol, no individual beads were obtained. The high viscosity
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of the silicore oil inhibited the sedimentation of the spheres through the silieoil-

propylene glycol interface and therefore rdwd in coagulation.

Using twelayer sedimentation polymerisation, monodisperse SAP spheres, as shown
in Figure 3.2, were prepared. During sedimentation, the partially polymerised
spheres reached the interface of mineral oil and dehydration phase affesetonds.

An individual particle would slowly propagate through this interface vti38econds
without coagulationwith other monomer spheres present within the sap. After
another 56 seconds the gelled spheres reached the bottom of theupetDetails of

the smooth morphology of the beads are shownRigure3.3. For the products
describedwithin this thesis thenomenclaturepoly(AA-co-SA-co-MBA) was used
whereby X and #ndZdescribe the mol ratio of monomer in the feed relative to the
total amount of monomer add# When other or additional monomensere used,

their mol ratio relative to the total mol of monomer used is represented as such.

Figure3.2: Image showing a batch of poly(&&0-SAr-MBA 32) dry millimetresized spheres. Average @= 1.22
mm, CV= 3.3 %.
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Figure3.3: SEM image of a typical spherical product [poly{&a-SAr-MBA 37)] synthesised via TLSP.

3.3.2. Synthesis and evaluation of hydrogel spheggghesisedvith varying

crosslink densities

It should be mentioned that the crosslinker wdissolved in the initiator solution
prior to the addition of this solution to the monomenshich deviates from previous
protocols but this did notchange the engproduct when using the same crosslink
concentration in the monomer solution added. The pregggon of an initiator and
crosslinker solution allowed for more accuracy in weighing the crosslinker (MBA)
when changing théevel ofcrosslinkerin the feed. Variation in crosslinker quantity
was important to investigate further the effect of the cros&kr concentration on

the swelling of the hydrogels, together with the performance of these beads in

combination with the ultrasonic probe.

By considering mechanical strength and a mummabsorption capacity of the

hydrogels to be applicable in the ulsanic probe, thedeal amount of crosslinker
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added to the initiator solution wasstimated to bebetween9.1 x 102 and 13 * 102
mmol (i.e., 70 and 10 mghile all other variables were fixedhe moé ratio of
crosslinker taotal amount ofmonomerin the feed washerefore 4.5x 102 and 65
x10%(i.e.,0.45 and 0.065 mol %espectivelyCrosslinker quantitiesteve 0.45 mol
% resulted in theswollen beads prepared havingnot the right size due to their
restricted swelling capacityWith crosslinker quantities below 0.065 mol % the
resulting product dissolved in water and therefore could not be usedltaasonic
couplants.The swelling equilibrium was measured in waterd is shown relative to

the mol %crosslinker in the feed for the hydrogel spheres produceigure3.4.
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Figure3.4: Swelling response of produced spherical hydrogels relative to the crosslinker (MBA) quantity in the feed

of the individual polymerisation batch.
After the production of thebatches of hydrogel spheres and testing within the
ultrasonic probe, it became evident that when the crosslink density decreases the
mechanical strength decreased as webpecially below.13 mol % crosslinkeThis
phenomenon was also observed by M. iNi@t al 18’ The spheres prepared with13

and 0.065 mol % dafrosslinkerin the feed were too weak mechanically to be used
during ultrasonic testing in the current sap. The spheres with 0.13 mol %
crosslinker or less alsmuld not be tested mechanically in the a4t used, described

in Chapter 8.
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Due to the low mechanical strength of the hydrogels they could be easily deformed
and therefore potentially used for surfaces where high conformity of the hydrogel to
the surface is desirable. However, the water content of the hydrogel needs to be low
to improve the mechanical strength and make them usefulleimsound couplard.

The high absorption capacity 8800 g/g for thehydrogels prepared witld.065 mol
%(10 mg)of MBAIn the feed,is the highest reported in literatur&.*®This hydrogel
wasalso stable within Divaterfor up to 6 monthsPictures of single beads retrieved

after being swollen in an excessD waterare shown irFigure3.5 and Figure3.6.

Figure3.5: Image of individual beads swollen in exdeBswater produced by the synthesis of lightly crosslinked
poly(AAco-SA) via TLSP. The crosslinker quantity added to the moffieedsolution decreases froh45 to 0.13
mol %(70 to 20 mgin steps 00.06 mol % (10 mdjom left to right.
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Figure3.6: Image of a bead swollen in exc&® water produced by the synthesis of lityhcrosslinkedpoly(AA
co-SA) via TLSP whereby065 mol %10 mg of MBA was addetb the monomer feed@= 32.2 mm.

For the potential application of these spherical hydrogels as novel couplant materials
for the ultrasonic probeit wascritical to establish the reproducibilityf the bead
production within the batches and from bateto-batch. To realise this, numerous
experimentswere performed to prepare two batches gfoly(AAco-SA) with0.45,

0.39, 0.32, 0.26 and 0.19 mol %MBAadded to the feed. The batches consisted of
at least 30 beads per bat¢chwvhich were fit for testing. An FIR spectrum of a bead
with 0.32mol %(50 mg of MBA in the feed is shown Figure3.7.

Abs
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Figure3.7: FFIR (ATR) spectrum of polyEhao-ShAo-co-MBA 35 hydrogel synthesised via TLSP.

Figure3.8 Shows one batch of each MBA addition quantity and a commercial batch,
denoted B1, as a beplot where the error bars are the maximum and minimum
swellinglevel of individual bead within the data set and quartile 1 and 2 and 3 are

represented by the blueoloured boxes.
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Figure 3.8: Boxplot of the swelling of 30+ beads per batch whereby each batch has a different crosslinker

quantitiesin the feed. A batcbf B1 commercial beads are added for comparison.

A second complete set of spherical hydrogels vath50.19 mol % {0-30 mg of

MBA in the feedwhile all other parameters were fixediere prepared and resulted
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in the distribution shown irFigure3.9. This graph shows that good batttbatch
controlwaspossiblefor hydrogel beads prepared with45to 0.26 mol %740 to 40

mg) of MBA in the feed. Again, the beads showarow size distribution when
swollen to their full capacity, which is a critical point for their use in the ultrasonic
probe as it shows their monodispersity and their consistentligguaghroughout a
batch.

Although the same amount of MBA was added to the 30 mg batches, the swelling of
the beads still differs significantly battb-batch. Thedifferencein average swelling

is 125 g/g which, at this moment in timean be explained bthe change in time it
takes to solubilise the MBA in the initiator solutjadhe accuracy of the used balances

or the hydrolyss of the crosslinker at the high temperatures used.

The solubility of the MBA seems to change from time to time depending en th
ambient temperature and the concentratioof MBA can therefore always differ
slightly. The effect wasonly observed at lower crosslink densities due to the more

apparent change in swelling equilibriumd$esulting from small changes in crosslink

densty.
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Figure3.9: Boxplot of the swelling equilibrium distribution of the hydrogel spheres prepared in series 1 and 2.
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The crosslink density of tHeydrogel spheres can be further decreased. However, in
the case were 0.052 mol %8 mg of MBAwasadded, this led to the solubilisation
of the hydrogel sphere when brought into contact with an excess amourmDf
water. The mol% of MBA,total monomer camcentration (mono- and divinyl
monomers) percentageyield ofindividual beads obtained, the average diameter, CV
and the average weight of dried beads for a series of beads @4t%0.052 mol %
(70-8 mg of MBA added is outlined ihable3.1

Table3.1: Size distribution, mean diameter and average weight of dry beads with different crosslink densities,

prepared via TLSP.

MBAin MBAin  Monomer Individual Average CV (%) Average

the the concentration beads (%) Diameter dried mass
feed feed (M) (mm) beads dried
(mg) (mol % bead
(mg)

70 0.45 4.29 33 1.58 3.9 2.56

60 0.39 4.28 85 1.60 3.4 2.90

50 0.32 4.28 70 1.58 3.9 2.88

40 0.26 4.28 24 1.57 4.5 2.76
30 0.19 4.28 45 1.51 5.4 2.77
20 0.13 4.27 27 1.65 4.5 3.14
10 0.065 4.27 24 1.66 3.7 2.63

8 0.052 4.27 27 1.57 4.8 2.99
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3.3.3. Effect of the needle diameter

The diameter of the needle used determines the diameter of the monomer droplets
added to the seup and therefore also the diameter of the dry SAP. Replicated
experiments, such ahose shownin Table3.1, show the reproducibility othe dry
bead size for this particular polymerisation method when one needlevgmeised.
The effect of needle diameter on the dry diameter of SAP spheres prodsisedwn
in Figure3.10and is typical for sedimentation polymerisation procedures. The needle

size can be tuned for the preparation of the ideal SAP spheee s

2.5

15

0.5

Average diameter of dry bead (mm)

0 0.2 0.4 0.6 0.8 1 12 14 16

Inner diameter of needle (mm)

Figure3.10: influence of the Inner diameter of the needle on the diameter of the beads produced.

3.3.4. Effect of the monomer addition rate

The flowrate at which the monomer droplets are added to the sedimentation
polymerisationset-up is of high importance for the production of individual SAP
spheres. For the current addition method, the monomer soluticasloaded within

a syringe and the additiowascontrolled by a syringe pump. The addition speed was
optimised for the use o& 50:50 heavy and light mineral oil mixture and propylene
glycol whereby no coagulation was observatthe liquid-liquid interface. The speed

of the monomer addition also gends ordroplet size determined bihe needle size.
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Throughout all experimenfsan addition speed of one monomer droplet every 10
seconds was maintained améasthe minimum time needed between single droplets
to avoid coagulatiorof the beads at thenterface betweenthe oil anddehydration

layer.

3.3.5. Synthesis of poly(acrylic a@dsodium acrylateo-acrylamideco-

b % -mé&hylenebisacrylamidehydrogelswith different monomer ratios

The poly(acrylic acido-sodium acrylateco-b Z 4méthylenebis-acrylamide)
[poly(AAco-SAco-MBA)] hydrogels, synthesised by TLSP, satisfy the basic
requirement as a coupling agef€hapter 1.1.3)However, occasional fracturing
during their usage on an ultrasonic probe was obsem@dng inhouse testingThis

is undesirable and should be resolved to produce hydretfet can be applied for
longer durations (one full working day) without showing any internal or external
damage. Previous work has shown that the investigated commercial beads break less
often duringmeasurements. The commercial batch of beads (Bdgisred froma
copolymer consisting of sodium acrylate (or derivatives) and acrylamide moieties. An
FFIR spectrum of the commercial beads (B1) is showhigaure3.11 and an SEM
image inFigure3.12.
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Figure3.11: FFIR (ATR) spectrum of commercial beads (B1).
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Figure3.12. SEM image of eommercial bead (B1).
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The implementation of acrylamide as a fourth monomeric component into the TLSP
procedure seemed like a promising approach for improvingtleehanical strength.

A drop in the swelling equilibrium was predicted. However, it can be corrected by
tailoring the crosslinkein the feed, presented in Chapter 3.3.2, to result in the

swelling equilibrium required.

For poly(acrylic acigkco-sodium acrytex-co-acrylamidg-co-b X dn€xhylenebis
acrylamide) [poly(AA-co-SA-co-AMy-co-MBAY)], the W, X Y and Z represents the

mol %of monomer relative to the total amount ehono- and divinyimonomer added

to the monomer solution. The polymerisationsisown schematically irScheme3.2.

As with the previous work involving TLSP, multiple variabe® investigated to
facilitate the polymerisation of hydrogel spheres within the sedimentation time. If
the polymerisation of thénydrogel spheress incomplete within the sedimentation
time, the spheres could dissolve in the dehydration layer (propylene glycol) or
coagulate on the bottom of the sedimentatigrolymerisationsetup, both of which
outcomeswere observedpreviously Hydogel spheres were synthesiseth TLSP

using different monomer ratios.

2 QJ
0

o) o KPS

\)Lorﬁ\ ONa < TEMED(jv\/) (I%

4 5 0= 4
+
\)J\NHZ &/)o
2

Scheme.2: The TLSP of A®,(SA%), AM @) and MBAY) initiated by KPS and TEMED.

Synthesis of pty(AA;-co-SAo-Co-AMso-Co-MBAg 32) via TLSP

The synthesis of poly(A&0-SAoe-co-AMso-co-MBA 32) following the TLSP procedure

resulted in polymerisation before the monomer solution could be added to the
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sedimentation polymerisation satp. Since the monomer solution polymerised
before the TEMED was added, the initiator concentration was reducefl %6 @f the
original; Theresult was that no polymerisation occurred during the preparation of
the monomer solution. Higher quantities of initiator (75 and %) were tried but
failed to give a workable monomer solution. The amount of TEMED added to the
monomer solution was optimised to 0.625 pL, whereby roughly&6f the monomer
solution could be addetb the TLSP setp6 F np Y A y 0 dwasd giod gesldg K (G K A
the beads were soluble in the dehydration layer. By changing the sedimentation layer
to a 5% v/iv TEMED in (1:1) light:heavy mineral oil (m. oil) mixtine monomer
droplets were polymerised before they reached the dehydration layer and spherical
hydrogels were produced. However, when allowed to swellDib water the
hydrogels broke into litd fragments which shows that the mechanical strengts
insufficient to resist the swelling force of the hydrogel. Acrylic acid seems to be a
critical comonomer in both the preparation of a hydrogel mad#h sodium acrylate

or acrylamide, or a combinatn thereof, and the ability of the hydrogel to maintain

its physical form when swelling BD water An FAIR spectrum of poly(S#&co-AMso-
co-MBA 30 is shown irFigurell.4.

Synthesis of poly(A&-co-SAs-co-AM2s-co-MBAo.10) via TLSP

The synthesis of poly(AAco-SAs-co-AM2s-co-MBAy.19) following a normal TLSP
procedure resulted in spherical, opaque hydroggter purification. & SEM image

of the product is shown ifrigure3.13. After purification, only @6 of the beads
produced were not coagulated. Additionally, it wabservedthat the hydrogel
spheres wereaffixed to the bottom of the sedimentatiorpolymerisationset-up
which suggests that the polymerisation did not have the requiradnomer
conversion before the end of the sedimentation period. The hydrogel spheres had a
swelling equilibrium of 310 g/g, but did not seem to be stronger than the previously
synthessed poly(Aho-co-SAc-co-MBA) hydrogels. The strength of the hydrogels was
estimated by repeatedly squeezing the hydrogel and, bynause experience,

comparing thento previous synthesiseldydrogelsas well aso commercial samples.
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The swelling equilittum was significantly reduced compared to poly¢§fAéo-SAo-

co-MBA.19) hydrogels, which was expected from the decrease in sodium acrylate
added.

Figure3.13: SEM image of three poly(&4&0-SAs-co-AMs-co-MBAy 19) spheres synthesised by TLSP.

The synthesis of poly(Afco-SAs-co-AMso-co-MBA.19) resulted in hydrogel spheres
with an (unexpected) swelling equilibrium of 538 .gThe percentage of individual
(non-coagulated) beads obtained was 28, whichwas a significant increase
compared to thepoly(AAo-Cco-SAs-Co-AM2s-cO-MBAy.19) polymer spheres prepared.
The increase innumber of individual beadswas likely caused by a faster
polymerisation due to thencrease in the acrylamide:acrylic acid ratio (from 1:2 to
2:1). The mechanical strength of the hydrogel spheres was lower than previously
prepared hydrogels. Additionally, cracksitd beseen on the dried hydgel spheres
which can contribute to their poor mechanical strength. An SEM image of an
individual dried poly(AA-co-SAs-co-AMso-co-MBAy.19) hydrogel sphere is shown in
Figure3.14.
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Figure3.14: SEM image of a poly(A#£c0o-SAs-co-AMso-cO-MBAy 19) Sphere synthesised by TLSP.

Theincorporation of AA, SA and AM was confirmed by théRFa@nalysis. The fR
spectra of poly(A&-co-SAs-co-AMzs-co-MBAy.19) and poly(Ass-Co-SAs-co-AMsg-Co-
MBA.19) areshown inFigure11.5 and Figurel1.6, respectivelyWhen comparing
them with the FFIR spectra & B1, similaritiesvere found in all areas. Although
accurate area calculations are difficult due to the peak overlap, it can be seen that
the sodium acrylate peak (~1560 &hwasmore intense in the B1 sample. Thigh
abundancy of acrylic acid in poly#-co-SAs-co-AM2s-co-MBAy 19) wasalso clearly
seen by its peak (~1700 &in An overlap of the three spectra in the range of interest
(18501350 cmt) is shown irFigure3.15. Thus, the acrylic acid content is most likely
around 25%, whereas the sodium acrylate:acrylamide ratio should be increased to
reach similar polymer compositions as the commercial samplét Bslnot certain if
optimisation of the monomer ratios of AA, SA and AM will yield the desired

improvements in the mechanical strength.
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Figure3.15: FFIR (ATR) spectra overlap of poly{fdo-SAs-co-AMzs-co-MBA 19) (DR127, black) and poly(AA
€0-SAs-c0-AMse-co-MBAy 19) (DR188, red) and B1 (blue).

3.4. Conclusion

The idea of the addition of a dehydration layer to a sedimentation polymerisation
setup hasled to the development ofa two-layer sedimentation polymerisation
methodology. A further understanding of the effect of multiple parameters such as
the dehydration layer, needle size, crosslinker density and monomer solution
addition rate has been realised. Poly(A&-SAco-MBA) individual millimetresized
hydrogel spheres were successfully synthesised by TLSP with an increasédfyield
individual particles)ith respect to the traditional sedimentation polymerisation.
Additionally, the use of TLSP allowfedthe decrease of the crosslink density within
the hydrogel spheres. The crosslink density could even be decreased below the
guantity needed to obtain an inagdble polymer network. The synthesised hydrogels
with a range of different crosslink densities vary in mechanical strengldsticityand
swelling equilibrium. The reproducibility of the preparation method for the hydrogel
spheres was tested, both from be#o-bead within one batch and batelo-batch
based on their swelling equilibrium and dry weight distribution. The control over the
swelling equilibrium of hydrogel spheres was satisfactory both kedskad (within

one batch) as well as batd¢b-batch (wth the same amount of crosslinker) when
using0.450.26 mol %{0-40 mg of MBAIn the feed The batches witld.19 mol %
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(30 mg of MBA in the feed proved to be harder to reproduce when observing the
difference in the mean swelling equilibrium from batidhbatch. Different beads
within the same batch showed a high degree of control over the size and swelling

equilibrium.

Followingthe promising results ofommercialhydrogelspheres poly(AAco-SAco-
AM-co-MBA) hydrogel spheresere synthesised by a tailored TLSP method. Swelling
tests on these hydrogels revealed the fragility of the hydrogels when swollen. The
hydrogels prepared ith different acrylic acid, acrylamide ard 2 iméthylenebis-
acrylamide level were not suitable for ultrasonic probe measurements due to their

poor mechanical strength.

To the best obur knowledge, the addition of a second layer within a sedimentation
polymerisationsetup is notpresentwithin the current literature. Webelieve that
this methodology might be applicable within alternative polymerisation procedures
In particular, polymerisation procedureghereby a decrease ihe solvent, used for

dissdving the monomerisrequired after polymerisation has taken place
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Chapter 4- High strength hydrogels

41. Introduction

The hydrogels preparedria the TLSP procedure satisfied the requirengent
mentioned in Chapter 1.14dnd can be used with some experience and attentiveness.
However because of theirelatively low mechanical strength, if mishandled the
hydrogels are prone to fracture. To prevemssible failureand making the use of
hydrogels as couplant for the ultrasonic proimere robust high strengthhydrogels
(HSHGs}ould bedesignedand used as the couplariResearch otSHGs teagrown

in the last two decadesind several HSHGs have been developed successfully
Currently, a large range of different HSHGs can be syntliefaewing procedures
found in the literature'8® However, the characteristics of different HSHGs should be
consideredcarefully The considerations to be madee focusedon the mechanical
strength (ltimate tensile strength, compression strength, strainmodulus of
elasticity and toughness), swelljrcapacity, polymerisation technique used and the

ultrasonic attenuatiorand acoustic impedance

The physical propertieshould fit the purpose of the hydrogels and include the
mechanical strength, shape, crebphaviourand selfhealing Ideally, the hydrogels
can bedeformed easilyto adapt to uneven surfaces of the measured objects.
Nevertheless the hydrogels should beigid enough(high enough modulus of
elasticity)to stay within the shell designed for the ultrasonic probbe deformation

of the material under gravitational forces within the shell is described as creep

behaviour.

The shear and local stress upon thauplant within thecouplant holdershould be
considered.From the perspective of the applicatipthe ability of the hydrogel to
deform is more important than the maximum stress that the hydrogel can sustain.
is possible for a material to have a high maximum stress but a low tolerantiefor

shear forceghat are imposedduring the measurementsAlternatively, a material
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could have a significalytlower maximum stress but tolerate the shear forces during

measurement.

The mechanical testing of materials prepared as a part of this work are discussed in
Chapter 8. Without going inttoo much detailhere, some factors of the mechanical
stress that can be improved within the poly@&o-SAscco-MBA), where Z is
between 0.19 and 0.45 mol %6, discussed as a part of th&roduction within this
chapter.To relate the requirementmentioned previouslyo the poly(AAocco-ShAo
co-MBA) materiak (Chapter 3) the modulus of elasticity should preferably be
reduced while the maximum stress&nd maximum shear stress enhanced It is
known that the swelling capacity and the strength afhydrogel are inversely
proportiond.1**Therefore, manyHSHGdo not have a high swelling capacitp(mal
water content: <90%). For the product to bereparedby TLSP (weight average
productf3 mg) it should have a swelling capacity of around 100 times its own weight
(water contentf99 %). The high swelling capacity is needed due to the restricted
particle size achievable following the TLSP proced8mmeHSHGdave ahigher
swellingcapacity, howeverthe mechanical strengttvasnot measured while swollen

to their maximumswelling capacityFor the optimisation of the swelling capacity of
severalHSHGssolution polymerisatiorhas been identified as the mogfficient
method. We have show previously (Chapter 3)what effect the changes in
parameters (crosslink density, needle diameter, monomer addition rate and
composition)have on the resulting product, when performing a TLSP. Using this
knowledge, the monomer solution composition afeported solution polymerisation

can beoptimisedfor useas the monomer solutiowithin a TLSP.

Sincethe data of many HSHG®hen swollen to their maximum capacity istn
discussed in previous articles their behaviour had to be establisivaduse prior
before an apprpriate HSHGs could be chosen for oupkgation.To also investigate
how different HSHGs compare to each othaurfpromisingHSHGs were selected to
be investigated toward their synthesesa TLSP and their application asveb

couplantsMechanical testingf the HSHGs produced by solution polymerisatias
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done by hand The mechanical testing functionezhly as a way to describe the
hydrogels createdand to compae the HSHGs. The screening based on simplified

mechanical teting was done for HSHGs bath prepared anch their swollen state.

The first hydrogel was prepared by the polymerisatiorNgi-dimethylacrylamide

(DMAM) to produce insolublepolyDMAM The synthesis does not require a
crosslining 3Sy i RdzS -GNR aBKS yqdagEE 2F Y21 SOdz €
persulfate salt is addet® The sekcrosslinking was caused by the nucleophilic attack

of the tertiary amine to an oxygeatom of the persulfate saltcausing a homolit

cleavage of the oxygeoxygen bond and a following rearrangement of the two

radicals formedThe mechanism is shown 3$themet.1. The DMAM molecule bears

one of theradicals and therefore initiates a polymerisation to fotmmanched

polyDMAM Qosslinking occurs due tpropagation of the methyl localised radical

and termination by combinatiomwith a radical on @ropagating polymer chaitf!

®
NH
o 4 9/0 fo) H @
087 © NH,

X _ 0 >0 s LR + SO
N <o N;0-S=0 4
|\—/0\§//0 RS

0© NH, l
o) o)
S L osos
| I
CHZ CHZ

Schemel.1: Schematic representation of the reaction meukan of DMAM with APS forming two radical species

available for free radical polymerisati@n termination by combination.

The author claims a swelling capacityltd polymer to be3000 times its own weight
and an improved mechanical strength compared to single netw(@k)hydrogels.
DMAM has also been used for the synthesis of nanocomposite hydrogels with clay

and silica particle$??193

M. Zhonget al**develged duaicrosslinkedSNpoly(acrylic acid) @AA) hydrogels
by polymerising AA with MBA in the presence of Fef®@H.O. The mechanical
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properties could bevaried by changing the amount of MBA and®EeThe swelling
capacity of the hydrogels could read800 timestheir own weight. Stresstrain
measurements (water content: 8®) showed a maximum stress (1.1 MPa) and strain
(2700%) when adding 0.05 w MBA and 0.5nol %Fe*- ionsin the feedwith
respect to the total amount of monomeifhe material wi be presented as poly(AA
co-MBA)/Fé* within this thesis.

Thethird hydrogel selected was prepared by J.P. Geingl >®> and wasdescribed as
a double network (DN) hydrogel. The physical properties were measured using
compression testing of cylindrical sampl&AMPS/PAMDN hydrogehad a water

content of 90% with a fracture stress of 17.2 [MRNd a fracture strain of 9.

Thefinal hydrogel that was selected was poly{Galginateco-AM) which shoved
excellent elongation (2300 %) and fracture toughness (9008)J%The mechanical
properties were determined by stresdrain testing. The article describes the
increase in mechanical strength as a result of the dissipation mechamisin the
hydrogeldue to displacement of calciurmtoms (functioning asionic crosslinkes)
throughout the intertwined polymer network. The relocation of the divaleationic
atoms could also lead to the dehydration of areas where the damage qachich
would also result in a stronger hydrogel netwatie to an increase in density of
polymer chains Water contentswere not recordedfor these materialsvithin the

work mentioned

In addition to pursuing the synthesis of HSH@I LSP, several synthetic approaches
are described and discussed for the reduction of the adhesive force of hydrogels to
materials that will be encountered when performing ultrasonic thickness
measurements These synthetic approaches will be done on promising HSHGs

prepared by solution polymerisatiamithin this Chapter.
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4.2. Experimental
4.2.1. Materials and instrumentation

Materials

The following reagents were used as received unless stated othefwisetoglutaric
acid (Sigma, 99%), 2-acrylamide2-methylpropanesulfonic acid (Sigma, 99)
acetone (Sigma, 9%), acrylamide (Sigma, 98), acrylic acid containing 200 ppm 4
methoxyphenol (Sigma, $8), ammonium persulfate (Sigma, @§,calciumchloride
(Fisher) calciumsulphatedihydrate (SLR) iron(lll) nitrate nonahydrate (Fisons, 98
%), mineral oil heavy (Sigma), mineral oil light (SigmajN-[3-
(dimethylamino)propyl]acrylamide stabilised widrmethoxyphenol(Fluorochem,
95 %), N,Ndimethylacrylamide (Sigma, 9%), b Z iné€thylenebis-acrylamide
(Sigma, 996), propylene glycol (Sigma, ®),sodium acrylate (Sigma, 94),sodium

alginate (sigmapw viscosity, tetramethylethylenediamine (Sigma, 99).

Acrylic acid was purified by vacuumtdiation (42°C at 20 mbar) and stored below

its melting point in the absence of light.

Silikomart Mini Pearl SilicerMould. 288 holes@: 7 mm, height: 6.3 mm, volume:
F150 mn¥

Instrumentation

Scanning electron microscopy (SEM)

See Chapter 2.2.1. for detalils.

Fouriertransform infrared (FAIR) attenuated total reflectance (ATR) spectroscopy
See Chapter 3.2.1. for details.

Elemental microanalysis

See Chapter 2.2.1. for details.
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DD water
DD water was produced by an Aquatron A400@8Bter still.
Lyophilisation

Lyophilisation on (partially) swollen hydrogel samples was done using an Alpha 1

LDplus60°C 1.53 mbar) freeze dryer.
Photo-polymerisation

Photo-polymerisationwas performed using a UVP BRRky XXL5L UV Bench Lamp,
15 Watt, 365 nm.

4.2.2. Procedursand spectral data
Synthesis of lightly crosslinkegolyDMAM by solution polymerisation

DMAM (3.30 g, 33.3 mmol) was dissolved invizdder (6.7 mL) and purged withoN
for 45 min followed by the addition of KPS (0.036 g, hirol). After a homogenous
solution was realised under.ditmosphere, TEMED (40, 0.26 mmol) was added
and the solution was poured into a Petri digh: 6 cm) and allowed to polymerise
overnight at room temperatureThe hydrogel was extensively washedktess DD
water over three daysand lyophilized2.31 g,Yield: 70%). Sq: 109,FFIR (ATRWB
(cnmt): 2920 (CH stretch); 16 (=0 amide 1t508 (C=0 amide 10491, 1457 and
1396 (CH bend); B3, 1254, 1135, 1053.

Synthesis oflual crosslinked poly(A&0-MBAY Fe** by solution polymerisation

Acrylic acid (6.00 g, 83.3 mmol) was dissolved inmater (23.8 mL)0.1 mL 6 a
prepared solution of MBA in DD water (0.19 mmol/mL) was added. After 2 h, £e(NO
(0.168 g, 0.416 mmol) walded and the solution was stirred for 12(h1 mL ofa
prepared solution of APS in DD water (0.13 mmol/mL) was added and the solution

was poured into detri dish @: 10 cmpand allowed to polymerise overnight at room
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temperature The hydrogel was exteively washed in excess Diater over three
days and lyophilize@.39 g,Yield: 3%9). S 213,FFIR (ATREcnt!): 35003000
(OH stretch); 2920 (CH stretch); 1701 (Gt®tch carboxylic acid); 1448 and 1420
(CH bend); 1232, 1161, 795.

Synthesis of poly(AMRS-co-MBA4o)/poly(AM2.0c-co-MBAo.1) double network

hydrogel byUV-initiated solution polymerisation

AMPS (6.217 g, 30.0 mmol) and MBA (0.1850, 1.20 mmol) weréveidso DD water

(27 mL).3 ml d a prepared solution of -ketoglutaric acid in DD water (1.00 x30
mmol/mL)was added and the combined solution was purged witfiok45 min The
monomer solutionwas placed in a reaction cell which consisted of tstacked
squareglass plateglength:15 cm) with silicoa spacers (2 mm). The reaction cell was
placed under a UV lamp (Matt, distance: 15 cm, 2.60 mW @novernight(1.64 g

Yield: 79%) Siq: 595; FT-IR (ATR)Y)Ecnt!): 3276 (NHstretch); 2980 and 2939 (CH
stretch); 1638 (C=0 amide I); 1547 (NH amide II); 1460, 1390, 1370 (CH stretch); 1299,
1212, 1137, 1102, 1029, 802, 767.

AM (14.216 g, 200 mmoIMBA (0.03083 ¢).200 mmol) and -ketoglutaricacid
(0.02922 g0.200 mmol) were dissolved in DD water (100 ml). The single network
hydrogel(as preparedrom the previous stepyvas placed within this solution and
allowed to reach equilibrium swellingver two days. The hydrogel was partially cut
into pieces, placed between two stacked square glass plates and allowed to
polymerise undera UV lamp overnightSq 23; FFIR (ATR)pEcnth): 3325 (NH-
asymm. stretchy 3176(NHsymm. stretch); 2932 (CH stretch); 1644 (C=0 an)jd
1602 (NH amide 1l); 1448 and 1411 (CH bend); 1314, 118%and 1037.

Synthesis of poly(Ca&alginate-co-AM-co-SAco-MBA) by solution polymerisation

Sodium alginate (0.03864 g) was dissolved in DD water (7.0 mL) over lamdABA
were added 23.6 mmo) with ratiosas describedn Chapter 4.3.30.1 mL of a 6.5 *
102 mmol/mL solution of MBA in DD water, 0.1 mL of &4 &v solution of TEMED
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in DD water, 1 mL @&f4.49 * 10° mmol/mL solution of CaS® 2H,0 in DD water and

0.1 mL of @&.442 mmol/mL solution of APS in DD water were added respectiatly
0°C The solution was allowed to polymerise overnighihe hydrogelvas extensively
washed in excess DRater overthree days and lyophilizelL.25 g, Yield74 %).FTF

IR (ATR)ERcnT!): 3313 (NH asymm. stretch); 3187 (NH symm. stretch); 2930 (CH
stretch); 1655 (C=0 amide 1); 1604 (NH amide Il); b481412(CH bend); 1316,
1122.

Synthesis of poly(Céalginate-co-AM-co-SAco-MBA) by TLSP

Sodium alginate (0.03864 g) was dissolved in DD water (5.0 mL) over lamdASA
were added 23.6 mmol)with ratiosas describedn Chapter 4.3.30.5mL of a 6.5 *
102 mmol/mL solution of MBA in DD water, 0.1 mL of &4 2/v solution of TEMED

in DD water, 1 mL of a 4.49 *‘2@hmol/mL solution of CaS® 2H,0 in DD water and
0.1 mL of @&.442 mmol/mL solution of APS in DD water were added respectively, at
0 °C The monomer solution was added dropwise (3.0 mL/h) into the-fayer
sedimentation polymerisation satp (90°C, propylene glycol (900 mL) and a mixture
of 50% light, 506 heavy m. oil) using a syringe and &kfeedle while maintaining
the temperatureof the monomer solution by means of an ice pack wrapped around
the syringe. After addition, the droplets were allowed to sediment to the bottom of
the setup and react till completion for B. The beads were collected améhshed
overnightwith acetone usig a Soxhlet apparatus to yield white individual spheres
(Yield: 69%). FFIR (ATR)pBcnT!): 3306 (NH asymm. stretch); 3198 (NH symm.
stretch); 2953 (CH stretch); 1655 (C=0 and1607 (NFamide II); 1411 (CH bend);
1314, 1084 and 103KeeTable4.1 for elemental microanalysis.

97



Chapter 4

Table4.1: Elemental microanalysis fpoly(Cé*alginate-co-AM-co-SAco-MBA)prepared byTLSRvith different

mol % of AM and SA.

AM

(mol %)

SO

99.0

95.0

90.0

SA

C expected

(mol %) found (%)

0.5

1.0

5.0

10.0

49.9 :48.1

49.8 : 52.8

49.3 :46.7

48.6 : 46.0

. H, expected

found (%)

6.9:7.6

6.9:7.8

6.7:7.3

6.5:7.7

: N,

found (%)

19.0:

18.7 :

18.0:

16.8 :

16.4

18.5

15.6

14.4

Synthesis opoly(Cé*-alginate-co-AM-co-MBAYpoly(AMPS ov) DNL

expected

AMPS 20.724 g, 100 mmol), and" -ketoglutaric acid (0.02922 §,200 mmol) were

dissolved in DD water (100 mhheprepared polyC&*alginateco-AM-co-MBA)was

placed within this solution and allowed to reach equilibrium swelling @4eh The

hydrogelwas removed from the liquid anallowed to polymerise undea UV lamp
overnight.FFIR (ATR)Bcn?): 3272 (NHasymm. stretch); 3176 (N$ymm. stretch);
2946 (CH stretch); 16A4(C=0 amid); 1544 (NH amide Il); 1448.389 and 1366CH

bend); 297, 1206, 1176, 1150, 1104, 1031, 8&td 767

Synthesis opoly(Ca*-alginate-co-AM-co-MBA)poly(AMPS.1v) DNL

AMPS (2.072g, 10.0 mmol), aheketoglutaric acid (0.02922 §,200 mmol) were

dissolved in DD water (100 ml). prepared or swollen pol{C&*alginateco-AM-co-

MBA)was placed within this solution and allowed to reach equilibrium swelling over

24 h. The hydrogel was removed from the liquid and allowed to polymerise wunder
UV lamp overnight=FIR (ATR))®cnTl): 3272 (NHasymm. stretch); 3176 (N$ymm.
stretch) 2946 (CH stretch); 1647 (C=0 amid 3%41(NH amide II); 1448, 1389 and

1366 (CH bend); 1297, 1206, 1176, 1150, 1104, 1031, 800 and 767.
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Synthesis opoly(C&*alginate-co-AM-co-MBAYpoly(AMPS om) TN

AMPS (20.724 g, 100 mmol), MBA (0.03083.200mmol) andh -ketoglutaric acid
(0.02922 g0.200 mmol) were dissolved in DD water (100 §preparedpoly(C&*-
alginateco-AM-co-MBA) was placed within this solution and allowed to reach
equilibrium sweling over 24 h. The hydrogel was removed from the liquid and
allowed to polymerise undea UV lamp overnightFFIR (ATR))EcnT!): 3272 (NH
asymm. stretch); 3176 (Nsiymm. stretch); 2946 (CH stretch); 1647 (C=0 armjd

1544 (NH amide II); 1448, 1389 and 1366 (CH bend); 1297, 1206, 1176, 1150, 1104,
1031, 800 and 767.

Synthesis opoly(C&*alginate-co-AM-co-DMAPAMco-MBA)

Sodium alginate (0.03864 g) was dissolved in DD water (7.0 mL) over 1 h. AM and
DMAPAM were aded (23.6 mmol) withratiosas describedn Chapter 4.3.30.1 mL

of a 6.5 * 1 mmol/mL solution of MBA in DD water, 0.1 mL of &4 /v solution

of TEMED in DD water, 1 mL of a 4.492 @@nol/mL solution of CaS® 2H0 in DD
water and 0.1 mL of 8442 mmol/mL solution of APS in DD water were added
respectively, at ®C The solution was allowed to polymerise overnight to yield
colourless spherical gel$he hydrogel was extensively washed in excessvBier

over three days and lyophilize@Yield: 70-80 %).FFIR (ATR))EcnT!): 3272 (NH-
asymm. stretch); 3176 (Nsyymm. stretch); 2946 (CH stretch); 1647 (C=0 arm)jd
1544 (NH amide 11); 1448, 1389 ah@66 (CH bend); 1297, 1206, 1176, 1150, 1104,
1031, 800 and 767.

Determination of yield

The hydrogels were immersed in Diater for three days while the water was
refreshed for several times throughout this period, to remove the soluble fraction.
Subsegent freezedrying gave the yield of the hydrogel produced/hen the

samples were tested mechanically, lyophilisation was not done on those samples.
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Asprepared hydrogel

For the agrepared hydrogels, the subsequent swelling stephoée dayshas been
omitted and the hydrogel material was usktksted directly, withinone to twodays.
The water content of the as prepared hydrogels was maintained ovesriedo two

days by storinghe materialinsidea small vial.

4.3. Results and discussion
4.3.1. Synthesis of high strength hydrogels
PolyDMAM

PolyDMAMhydrogelswere prepared asdescribed within the article of Qiano et

al.’®® The polyDMAM hydroges were describedas having excellent mechanical
properties includingexcellentstrain propertieg300 % with &= 70).As mentioned
earlier, crosslinking during the polymerisation is causedrdmicals on the methyl
groups ofthe tertiary amide moiety on DMAMCrosslinking occurs mainly firther

free radicalpropagationfrom this radicabn themethyl group However, termination
by combination is also possibl&-1®>Themain componentsnd the resulting product

of the polymerisationare shown schematicallyn Scheme4.2.

Ay e ;Q Pj@

Schemet.2: Reaction scheme fée solution polymerisation of DMA@) to yieldlightly crosslinkegholyDMAM

After synthesisinghe hydrogel by reproducing théterature method describedit

became evident that the materiddad very poor mechanical strengtffhe hydrogel
did not mairtain its shapewhen placed on a horizontal surfacgernight A tensile
test on the hydrogelwas performed by hand.The hydrogel showedemarkable
elongation (120@6)andadhesive properties-dydrogels opolyDMAMare known to
be adhesive tanaterials suchas glas3®2 The hydrogelvas observed to béighly

adhesive to many materiglsncluding metal, glass anditrile rubber (gloves)as
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shown inFigure4.1. The adhesive properties will be a disadvantadesn preparing

the hydrogel within moulds or by TLSPThe creep behaviour observddr this
material B also highly unfavourable. The creleghaviourwasobserved under the
constant stress of the materials own weighthich makes the material inapplicable

to the ultrasonic probe since tannotbe placed within thecouplant holderfor a
longer duration oftime (>10 min). The addition of SA to this material will likely
decrease the adhesive properties, creep behaviour and increase the swelling.
However, it is highly unlikelthat the materialwill be stronger than the already
prepared poly(Aée-co-SAo-co-MBA 32 based on the low initial mechanical strength.
The FAIR data of the lightly crosslinked polyDMAM is showRigurell1.9.

2

.,Jlll’nn’n..l

Figured.1: Picture of a tensile test ofmlyDMAMhydrogelconductedby hand before (A) and after (B) elongation.
During the tensile test the specimeras adhesive to the glove. During elongation the hydrogel speciwes

stuck to the glove on the leftand sideby adhesive forces.
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Dual crosslinked hydrogel-PAA

For thesynthesis of the dual crosslinked hydrogd?AA it was decided to synthesis

a polymer composition whickwvould result in the highest maximum strain. Although
the hydrogel synthesised seemed to be extremely easy to stretch, thdaalihg
properties of the hydrogelvere disadvantageous. Over time, the hydrogel seemed
to deform and setheal with otherpiecesof the hydrogel Interestingly, evenvhen
the hydrogel pieces werespatially separated selthealing was observedThe
polymerisation performed ishown schematicallyy Schemed.3. Coordinationof AA

to Fe* will occur before polymerisatiarithe mole ratio of AA to F&(NGs)sis 20Q

thereforeit is likely that multiple AA groups are coordinatdany oneFe** cation.

A o o
o o APS o I
3+
A NH ";Emg‘l[?:‘)s i OH Fe* HO p NH
OH + < — co co <
4 NH H,0 n m o, _OH

Schemet.3: Reaction scheme fdhe solution polymerisation of A@) with MBA(3) in the presence of F&NQy)s
to form dPAA

Since the goalk to eventually translate the solution polymerisation to a TLSP, this
selfhealing behavioumwill likely cause the hydrogel spheres to coagulate in the
bottom of the setup and prevent the synthesis of individual millimetsgzed
hydrogel spheresA sample of the agrepared hydrogel was cut and placed together

for two days as showrin Figure4.2.

To visualise the effect of the propylene glycol layer on thelssdding property of
this hydrogel, an identical sample of as prepared hydrogel was cut and placed in
propylene glycol while the pieces were still in contact. Both samples were allowed to

sef-heal fortwo days at rt.
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Figure4.2: d-PAA hydrogel as prepared (A), cut (B) and placed togetheswe(€)after sekhealing was observed

The sample placed in air showed dadfaling properties, although less obvious than
described within the work df1. Zhonget al. The elongation was estimated to be 200
% for the sebhealed hydrogel sample before ftace. The sample in propylene glycol

did not show any seflfiealing properties, whictwvaspromising for the TLSP.

The hydrogels were also slightly swollen within the propylene glycol and showed
creep behaviour. In order to be used as a hydrogel couplémst,material should
retain its original shape within the shell, as previously discussed. For this dual
crosslinked hydrogel, the mechanical properties did not meet the expectations and
requirements and were therefore not further optimised for the TLSP.HH®& data

for the d-PAA hydrogek shown inFigurel1.10.
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Poly(AMP&o-MBA)/poly(AM-co-MBA) DN hydrogel

The procedure of J.P. Goreg al®® was followed to produce poly(AMREo-
MBA)/poly(AM«-co-MBA)) DN hydrogelskor these hydrogels, th¥ describes the
molarity of the monomer in solution anddescribes thenol % of crosslinker (MBA)
added to that monomer solutionThe first step was the polymerisation &f0 M
AMP Ssolutionwith 4.0mol % MBA and 0.1 mébh -ketoglutaric acidunder UMlight.
The hydrogeléormedwere brittle and highly swellable £&75).A 2.0 MAM solution
with 0.1 mol %dMBAand 0.1 mol % -ketoglutaric acidvere polymerised within the
first network to create theDN hydrogels poly(AMP S¢-co-MBAs )/poly(AMz o-co-
MBA.1). The DN hydrogelemonstrated excellent mechanical properties well as a

satisfactory §(9.3). Both steps are representezsthematicallyn Schemet.4.

(o)

o o O._NH, \H
NH
a-KGA
Poly(AMPS-co-MBA) + \)J\NHZ + o Pon(AMPS-co-MBA)+J/>' L <NH
2 NH H2

o;; A: 365 nm CE/>_>
/ p

Schemel.4: Reaction schemes fbpth stepsof the formation of the DN polymer poly(AMRS-MBA)/poly(AM.-

\ 0

co-MBA).

The elongations oés preparedand swollenDN hydrogels were 650 and 40%,

respectively. The extension tife as prepaed hydrogel is shown ikigure4.3
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Figure 4.3: Tensile test performed by hand showing 630 extension for agrepared poly(AMPSe-co-
MBA o)/poly(AMk.o-co-MBAy 1) hydrogel

For the TLSPa thermo initiator (APS)in combination with a large temperature
difference (890 °C) wasused to ensure that the polymerisation timeaswithin the
sedimentation time of the monomer dropletélthough UV initiators can also result
in fast polymerisation of monomers, UV inited sedimentation polymerisatiowas
not performed due to design and safety difficultie$ altering the currently
developed TLSRset-up. So, an attempt was made synthesig poly(AMP$o-co-
MBAs.0)/poly(AMz.o-co-MBA.1), wherebythe poly(AMPSe-co-MBAo) (first network
of the DN hydogel) was prepared by performing a solution polymerisation ugiag

thermo initiator APS.

The first attempt using a thermimitiator was done with the same méb initiator as
used during the photgolymerisation of poly(AMR&>-MBA). Gelation was not
observed, not even after TEMED (144b) was added. Thamount of initiator was
increased to 2.6 md&landwith the addition of TEMED (1Q@Q) whereafter gelation
was only observed after heating the solution to %0 Following these resultshe
synthesis was meated using the sodium salt of AMBSresulting in a rapid
polymerigtion. 2-Acrylamide2-methylpropane sodium sulfonate (AMPSS)
polymerised so quickly after addition of TEMEDs likely that theTEMEDRvasbeing
protonated by the AMB. he protonation of the TEMEI2ads to the gelation being

significantly delayeat low temperaturesUsing the original initiator concentration
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used for the photo-polymerisation (0.1 mol %) and AMPS different TEMED
quantities (12.5, 25 and 50L) resultedn the gelationof the solutionafter 252, 68

and 37 secondat room temperature respectively.

A successful TLSP was perforni@dthe preparation ofpoly(AMPS; ¢-co-MBAs),
using 25uL (0.167 mmol) TEMEDheFFIRspectrum of the first network is shown
in Figure11.11. Using the poly(AMRo-co-MBAso), the secondstep of the DN
hydrogel polymerisation usin-ketoglutaric acidunder UMlight was performed.
After the photo-polymerisationunder UMlight, the soluble fraction was extracted
duringmultiple washes with Dvater over multiple daysTypically, the weight ratio
of AM to AMPSIin the DN productwas always abovetwo, as determined

experimentally, anébsorptionbands given biF FIR(ATR) should be easily identified.

AnFTFIRspectrum of the product is shown Kigurel1.12. Thesignalsgive proof for
the presence of pobcrylamide within the hydrogel spheres. Howevethe
mechanical strength did not seem to have improysde Chapter 8)Tte reason for
the absence of clear improvemenin the mechanical strength shown during the
preparation of the traditional DN hydrogel is unknovio literature wasfound for
the stability ofh -ketoglutaric acidas initiator under UV lightr if pH changegould
have hadan impact on the reactivity. W. Lat al1%>mentionedthe sensitivity of the
DN preparation process towards titvadiation conditions, however no concrete
data was presented.Additionally, R. Hoogenbooet al. expresed concerns about

the reproducibility of the DN procedure developed by J. P. G¥ng.

Followingon from the absence of an improvement in mechanical strengtie
polymerisation of AMPS was triedithout converting the monomer to its sodium
salt It was hypothesigd that the change in pH mightave altered the initiator
decomposition andsubsequently influencedhe characteristics of the polymer
formed. Additional ®lution polymerisatims showed that AMPS could be
polymerised by adding more TEMED (-Bl® pL).Using the prepared hydrogel, the

second step of the DN polymerisation was performed. Remarkabhasifound that
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some tough hydrogel pieces were formed. However, the tough hydrygetion
within the larger mechanically weak hydrogehs only+ 40 % by volume GQurrently
there is noclearhypothesisexplainingwhy only a part of the hydrogehcreased in
toughness.Analysis of the mechanicallyeak fractionsshowedthat no significant
poly(AM-co-MBA) was formed within those areas, thereby suggesting inhibition of
polymerisation or the absence of initiatioAs with the deprotonation of AMPS, the
addition of TEMED also results in a decrease in the pH of the soartaimerefore

doesnot resolve thepH problem.

The preparation of poly(AMo-MBA) as a second network wasso tried within
poly(AAoc-co-SAc-co-MBA 32) hydrogel spheres made by TL&Bwever, theFFIR
spectrum Figurel1.13) of the product shows protonation of the SA groups and an
absence of an abundance @ieaks originating frompolyacrylamide needed to
prepare a strong DN hydrog¥¥ Again, it seerad like polymersationwasinhibited

or theinitiation supressedPolymerisations over a range of different paluescould

be done to provide more evidence towards our hypothesis and find an ideal pH to

facilitate polymerisation.

S.Kovéi6 | YR ad { o { dldpedd pilyinedisalyle high ideSnal Ritase
emulsion (HIPEXby adaptingthe polymerisation procedure of J. P. Gownith some
small changesThe authorQused APS as the initiator and managed to form the first
DN polyHIPE. Further studies into their synthetic protocol might resalpirotocol

for the synthesis of a DN by TLSP.

Poly(C&*-alginate-co-AM-co-MBA) hydrogel

For poly(Cé&*alginateco-AMy-co-MBA,) X and Y represent the mol% of monomer
relative to the total amount omono- and divinylmonomer added to the monomer
solution. The mol %of CaS®@and sodium alginate added in respect to the total
addition of mone and divinyl monomer ere kept constantat 0.816and0.238 mol

%, respectivelythroughout this thesisThe mol % o$odium alginatas described by

the mol % of the -D-mannuronateandh -L-guluronategroupsrepresent.
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Theprocedure of J. lgt al*°°was followed for the preparation gfoly(C&*alginate
Cc0-AMgg.072C0-MBAy 029) hydrogels by solution polymerisatioifhe polymerisation
performed isshownin Schemet.5. The synthesised hydrogels colidstretched up
to 1500%, as shownn Figure4.4. Aiter being swollen in watefSq= 38), the samples
could still be stretched up to 100 as shown irFigure4.5

APS |
o o
o} Ny CaClz O.__NH, NH
Na-alginate + \)J\NHZ + < TEMED CaZ*-alginate co;/k/) co <
NH H;0 n NH
2 o 3 (o)
/

Schemel.5: Reaction scheme fohe solution polymerisation &M andMBAIn the presence ododium alginate

and CaGlto formthe poly(C&*alginate-co-AMgg 972CO-MBAy 029 hydrogel.

T
T
S

cedies

21D
cedies@moegp. 1y

Figure4.4: Tensile test performed by hand showih§00 % elongation for as preparegubly(C&*-alginate-co-
AMgg 972c0-MBA 029 hydrogels.
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Figure4.5: Tensiletests performed by hand showing0Q0 % elongation fopoly(C&*alginate-co-AMgg 977C0-

MBA.029 hydrogelgully swollen in DBvater.

The hydrogels (agprepared and swollen) showed excellent elongati@amd no

troublesome adhesive properties areep behaviour were observedit should be
emphasized that adhesive properties and viscous behawvieue observed for both
polyDMAMand d-PAAhydroges. Additionally, poly(AMco-MBA) synthesisedsing
the same parameterss for poly(C&*alginateco-AMgg 972C0-MBAy 029 hydrogels

also shows significant adhesive propertieg no creep.

The size of the monomer droplets used for the TLSP are restricted due to the liquid
liquid interface between propylene glycol and m. oil. Typjcalty polymer spheres

of 2-3 mgwere produced.The useful size range(8.69.2 mm)wasreached when

Sq¢ 110205 Therefore the solution polymerisation of polgg&*alginateco
AMog.972cO-MB A 029) showed that the swelling capacif$q= 38) wasnot adequate

(at rt). To increas the g, charged monomers can be incorporated into the polymer

chairsto increase the interchain repulsion force.

Both positivdy and negatively charged monomers were incorporated into the

polymer network and the changes in thgroperties of the polymer network
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observedThe total monomer content within the monomer solution stayed the same.
Firstly, the positively charged monomer [2-
(methacryloyloxy)ethyljtrimethylammonium chlorid&as incorporatechat 2, 10 and

25 mol% of the btal monomer content, within the monomer solution.

Only the incorporation of Znol %[2-(methacryloyloxy)ethyl]trimethylammonium
chlorideled to gel formation after being allowetd polymerisefor sufficient time.
Unfortunately, the resulint gel did notshow a significant increase in swelling
behaviour (§=40). The monomer solutions with higherol %concentrations were

observed agither apartially geled (10 mol%)or a pink solution (25 md).

The incorporation of SAwas also attempted at 2, 10 argb mol % of the total
monovinyl monaner content, within the monomer solutionThe polymerisation
performed is representedchematicallyn Schemed.6. All polymerisations resulted
in the production of gels.e$was determined to be 210, 490 and 728spectively.
Although the mechanical strength of the produced hydrogedsaecreased with the
addition of sodium acrylate, the swelling equilibriwas acarately controlled.
Poly(C&*alginateco-AM-co-SAco-MBA) with different SA quantities addedeems

like a promising material tbe produced using the developed TLSP discussed within

this thesis.
A

o ore (o) NH o._0 f? o |

NG L@, ¢ TEMED {

NH2 + ONa + — co co
2 5 NH HO n m NH
(0] 3 90 °C (o]
+ +
Na-alginate / Ca?*-alginate

Schemet.6: Reaction scheme fdahe solution polymerisation of AN2) , SA(5) and MBA(3) in the presence of
sodium alginate and CacCl2 to form the poly(@dginate-co-AM-co-SAco-MBA) hydrogel.
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4.3.2. Twolayersedimentation polymerisatioio giveH3HGs

Following the observationef the HSHGsrepared by solution polymerisation
poly(C&*alginateco-AM-co-SAco-MBAyo29 was determined to be the best
candidateto be produced using the TLSP method.

Following the procedure for the solution polymerisation of poly{@dginateco-AM-
co-MBAv 029, the monomer solution was prepared and introduced to the TLSP set
up. Spherical beads were producexf which 80 % wre individual beadswith no
surface irregularities. However, theoly(C&*alginateco-AMyg 972c0-MBAy.029
beadsproduceddissolved completely when introduced to an excess ohater. The
most likely cause is thathé crosslinking density was not high emgbh (below
minimum to form an insoluble network)rhe decrease in crosslinking densitgs
likely caused by a decrease in the molecular weight of the polymer chains formed due
to the rise in temperature and initiator deompositionrate in combination To
confirm that hydrolysis of the crosslinkesas not presenat 90°C, HHNMRwas used.
Two solutions iD,O were prepared with 10 mg/mL of MBA. One solution was kept
at rt and one was heated to 9Cfor 2 h, whereafter the spectra were obtained. The
H-NMRspectra of the MBAolutionsin DO after 2 h at rt and at 98Care shown in
Figure11.21 and Figure11.22. The absence of any deviation within theNMR

spectra confims hydrolysisvasnot present under the conditions used for the TLSP.

Another serie of solution polymerisations are performed whereby the crossliek
concentration in the monomer solutiornas reduced t&0, 60, 40, 30and20 % of the
original quantity used. It was observed ttata concentration 020 %and belowno
gel formation was apparent for the prepared monomer solutidhe crosslinker
guantity within the monomer solution waacreasedo five times (0.5 mLcrosslinke
stock solution the original concentrationand a TLSP was performe8pherical
poly(C&*alginateco-AMgg se-cO-MBA 1) hydrogel beads wererpduced of which

91 % vere discrete beaddn excess DWvater, the hydrogeldhave aSq of 27 times
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their ownweight.When retrieving the beads from the solutipaslightly opaque core

was observedas shown irFFigure4.6.

Figure 4.6: Swollenpoly(Cé&*alginate-co-AMggge-CO-MBAy 13) hydrogel beadprepared by TLSP showing an

opaque corafter oneweek in DDvater.

In order b observe theeffect of crosslink density on theoreformation, aTLSP with
three times the original crosslinker weight (0.3 mL) weeried out The resulting
hydrogel beads85 % individugl were able to swelto 51 times their own weight
However, theopaque core was still observed. The presence of the opaque core shows
the problem of pore blockingalsoreferredto asfish-eyeing, which can be observed
for superabsorbenhydrogels among other swellable material®’ Due to the higher
density of polymer chains within the core of the hydrogel, the ultrasonic attenuation
will increase and potentially lead to badtrasound couplingFor the hydrogel to be
used asan ultrasound couplingnaterial, the opaque core needed to be removagd
optimising the reaction conditiong\dditionally, the beads produced hadsq of 51

and an average weight per bead of 3.5 wigch means their diameter was about 7.0
mm. Thediameter of the swollen beads producedichot meet the specification and

neecedto be increased.

The effect of the anionic monome{SA) additionwas tested under solution
polymerisation conditionand showedto be feasible for implementation. Firstly,

poly(C&*-alginateco-AMos gs3CO-SA.990-CO-MBAy 138) was prepared with 1 mcd¥ of
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SA relative to the total mekof monomer. The resulting swelling equilibrium of the
beads was determined to be 177. As determined in the previous subchapter, the
swelling euilibrium foundwaswithin the right marggSq= 110205) When 0.5 mol

% SA was usethe swelling equilibrium was only 45 both experimentsa 19 G
needle was used and the product obtainedswof high quality An SEM image of an
individual driedpoly(C&*alginateco-AMyg 5c0-SA 5-co-MBA 139 Sphere is showmi
Figure4.7. The swelling equilibrium can be alteredsilyusing the sodium acrylate

content. In addition to this, the opaque core was not observed when SA was added

as a monomer at quantities of OrBol %and above.

Figured.7: SEM image of a typical spherigally(C&™-alginate-co-AMgg 5-Cc0-SA 5-CO-MBAy 139 beadsynthesised
via TLSP

As mentionegreviously mechanical strength and the swelling capacity are inversely
proportiond. Therefore, an attempt was made at increasing the monomer

concentration in the monomer solutiorAdditionally,the droplet size added to the
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two-layer sedimentatiorpolymerisationsetup was optimised toincrease the dry

weight of the individual polymer beads prepared

As becomes usual while designing the monomer solution for a TLS#febeof the
increase in monomer concentration was tested by performing solution
polymerisations. The total volume of the monomer solution was decreadeite
increasng the monomer concentration without altering the ratiosof all other
chemicals within the monomer solutions. The volume was decreased to 6 mL (86%),
5 mL (71%) and 4 mL (5%). The swelling equililer were 23.6, 20.3 and 18.0,
respectively Comparing the loss in swelling equilibriand the increase ipolymer
weight was done by calculating the relative swelling equilibriuny Ehtive). Sq
Relative was calculated by taking the inverse of the % g®aof volume(\) and
multiplyingby the Sq, as shown in eql4. The gqrelative was calculated to be 27.4,
28.6 and 31.6, respectivelyhe polymer weight increasemore than the swelling
equilibrium decrease. Therefore, if the products are still of aeptable quality, more
concentrated monomer solutionsvere preferred to decrease the swelling
equilibrium neededThe optimum for the TSviPasset at 5 mL due to the observation

of bubbles within the hydrogels produced when using a more concentrated monome
solution. The bubblesvere probably from the water that starts to boil andvere

trappedin the monomersolution due to the increase in viscosity.
Y Y Qda Oh-Q0 @14)
p

Further endeavours in decreasing the swelling equilibr{iumoreasing the dry weight

of a single bead product of TLS®)s donethrough optimising the needle sizdhe
optimisation of the needle size waperformed using the TLSPmethod while
preparing poly(Ca&*-alginateco-AMos g63C0-SA.99eCO-MBAy139. The ay 2 NX I f €
needle size used within previous experiments was G19 (inner diameter: 0.69 mm)
which led to beads with an average weight of 1.17 ge of aG17 (inner diameter:

1.07 mm) led to beads withnaaverage weight of 1.86 mdncreasing both the

monomer concentration (5 mL) and the needle size (G17) led to an average weight of
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2.92 mg (250% weight of the first beads produced). Usin§olSA led toe$= 65,
averageswollendiameter: 7.1 mm, CV: 4%. As mentionedjue to thecontrol over
SA quantity thats beingadded,Sqcan easily be increasethcreasing the Séontent
of the monomer solution for TLSP 205 and 10mol %SA led to &= 246, 491 and
763, respectivelyrigure4.8 shows a typicatiried TLSP product gfoly(C&*alginate

CO-AMog 863CO-SA.000CO-MBAy.139. The increase ineSenables the preparation of

hydrogel beads wherehywhen swollen@=8.6-9.2 mm

Figure4.8: Digital picture of aypical product of drpoly(C&*alginate-co-AMgg g63C0-SA.990C0-MBAy 139 beads
synthesised by TLSP.

Essential parameters for TLSP

The TLSHas beenperformed at 90°C throughout this thesisand includes a
propylene glycol layer to dehydrate the spheres. Both the high temperature and the
addition of a propylene glycol layerasproven to be essential for the preparation of
poly(AAo-co-SAoco-MBA 3. However, to further ensure the claim ah these
parameters are essential the TLSP was performed atCGfor the synthesis of
poly(C&*alginateco-AMog s63C0-SA .990CO-MBA 139). The decrease in temperature
resulted inan increase in sedimentation time (+15 seconds), time on the oil

propylene glycol interface (> 1 min) and the numbercofigulated hydrogel beads
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(52%). Although the decrease in temperatuesulted in a decrease in the number

of individual beadshe two-layer sedimentation polymerisatiorouldbe performed

at lower temperatires. This is important when the monomer solution is not
compatible with higher temperatures. An example for this is when using different
solvent such as alcohols (methanol, ethanolf@monomer solutioninterestingly,

the Sq of poly(C&*alginateco-AMog 8s3C0-SA.9900-CO-MBAy 139 beadsdependson

the temperatureof TLSP saip. The & decreasesrom 97 at 90°Cto 56 at 50°C

By removing the propylene glycol layer from the procedure, a normal sedimentation
polymerisationwasperformed. The synthesis yielded no individual beads as shown

in Figure4.9, and furtheremphasisd the need for the TLSP procedure to synthesis

low crosslink density hydrogels.

Figure 4.9: Digital picture of oagulated poly(Ca-alginateco-AM-co-SAco-MBA) hydrogel prepared by
sedimentation polymerisation.
4.3.3. Synthesis ofpoly(Cé&*-alginateco-AM-co-SAcO-MBA 029 Within a

silicore mould

For the TLSPhe addition of sodium acrylaterasneeded to obtain hydrogels of the
correctswollensizefor their use within the shell of the ultrasonic probe. Due to the
strength of the hydrogels preparedhe synthesis of these materials in mosld
becomes a possibility. Normally, the strengthSihydrogelsis not sufficient for
solution polymerisation within moulds. This is due to the damage thatoccur to
the hydroges during removal from the mouklHowever, the high strength hydrogels

can be removeeasilyfrom the mould withoutanydamage to he polymer network.
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Figure4.10 shows thesetup and siliconemould used for the synthesis described

within this subchapter.

Figure4.10: Setup used during the synthesis of poly{€aginate-co-AMgg.972CO-MBAy i2g) Within the silicor
mould @ 7.0 mm) showing the syringe pump, syringe (20 ml), needle (21G) ancesilicokal.
Poly(Cé™-alginateco-AMgg.g72CO0-MBAy 029 was synthesised within the mould
resulting in spherical hydrogelgth adry weightof 24 mgper bead. Thigvasroughly
an 800 % increase in the polymer weighbmparedto the highest dry weighper
bead producedfollowing the TLSP approactd representatre imageof the beads
obtainedis shown inFigure4.11. For themould used, addition of sodium acrylate
wasnot required to yield hydrogel spheres of the size needed foirtidementation
as couplant on theultrasonic probe.However, when smaller mouldésmaller
diameter)are usedadditional sodium acrylate can be added to give higher swelling
andminimisethe adhesive charactesf the polymer networklnitially, the poly(C&*-
alginateco-AMgg.972CO-MBAy.029 hydrogelsdo na have any adhesive character.
However,when the surface was dried with a filter papé¢he hydrogels became
noticeably adherent to various surfagessuch as nitrile rubber, glass,

polytetrafluoroethylene(PTFI wood and paper

117



Chapter 4

Figure 4.11: Swollenpoly(C&*alginate-co-AMgg 972CO-MBAy 029 HSHGroduced by solution polymerisation

within a silicor mould @7 mm).

With the mould described, beads were made with different sodium acrylate
quantities while the monomer concentration and all other parameters were fixed.
Hydrogels synthesised with 0, 0.25 and 0.5 mol % sodium acrylate were all spherical
and of high qualityThe & of the hydrogels were 34, 38 and 46, respectively. Using
the mould, a batch with a CV (based on the diameter) of 0.36 % was prepared. The
CV was calculated after allowing the beads to reagf &d the value can be
translated to 99.7 % of beadiaving a diameter between 10.79 and 10.56 mm, when
fully swollen (SA = 0 %). The size distribution of the diameter of the veasis
accordance with our goal of getting the beads within the range 8.8 and 8.6 mm after
swelling. A smaller mould would allows to synthesise the beads within this range
without any problems. We have shown that by using the moulding technique we can

decrease size distribution and avoid sieving of the beads prior to packaging/usage.

To remind the reader of the process that mib&t followed for the beads to be used
within an ultrasonic probe; the beads must be synthesised, followed by washing in
water for several days. Beads of appropriate size should be selected by filtration,
whereafter the beads are packaged for shipment te tustomer. The removal of the

filtering step avoids many problems linked to the filtration of large batches of beads.
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Additionally, it reduces the cost by decreasing the number of-maurs and duration

of the process in total.

As one can imagine, the spheres can be completely spherical using the mould
approach. However, it might even be more fitting to prepare spheres where the top
is flat. This flat section, if designed correctly, can perfectly fit against the transducer

when the hydrogel sphere is inserted into the couplant holder.

When the surface of a pol@&*-alginateco-AMgg 972c0-MBA 029 Spherewasdried
an increasdn the adherent charactewas observed. When a sufficient amount of
sodium acrylatewas incorporated the hydrogel spheresvere able to rewet the
surface by diffusion of the water incorporated within the netwoihe ability of
hydrogels as seltibricating materials has been mentioned but seems to apply only
to hydrogels withan increased &. Hydrogelswvith a high & havepolyelectrolyes
imbedded within thermor are copolymerised with anionic or cationic monomeks
adherent character of hydrogels used as coupling material mightneaiteproblems
for measuringsurfaces intapping mode However, itwill have significant effest
when a surfacés beingmeasured by alidingmethodology Aslidingmethodology is
normally performed bytrailing the surface of theobject with the couplantwhile
maintain contact.This methodology increases the speedvétich the object is
measured as well as the amount of data pointhough measuringhe sliding
methodologywasoutside the scope of the application ihe currentstate, it would
be ideal if the coupling materiat®uldused for both methodologiedt would also be

accepted if there are separate hydrogel coupling materials for both methodologies.
4.3.4. NonadhesiveHSHGs

Non-adhesivehydrogels are of interest to many areas such as microflfit#ié¥ and
biomedical applicatiorf8®as well as industrial us@%:2%°The adhesive properties of
hydrogelscan be decreased bincreasing the water content and lowering the
number of moieties on the surface that can cause adhesive interacf{foydrogen
bonding, van der Waals, electrostaietc.). One of the ways to measure adhesive

forces is by measuring the surface frictiddurface friction measurement&.g.,
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sliding friction, coefficient of frictiongare more applicable to represent the forces
encountered during the sliding methodologihe incorporation of a polyelectrolyte
can increase the swellingnd it was shownby J. P. Gonthat the coefficient of
friction of these materialsvasextremelylow (1 x 16%).2% It should be noted that the
measurements are always performed while the matereis in a wetted state or
within a body ofwater to allow for the full extension of the polyelectrolyte brushes
on the surface of the materialThe principle 6 lowering the surface friction by

introducing polyelectrolyte brushes is appealing due to its simplicity.

PhotoinitiatedDN hydrogels with polyelectrolyte brushes were made byllaxid TN
methodologies Linear polyelectrolyte chainmcorporated within aDN(DN-L) and a
lightly crosslinked polyelectrolyte network incorporated within a PINWN) were
obtained usinghotoinitiated polymerisatior®> The methodologwpf J. P. Gonet al.

was appliedo prepareDN-L and TN hydrogels from polyGalginae-co-AMgg 972

co-MBAo2g9. The poly(Ca-alginateco-AMseg.972c0-MBAy 029 hydrogels werea

replacement for the DN hydrogel used by J. lhdgso

Synthesis oDN-L and TN hydrogelsom poly(C&*alginate-co-AM-co-MBA)

Using thepoly(C&*alginateco-AMsg.972c0-MBAy 029 beads prepared, DN and TN
hydrogel beads were prepared by photoinitiated polymerisatising the procedure
reported in the literature?®> However, possibly because of the use of a different
hydrogel network astarting materials for the DN and TN synthesikpth materials
obtained had a highly swolleand mechanically weak shell and a less swollen but
stronger core.This suggests that the absorption of the mononsetution by the
hydrogelcould berestricted. Further prof for this hypothesis can be found in the IR
spectra of the shell and the core of the material. For example, for thé. Didterial,
the §q of the core and shell were 41 and 33Bhepeaks associated to AMPS are
mainly shown in theshell(e.g, NH amide |, 1544 ctpand peaks associated to AM
(e.g.,C=0 amide I, 1655 chhare mainly shown in the coras shown byrigurel1.14
andFigurell1.15, respectively.
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Theincrease in & that resultedfrom the higher concentration of AMPS used within
the poly(Cé&*alginateco-AMoe.972c0-MBAy.02¢ Was unfavourableThe synthesis of
DN-L hydrogelavas performed using 0.1 M AMPS (%0 of original molarity)The
lower concentrationresulted in aredudion of the swellingcapacity The synthesis
was done starting both from as prepared and fully swolperty(C&*alginateco-
AMgo.072CO-MBAv.o2g. By performing the polymerisation starting from swollen
hydrogels the diffusion of the monomer and initiatowas facilitated and a
homogeneous hydrogetasmore likelyto be produced Sarting from asprepared
and from swollen poly(C&™-alginateco-AMgg.972CO-MBAy 029 resulted in
mechanically strong beads withqS20 and 24, respectively. The small difference in
Sq wasdue to the enhanced dissipatioof the monomer solutiorwithin the pre

swollen network.

ThS Gaft 2 g ¢ béhavibdichuldlbéepbited byperforming a timerestricted
swellingapproachof the hydrogel within the solution. Subsequent UV treatment
might lead to a micrometre thick DN shell surrounding thpoly(C&*-alginateco-
AMog.972CO-MBAy.o29). Similar approaches for surface modifications are often
referred to as dippingThe dippingof poly(C&*-alginateco-AM-co-MBA) has not yet

been tried within the current researabr elsewhere.

A dipping approach using sodium alginate and Sa&$performed Anon-adherent
calcium alginate film was formed on the surface of the gel. Howeverl| sxtarnal
forces easily broke this film and the sodium alginate £@i@bingapproach wasot

considered fomdvanced analysis durther development
Synthesis of poly(Céalginate-co-AM-co-DMAPAMco-MBA)

The synthesisedoly(Ca&*alginateco-AM-co-MBA), although containing charged
polymer chains, can be considered as neutfaf. the synthesis oHSHGsIsing the
C&*ionically crosslinked alginate systeifhadditionalmonomerswere added their
effect on the C#-alginate formatdn should be consideredVhen using positively
charged monomers, it is likely they will interagh hydrogen bonding oelectrostatic

interactions with the sodium alginate that is presgmteventing the ionic crosslinking
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with C&*. Equally, when adding a negatively charged monortgs,also prevents
the ionic crosslinking of sodium alginate with*dans due to the competitive ionic
bonding between the anionic monomer and sodium algenatith these cations.
Thus to lower the surface friction and create ndlow) adhesiveHSHGsausing
polyelectrolytes, itwasidealto synthesise the polyelectrolyte as a neutral polymer
within the network whereafter it shows its polyelectrolyte charact&ics upon
swelling in DOvater. One of the monomers that can be used in this manné\-j8-
(dimethylamino)propyllacrylamide (DMAPAM). At high pH (>11) the monamer

neutral and at lower pHk®6) it iscompletely protonated forming a catiofd’

While all parameters were the sanas used irthe previous experiments, DMAPAM
was incorporated at 1, 5 and 1ol %within the monomer solutionThe & of the
hydrogels in Dvaterwere 13, 17, and 54, respectivelyFIRconfirms the presence
of DMAPAM within a copolymer for 1, 5 andrti®l %easshown inFigurel1.16, Figure
11.17andFigurell.18. The spectrahowa second C=0 amide | band (14893 cm

1) and an increase irthe CH bend (1452444 cmt), typical absorption for the
secondary amide and propyl group of DMAPAM.

Sqof the hydrogelsn DDwater with pHF 12 by addition of NaOH wer88, 61 and
196, respectively.These resultsvere controversial as the increase in pH should
reduce the §. However, due to theddition of Na-ions within the solution Ca
might get displaced reding the crosslink density and thereby increasing the S
Swelling the hydrogels in Diater with pHF 12 by addition ofCaQH). resulted in
Sq0f 50, 88 and 186The S of hydrogels swollen with Cgpresent instead of N&
shows a small change th& likely caused by the increase in ionic crosslinking. The
results were still higher than envisioned for neutral DMAPAM moietidhese
contradicbory results likely originate from the complex balance due to the alginate
presence within the hydrogeT hedeprotonated alginate and protonated DMAPAM
could OF yOSt SI OK 20 KeaeR@H =0%): WES HMARAM iS 5
deprotonated at pH 12, the algirate is responsible for the swelling. For more insight

into this complex behavioympoly(C&*-alginateco-AM-co-MBA) could be swollen
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within the solutionsat pHF 12 by addition of NaOH / Ca(QHAlthough interesing,
thiswasnot a main priority of the reearchand urther experimentsvere considered

outside the boundaries of thiesearchproject.
4.4, Conclusiosn

PolyDMAM poly(AAco-MBA) Fe*, poly(AMPSo-co-MBAs g)/poly(AM..oc-co-MBAy 1)
and poly(Céd*alginateco-AMgg.972cO-MBAy 029 hydroges were successfully
preparedviasolution polymerisation. feir mechanical strength, adhesive properties
and viscous behaviour was assel for their use aanultrasound couplantvithin an
ultrasonic probe PolyDMAM showed pronounced adhesive properties andvas
thereforenot suitable asnultrasound couplantNevertheless, the hydrogel showed
excellent extension values when tested as preparedly®Aco-MBA)Fe* was
shown to be a tough hydrogelThemechanical strengtlof the as prepared hydrogel
would be suitable asn ultrasound couplant However, its acidic character would
likely cause problematic corrosion and the dedfaling behaviour might complicate
the preparation of individual beads by TL8Bditionally, a lav amount of creep was
observed for these hydrogelsPoly(AMP%e-co-MBAso)/poly(AMz.o-co-MBA.1)
showed tosatisfyall requirements for the physical properties as stated in Chapter
4.1, however aspherical DN producivas notprepared Changes in the synésis
method for the preparation of poly(AMPSo-MBA) of spherical shapavere shown

to result in a unsuccessfudynthesis of the second network [poly(Add-MBA)]

Poly(C&*alginateco-AMog 972c0-MBAy.02¢) appeared to beideal asan ultrasound
couplantfor its properties and the onpot methodology.In order © increase the
swelling [2-(methacryloyloxy)ethyl]trimethylammonium chlorig€Aand DMAPAM
were investigated as monomer additeBy addition ofSAthe Sq can be easily

altered to satifaction.

Poly(C&*-alginateco-AM-co-SAco-MBA 139 beadswere successfully synthesised by
TLSP withvarious mol % ofSAand 3%q values. The needle size and monomer

concentration have been optimised. The beatiow improved mechanical strength
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with respect to the poly(A&-co-SAo-co-MBA 3z synthesised previously. The
argument for the need of TLSP for the synthesis of low cnésdiensity hydrogel
materials ha beerstrengthened by synthesising products of lower quality at reduced
temperatures (50°C) and when nopropylene glycol layewas usedsedimentation

polymerisation).

Spherical ply(Cé&*alginateco-AM-co-SACO-MBAy 029 beadswere synthesisedwith
various mol % of Savithin silicore moulds. These materials show an incredible
increase in mechanical strength compared to all other spherical materials prepared.
The materials would become the most suitable material if theesilre properties of

the dried surface of thespheres ould be reducedThe preparation of noadhesive

HSHGsvas attempted by multiple approaches.

Firstly, DNL and TN hydrogels were synthesised for the preparation of a
polyelectrolyte surfaceSecondly, the monomer DMAPAM was incorporated within
the hydrogel and subsequent functionalisatiaras performed. Unfortunately, no

reduction in the adhesive character was observed.
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Chapter 5- Responsive hydrogels

5.1. Introduction

Hydrogels have been designed in almost all shapeksizes and for a multitude of
applications2°&211 One of the prime reasorfsr the popularity of hydrogels is due to
their ability to be degned as responsive materials. Responsive materials enable
access toapplicationswithin various fields includinghe medicinal, chemical and
recreational industry An example is the usage of responsive polymeithin 3D

printing, enabling thecreation of 4D printing?'2

Due to their high water content, hydrogels hasemparablemechanical propertie

to humantissue. Their biocompatibility allows for their use within the human body.
Responsive hydrogels can change their shape and size based on varioussichuli
as temperature, humidy, pH, small molecules, light and magnetic or electric

fields213

In the context of this researclthe responsive character of a hydrogel used as an
ultrasound ouplantcan be used for varioysurposeswvhich can bealtered based on

the object of interestFor example, the hydrogel can be stimasponsive towards
hazardous compounds on the surface of the object. Additionally, it could be thermo

responsiveand beused as a thermo reference material

Irrespectivelyof the stimuls used, aming for asize changeresponseis most
appealing since this can be egsgiletected by the ultrasonic probbased on the
reduction in time between the detection of the main bangahefirst echo.Showing

the responsive functionality of a hydrogel for the probe would be the first step to
open this advanced avenuk this regard, waimed toexplore polyNIPAM hydrogels
as thermo responsive matersgaand discoverthe opportunitiesthat are enabled by
the utilisation of these materialgdditionally, other novel applications pblyNIPAM

have been given some deserved attention.
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Polymers derived from NIPAM are reported to be responsive to changes in
temperature. If the temperature sies above theilower critical solution temperature
(LCS)Y a degree of hysteresis is observééiThe thermeresponsive character could

be used within ultrasonic probes for the accurate measurement of the temperature
during the measurement based on thaileswellingbehaviour. Additionally, by
controlling the temperature at which the measurement is feemed, the sweating
character could be controlledWhen more lubrication is required between the
couplant and the surface that is being tested, additional lubricant (water from inside
the hydrogel sphere) could be applied by increasing the temperatureeatiee LCST.
The LCST gdolyNIPAMis around 2 °C whichmakestailoring of the sweating
character depending on the surface that is measypedsible An LCST that is below
room temperature would be unfavourable because the hydrogel would never be able
to function in its fully swollen state under normal conditions. Alternatively, a higher
LCST would also make the process less efficient because more heat is required. More
water from inside the hydrogel spheréhigher temperature) could be applied to
assurethe elimination of airsolid and anliquid interfaces when measuring rough and
challenging objectswvhile lesswater (low temperatures) can be applied for smooth

surfacesallowing for the optimisation of durability.

Huanget al?!* presented the effect of mparation temperature of poly(sodium
acrylateco-N-isopropylacrylamideo-b > dné€thylenebis-acrylamide [poly(SAco
NIPAMco-MBA)] hydrogels on their water uptake, theranesponsive behaviour and
mechanical strength. During the polymer preparations, temperatures above and
below the LCST have been maintainEdrthermore, the publication discussdide
swelling and deswelling raseof the synthesised NIPAbased hydrogels The
authors discussedthat hydrogels synthesised slightly above the materials LCST
showed an increase in deswelling rate compared to hydrogels synthesised below the

LCST of the material.

Mohan et al?1> showed the influence of the level of crosslinker in the feed on the

swellability of poly(SA&o-NIPAMco-MBA). Additionally, the swelling equilibrium was
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measured in multiple buffer solutions, at different temperatures and in different

surfactant slutions.

5.2. Experimental
5.2.1. Materials and instrumentation

The following reagents were used as received unless stated otheracstone
(Sigma, 996),acrylamide (Sigma, 98), ammonium persulfate (Sigma,®3, mineral
oil heavy (Sigma), mineral oil light (Sigma}hexane (Sigma, >9%4), N-
isopropylacrylamide (Sigma, 98), b X dné€thylenebis-acrylamide (Sigma, 9%),
propylene glycol (Sigma, 98),potassium persulfate (AnalaR, 98,sodium acrylate

(Sigma, 9P0), tetramethylethylenediamine (Sigma, &9.
N-Isopropylacrylamide was recrystallised frommexane

Instrumentation

Scanning electron microscopy (SEM)

See Chapter 2.2.1. for detalils.

Fouriertransform infrared (FHIR) attenuded total reflectance (ATR) spectroscopy
See Chapter 3.2.1. for details.

Elemental microanalysis

See Chapter 2.2.1. for detalils.

DD water

DD water was produced by an Aquatron A4000D water still.
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Lyophilisation

Lyophilisation on (partially) swollen hydrogel samples was done using an Alpha 1

LDplus60°C 1.53 mbar) freeze dryer.

Mould

GC vail cap, aluminium, 11 mm O.D. with PTFE septa (Sigma)
5.2.2. Procedursand spectral data

Solution polymerisation to yield pol(SA125-Co-NIPAM:g0s-CO-MB Ao 66).

Potassium persulfate (0.059 @22 mmol), sodium acrylate (0.197 g02 mmol),N-
isopropylacrylamide (0.871 g,70 mmol) and X 4né€thylenebis-acrylamide (0.010

g, 6.5 x 16 mmol) were dissolved iBD water(10 mL) and purged with2¥or 10 min.
Subsequently, an aqueous 2b(v/v) etramethylethylerediaminesolution (50ul, 8.3

x 10°mmol) was added and the reaction was allowed to proceed under air for 2h in
a mould (2 mL singe). The opaque hydrogels produced were immersed in distilled
water forthree dayswhile the water was refreshed twice a day. The clear hydrogels
were driedin vacug(70°C, 60 mbar), resulting in an opaque fractured hydrogel (0.911
g, Yield: 816). Sy 347.FFIR (ATRY)ERcnT): 3295(NH stretch secondary amijfe
2971 CH asymm. stretch); 29320H asymm. stretch); 28760H symm. stretch);
1713 (C=0 stretch); 1633 (C=0 amide I, stretch); 19BBafnide II, stretch); 1456
(CH asymm. scissorind)387 Chsymm. scissoring}t366 CH symm. scissoring);
1258(CN stretch); 1171, 1130, 985, 927, 879 and &&mental microanalysis: 55.9
% C, 8.3 % H, 10.3 % N (expected); 57.6 % C, 9.5 % H, 9.9 % N (found).

Solution polymerisation to yield poly(Sfse-co-NIPAM.37-CO-MBA1.94)

An aqueous solution of sodium acrylate (0.0149 g, 15.80% mmol), N-
isopropylacrylamide (1.02 g,.®@L mmol) andb Z 4me&xhylenebis-acrylamide (0.028
g, 0.18 mmol) inDD water(22.8 mL) was purged withoNor 10 min. To the

homogeneous solution, ammonium persulfate was added (0.0410.1¢0 mmol)
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and purged for a further 5 minvith No. Tetramethylethylerediamine(67.6ul, 0.451
mmol) was added and the reaction was allowegtoceed under air overnight in a
mould (2 mL syringer PTFEcoated vial capg: 1.1 mm, depth: 0.5 mm)lhe opaque
hydrogels produced were immersed in distilled watertfmee dayswhile the water
was refreshed twice a day. The clear hydrogels wereaddni&acuo(70°C, 60 mbar),
resulting in a lightyellow, fractured hydrogel (0.832 g, Yield:%3. & 164 g/gFTF

IR (ATR)OBcnT!): 3286 (1 stretch secondary amide 2969 CH asymm. stretch);
2932 CH asymm. stretch); 2874CH symm stretch); 1633 (C=0O amide I, stretch);
1528 (NH amide I, stretch); 1454CH asymm. scissoring)385 CH symm.
scissoring)1366 CH symm. scissoring);261(CN stretch); 1171, 1130, 974, 925, 881
and 838 Elemental microanalysis: 60.7 % C, 9.4 %2H, % N (expected); 60.7 % C,
9.5 % H, 10.8 % N (found).

Two-layer sedimentation polymerisation to yield poly(Séo-NIPAMco-MBA)

An aqueous solution of potassium persulfate (0.0590¢2 mmol) andb b Q
methylenebis-acrylamide (0.010 g, 6.5 x 4@mol) inDD water(6 mL) was purged
with N for 5 min at 0 °C. Sodium acrylate (0.197 g,02 mmol) andN-
isopropylacrylamide (0.871 g,7D mmol) were added and the solution was purged
with N> for another 5 min. while keeping the temperature constam
tetramethylethylenediamine solution of 0.1 % (v/v) (57.6 uL, 38.4%mfol) inDD
waterwas added and the monomer solution was added dropwise (3.0 mL/h) into the
two-layer sedimentatiopolymerisatiorsetup. The oil layer was a %0 (v/v) solution

of tetramethylethylenediamine in m. oil (5@ light, 50% heavy) solution. The
sedimentation polymerisation yielded white particulates (0.419 g, Yiel@#BFTR
(ATR)pBcnt): 3295(NH stretchsecondary amide); 296€H symm. stretch); 2932
(CH asynm. stretch); 2874¢H symm. stretch);1640 (C=0 amide I, stretch); 1530
(NH amide I, stretch); 1456 (CH asymm. scissoringh 3& symm. scissoring);
1366 CH symm. scissoring); 1171, 1130, 974, 925, 881838
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5.3. Results and discussion
5.3.1. Solution polymerisation
Synthesis of cylindricgboly(SA125-co-NIPAMgos-CO-MBAg se)nydrogels

Following the procedure of Mohaet al., poly(SA1 25co-NIPAMs.00CO-MBAy 66) Was
synthesised in syringes (solution polymerisatiofmor the NIPAM hydrogels
mentioned within this thesis, the notation system poly($4NIPAM-co-MBA) was
used wherebyX YandZdescribe the ma ratio of monomer in the feed relative to
the total amount ofmono- and divinymonomer added. For examplpoly(SA1.25co-
NIPAMs.00cO-MBA.66) had a moé ratio of 2125to 7809 mol % of the mono
vinylmonomersSA to NIPAMnd 0.66 mol % of MB# the feed respectively. The
polymerisation is shown schematically 8theme5.1. The syringe and swollen
poly(SAi1.25co-NIPAMsg.00cO-MBAv.ee) hydrogelare shown inFigure5.1; the FFIR

spectrum of the products shown inFigurell.l.

A
o @Na@ o '
o oo fo) NH KPS 0.0 o NH NH
TEMED
\)J\ONa-'-\)J\NJ\ + < — (jv\/) coi/) co <
H NH H;O n m NH

5 7 °:§3 RT o
/ |

Schemeéb.1: Reaction scheme for thelsition polymerisation of SR), NIPAM 1) and MBAJ) initiated by KB
and TEMED.
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Figure 5.1: Syringe (2 mL) used as mould, and the resulting swoltdy(SAq 25cO-NIPAMsg 05-CO-MBAy 66)
hydrogel.

Mohan claimed thatthe mass of the hydrogel was reduced to %bof the original
mass when increasing the temperature from an aqueous swelling solution fré@ 25
to 42°C. However, when performing the same temperature chamge several days
the mass of theasprepared hydogels was only reduced to 9%relative toits original

mass.

The drying step whiclwasused byMohan et al. could be critical in obtaininghe
thermo-responsive behaviouithe procedure was followed/swelling the hydrogels
in DD waterfor 24 h and subsequently drying in a vacuum oven atC®vernight
Using this methodologyin our handsa hydrogel was prepared which reduced its
mass to 886 when subjected to a temperature change fronf@50 42C.Therefore,
our resultsdo not match the ones published by Mohanal. The thermeresponsive

measurementvasperformed on multiple samples from different batches.

The thermaeresponsive behaviouwwas possiblgnhancedy the pores created when
drying urder high temperature and vacuumThe poreswere created by the
evaporation of watein combination with he phase separation behaviour of NIPAM.

Optimisation of this drying step might increase the thernegponsive character of
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the prepared hydrogel. It sluld be noted that the mechanical strength of the

hydrogel decreased significantly during the drying procedure.

The same method was also applied to the synthesised poly(NEOAWBA)
hydrogels. The molarity of monomer in the monomer solution stayed tmeesas
used for the synthesis of th@oly(SAi.25co-NIPAMs.0s-cO-MBAyse) copolymers.
Although a more significant therma@sponse was observed, it was again not in the
range of the data reported by Mohaet al. The poly(NIPAM0O-MBA) showed an
average mass decrease of @when the temperature was increased from%5to

42 °C. The poly(NIPAO-MBA) also showed a response to a decrease in the
temperature. When the temperature was decreased fronto 4 °C, the volume
increased by 3P4 This incease in swelling is also shown by Z. Zbaal, who

preparedpolyNIPAM by microwave irradiatiot®

If thethermo response of thdwydrogel was highly precise, it could have been used as
a thermosensitive ultrasound coupling material which could measure the
temperature in a perfectly controlled environment. However, the measured
swellingdeswelling behaviour varied from batcto-batch. In the case of
poly(NIPAMco-MBA) thedeswellingvalues were mostly off by a factor of 0. For
the poly(SA1.25co-NIPAMs.0co-MBAv.ee) hydrogels, the maximum deviation from
the mean was 2%6.Areason for the low precision of the hydrogels was due to the
mechanical strength of the hydrogélhe hydrogelswere observed tosplit during
weighing procedure This therefore created a risk ofmitting small fractures of the
hydrogelduring the weightng which attributed towards a larger weighing error.
More rigid hydrogels will allow for a more accurate measurement of the

swellingtdeswellingoehaviour.

To enhance mechanical strength amdtempt to prepare ultrasonic probdriendly
materials poly(SAco-NIPAMco-MBA) was preparedia TLSP. It is known th&N
hydrogels produced by TL®Bve an improved mechanical strengtbmpared to

hydrogels made by solution polymerisation in moulds. This is likely caused by the
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decrease in damage made to the hydrodeting preparationthe spherical form and

the fact that the beads made by TLSP are smaller.
Synthesis opoly(SA ee-co-NIPAMs 3-co-MBAL.94) hydrogel discs

The synthetic procedure dfluanget al2!4 asalternative protocol for the synthesis
of poly(SAco-NIPAMco-MBA),wasalsoperformed One of the promising difference
of the procedure of Huang in respect to Mohan was the quantity of I5igh
quantities of SA normally result in mechanically weakss to the higher swelling of
the hydrogelssynthesisedThepoly(SA es-cO-NIPAMg. 3~CO-MBA 94) hydrogelswere
prepared by injecting a monomer solution into a PTFE mould (Bdd&&d vial cap,

2. 1.1 mm, depth: 0.5 mm). The top of the mould was exposed to air as shown in

Figure5.2.

Figure5.2: Solution polymerisation in PTFE&ated vial caps used for gas chromatography.
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The synthesis opoly(SAeo-Co-NIPAMg 3-CO-MBA o4 resulted in pistine polymer
discs with an improved mechanical strength when compared to the other NIPAM
copolymers discussepreviouslyin this Chapter. Besides the improved mechanical
strength, an obvious thermoesponsiveness was observed. The hydrogel synthesised
was also thermo-responsive depending on the duration spénat elevated

temperatures asshown inFigure5.3.
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Figure5.3: Thermoresponsivepoly(SAssco-NIPAMs 37-cO-MBA; og) measured at different time intervals DD

water.

All data pointsvere obtained from duplicate measurements, wherebygample was
swollen inDD waterand the weight was measured before and after heating to one
certain temperature. So, the samples were not used for multiple data points at
different temperatures. It is clearly shown that after 20 h of applying a specific heat
to a swollen sample iBD wader, there is no thermeresponsiveness at 25, 30 and 35
°C (1@-110 % of original weight). After 48 h, a response was shown fe€&0d 35
°C(50-55 % of original weightyyhich suggests that there is a high time dependency
on the thermaoresponsiveness fothe hydrogel. However, short time thermo
responsiveness has not been measured yet. To the best of our knowledge, Ro long
term time dependant thermo responsiveness of millimesieged poly(SAo-NIPAM

co-MBA) has been shown in the current literature. Ldagn time dependent
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thermo-responsive character would be highly interesting for ddadjvery
applications. Thermoesponsive drug delivery materials that show a fast response
will only submit drugs to the stomach when taken orally. It can be envisidmad t
only a hydrogel with a lonterm time dependent thermo responsiveness can be
applied orally to release drugs in the colon. The time consuming response of the
millimetre-sized hydrogeis the main reason why the area of responsive materials
mainly focugs on small (nansized) systems to decrease response time which is

mainly based on diffusiof.

The thermeresponsiveness of thpoly(SA.so-co-NIPAMe.3-CO-MBA 94 hydrogels
even shoved a higher swelling equilibrium at 4& and 50C than at 40°C.It has
been observed that at these higher temperatures only a part of the hydrogel goes in

the collapsed state, and a part stays in the swollen state.

After swelling naltiple hydrogels, theair exposure during the synthesis of the
hydrogel seeradto be the cause of the neoharacteristic response to temperature
This is because enside is in contact with air and one with PTFE when using- PTFE
coated GC vial capat 45°C the air-exposed side stayed in a swollen state as shown
in Figure5.4. The hydrogel was taken out of the solution for a better visual image
since the breaking index of the hydrogel is equal to & waterresulting in
difficulties identifying e hydrogel, if at allAn FTHIR spectrum ofoly(SAssco-
NIPAMg.37CO-MBA94) iS shown irFigurell1.3.
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Figure5.4: Poly(SA esco-NIPAMg 37-cO-MBA 94) hydrogel made by solution polymerisation iP@FEcoated vial

cap showing selective deswelling after being exposed &C4%/ernight, while iDD water

All hydrogels returned to their original swollen state after cooling down to B@n
water. We hypothesise that this unique therntesponsive behaviowasnot limited

to this specific synthetic technique and could be altered to accommodate other
applications. For example, selective thermesponsive behaviour is of interest in the
area of soft roboticd®® Changing the shape of the lsetive thermoeresponsive
material synthesised could allow for the development of an artificial muscle by
selective contraction and release with temperature change. Other applications might
be envisioned, for example in the area of hydrogel vat¥éEspecially, the onpot
methodology increases the leverage on other synthetic pathwyslternative
ways of preparing hydrogels as artificial muscle follow multiple steps in which the

authors combine two or more ppared materials.

J. P. Gonegt al.also observed differences sarface chemistry based on the substrate
on which the polymer was synthesised. The research showed diffesenbeth the
equilibrium swelling and frictional coefficient of identical monarselutions (AMPS)
polymerised on glass, pdiyethyl methacrylat§ and polystyrene!® In another

publication, the authors menticed that polymerisation of AMPS on substrates such
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as PTFEresulted in the decrease of the crosslink density of the polymer
synthesised®* Furthermore, evidence has been presented for the presence of a

gradient structure (based on crosslinking) induced BT&EBubstrate?*®

However, with thgpolyNIPAMsynthesised within this research tlidses not seem to
be the case. Normally, the thermr@sponsiveness gsolyNIPAMwould be reduced
with crosslink density. In contrast, the surface in contact withRi¢& Evasshown to
be thermo insensitive which suggestgher crosslinkingThisfascinatingmaterial

will stay of interested during future work within ogroup.

5.3.2. Twolayer sedimentation polymerisation

Synthesis ofpoly(SA111-co-NIPAMy7 55-co-MBA 31) via TLSP

For the TLSP pbly(SA1.1:-co-NIPAM7 ss-cO-MBA 31) the monomer ratios of Mohan
were used and the concentration of the monomers in the monomer solution was
increasedslightly (from 0.979 to 1.63 M) to decrease the time needed to reach the
point of gelation. It was also decided to increase #imeount ofcrosslnker (MBA) in

the feed to 20 mg, which is double the amount of crosslinker used in the feed for the
solution polymerisation. It was necessary to increase the crosslinker concentration to
obtain spheres that were of a higher mechanical strentstbreasinghe crosslinking

level is typical for the translation of the monomer solution for a solution
polymerisation to one that allows the synthesis of spheres following the TLSP

procedure.

TEMED was used as an accelerator for the decomposition of the initid®8)( The
TEMED concentration in the monomer solution was tailored for the formation of
poly(SAco-NIPAMco-MBA) particulates by TLSP. Additionally, TEMED was added to
the sedimentation oil to make a 19 v/v TEMED in oil solutioklore details on the
optimisation of the TEMED concentration in the monomer solution and within a TLSP

were discussedn Chapter 3.

Although polymer particles were formegbonusing TSLRhey did not have the same

spherical shape gmly(AAc-Cco-SAo-co-MBA 32 spheres syntbsisedviaTLSPAN FT
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IR spectrum of the product is shownHkigurell.2. Most likely, this was due to the
coilto-globule transition of the therma@esponsive NIPAM within the copolymer. An
SEM image of a particle producexhdthe morphological details of the pacte, are
presented inFigure11.19 and Figure11.20, respectively. The swelling equilibrium
could not be determined for the copolymer due to the irregular shape and the weak
structure of the particulates. The higher temperature applied during the TLSP seems
to decrease the mechanical strength tbie NIPAMbased copolymer. Thereforet
synthesis of NIPAM based copolymers are recommended ®yu&hesis athigher
temperatures. The low yieldof 38 %, was caused by the difficult handling of the
material when performing Soxhlet extraction. The copolymer preparad the
tendency to stick to the thimble causing partial product contamination which was
removed. As mentioned in Chapter 4, low temperature TLSP can be performed.
However, an increase in coagulation is highly likelpccur Alternatively,a higher
crosslinker concentration might increase the mechanical strength and quality of the
particles produced. Asasshown with the conversion of the solution polymerisation
of poly(Ca*alginateco-AM-co-SAco-MBA) to the TLSP metho@dn increase in
crosslinker concentration waseeded. The crosslinker concentration was increase

times for the synthesito yield high quality beads.
5.4. Conclusion

The synthesis qioly(SA1.25co-NIPAMs.00-co-MBAys6) did not resultin the expected
thermo-responsive mateal as reported. Howeverpoly(SA eo-co-NIPAMe 37CO-
MBAL94) showed excellent thermoesponsiveness. It was observed that the thermo
responsive behaviour was time dependent. The equilibrium swelling was always

reached within 48 h.

Additionally, a substrate RTFIE response was observed for thgoly(SAsoco
NIPAMgs.37CO-MBA 94) hydrogels. This allowed for the synthesis of hydrogels with
two-surfaces with a different thermo responsive behaviour within one batch. This
change in the response of a responsive matidbased on the substrate on which it

wassynthesised has not been reported in the literature to the besiwfknowledge.
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An attempt wasmade to polymerie NIPAM using tb two-layer sedimentation
polymerisation. The total volume of solvent was reduced6d % to facilitate a
decrease in gelation time. For the successful preparation of NIPAM hydrigtis
TLSP method, it was necessary to increase the MBA content which resulted in a
decrease in &. Theproduced NIPAM hydrogebeadsdid not have the swiling
equilibrium and the mechanical strengtrequired for the ultrasound coupling

application.
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Chapter 6- Swelling and deswelling behaviour of hydrogels

6.1. Introduction

Hydrogels are among tifew materials capable of absorbimxceptional amourgof
aqueous liquid. Other materials that caralso imbibe liquids includeaerogels,
organogels andnetal organic frameworksAbsorption and desorptioriswelling and
deswelling)are characteristis for these materials and can be tailored towattieir
application.Examples of the importance efvelling and deswellinfpr hydrogelscan
be foundin their applicatios within drug delivery and analytedaorption. For the
application ofhydrogels as swollenltrasound couplingnateriak, the swellingrate,

swelling equilibrium andeswelling rateare of greaimportance

The swellingequilibriumcan be tuned byontrollingcrosslinkercontentsand by the
addition of differentamountsof a charged monomerThe swelling rate can be
determinedfor hydrogel materialsand dictatesthe time which the hydrogel needs

to swell before being available for use.

For hydrogels, thevgelling rate describes thability of water todissipatethroughthe
polymer network Hydrogels can have incredibly high swelling ratesqueous
media Porous hydrogelsare able toreach their respective swelling equilibrium

within minutes at swelling rates up to 5.3 gtg1.26.:220

In the case othe swelling of asuper absorbentiydrogel with waterthe swelling
involves the movement of polymer chains to madace for the water molecules.
The nature of diffusion of water into hydrogels is described hylBgproposed by P.
L. Ritger and N. A. Pepp&s.

— 0o (15

0 isthe massof water absorbedwithin the gel at time tD  is themaximum mass
of water absorbedat any point during the swelling< is a constant for the structure
of the network and n is a characteristic exponent and describes the transport mode

of the solvent. Based on the values for n, three distinct diffusion mechanisms are
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identified. Case | dfickian diffusion (n = 0.50hdicates that therate of diffusion is
dower than the relaxation of the polymer chair{diffusion controlled) For ron-
Fickiandiffusion (n > 0.50, diffusion and relaxation rates af®th roughly equally
present For @se | (n =1), diffusion is very rapid compared to the relaxation of the
polymer chains??2222Knowledge about thenode ofdiffusion as well as the rate of
diffusion is critical for designing controlledlease materials {.e. selflubricating

hydroges, drug delivery

The diffusion coefficien{D) describes the diffusion of the liquid to the polymer
network andcan becalalated usingeq. 16.224 Forthis equation, r is the radius of the
dry hydrogel spherécm) andK and n are the constant and characteristic exponent,

respectively.
o “i -7 (16)

The deswelling is determidanostlyby the rate of evaporation of the liquid frothe
hydrogel. The rate of evaporation is influenced by the contact area with air and the
evaporation pressure of thembibed liquid. Besides the evaporation pathway, the
hydrogel can also show deswelling by the transportation of the liquid from within the
hydrogel structure to the surface of the hydrogel. When the liquid Ibesn diffused

to the surface of the hydroggit is weakly boundUpon contact with another object,

a part of the liquid present on the surface gets deposited on the objdw. surface
wetting of the hydrogel act as lubrication between the hydrogel and the objH.
deswelling by liquid depositials particularly importanfor the deswelling ratevhen

a hydrogels beingpressed repeatedlpnto and objector slides ovepn an object
during ultrasound measurements The diffusion rate of the liquid through the
hydrogelcouldhave a significant effecn the liquid loss from the surfacehdrefore,

the diffusion rate can be optimised to fit the amount of liquid needed on the surface
at a gven time for lubricating purposeslo illustrate the depositioran example of
liquid depositionfrom swollen polymer hydrogeh tapping and sliding mode is

shown inFigure6.1
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Figure6.1: The blade of a chef knif@1 cm in length¥howing the liquid deposition after tapping (A) and sliding

(B) aswollencommercial hydrogel beazbntainedwithin a couplant holdefrom left to right

For the benefit of the readesomeswelling data for the poly(A#éco-SAcco-MBA)
beads preparedia TLSP was discussgetviouslyin Chapter 3.3.2. The boxplot that
waspresentedfor multiple batches of the poly(Aéco-SAc-co-MBA) prepared with
different crosslink densities showed a narrow distributidooth in the dry and
swollen state One beadwas usedor every swelling deswelling testfor hydrogels
preparedvia TLSP. This wadone to make the measurement viable within the
timescale of thigesearch workand the narrow size distribution ensutehat the
samplesvererepresentative for the whole batciControl of swelling by changing the
crosslinler concentration and the quantity of sodium acryldtas beenshown in
Chaptes 2 and 3. More detailsabout the swelling ofthese hydrogels will be
presental within this Chapter. Results for the deswelling of hydrogels vod
discussed wittafocus upon controlling the deswelling towards the requirements for

the CMMRUP1 application.
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6.2. Experimental
6.2.1. Materials and instrumentation

The following reagents weresed as received: ethylene glycol (Sigma, 9%)3

glycerol (Sigma, 9%) and propylene glycol (Sigma,%?3.

All hydrogel samplegxcept for commercial B1 beadsere preparedoy the author
and the experimental proceduseand spectral data are reportedhiprevious

Chapters.Thecommercial B1 beadsere supplied by Renishaw.

Double distilled water was produced by an Aquatron A4000D water still.
6.2.2. Procedurs

Filter method

The swelling andeswellingproperties of hydrogel samples were measured following
a standardised procedure. For the swelling of the hydroge|sredeterminedmass

of hydrogel was brought into contact with an excess of the swelling solution, allowing
for the complete immersion ohe hydrogelsduring the swelling procedure. Typically,
swelling of the polymeric materials was continued $evendays or longerandthe

Sqwascalculatedusingeq. 10 (Chapter 1.2.4.)

When retrieving the hydrogels from the swelling medium, excessdiagn the
surfaces of the hydrogels was removed by placing the hydrogelglatty wetted
filter paper. The hydrogels were moved around for several seconds urttihoes of
water were on the filter paper, at which point the swelling equilibrium was

determinedgravimetrically

To measure theleswellingof the hydrogels over time, the hydrogels were placed in

open vials (height: 7.5 cm, width: 4.5 cm)in air.
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6.3. Results and discussion
6.3.1. Swelling andekswelling of commercial B1 beads

The durationfor which one single beaaintains its performancas anultrasound
couplantwithin the appication iscrucial The timeframeverwhich the bead delivers
highquality data asanultrasound couplantshould beat least10 h, including 2h of
unused time The deswelling rate of a bead thatasbeingused within the CMM RUP
1 setup, using the tapnode methodologywasfound to roughlycorrelatewith the
evaporation rate othe beadused The deswelling oEommercialB1beads swollen
in DDwater were measuredand represent the deswelling of commercial bealds
house studiesnthe performance of commercial beadswdgasound couplargwere
performed previously. Itwasshown that the commercial B1 beadsere the most

suitable commercial hydrogelested.

For the B1 hydrogels, th&q= 176 and theswelling ratewasdetermined to be 9.1

mg/min. based on the linear region (60 %%{) of the plotof swellingversustime.

In addition tothe uptakeof large quantities of DWvater, hydrogels are also capable
of swelling in aqueous solutions. dtves were used to influence the swelling and
deswellingproperties. Aqueous solutions were prepared using ethylene glycol (EG),
propylene glycol (PG) and glyok(GLY). The aqueous additive solutions were made
up to 80% v/v due to insufficient swelling of the beads in more concentrated additive
solutions, caused by their greater affinity towards water relative to the additive.
Additionally, the water within te solution likely wets the hydrogel and enables
dissipation of EG, PG or GLY within the netwd®k?’ These additivesolutionswere
preparedto increase the working time of these beads by decreasingrthe of
evaporation of the liquid absorbed by the hydrogel netwdrkis additive approach
resulted in a decrease the rate ofdeswellingas shown irFigure6.2, Figure6.3 and
Figure6.4, measured att over the course ofive days.The original mass is the mass

of a single hydrogel bead after being swollen in the solution measureeDat
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Figure6.2: Deswellingof commercial B1 hydrogel beads swollen-B0@6v/v aqueousEG solutions.
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Figure6.3: Deswellingof commercial B1 hydrogel beads swollen-B0®6v/v agueous PG solutions.
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Figure6.4: Deswellingof commercial B1 beads swollen #80%v/v aqueous GLY solutions.

Here,the diameter of thebeads measured were nan the range betweer®.2 and
8.6 mmwhent=0. The hydrogels were allowed to swahrestrictedin the aqueous
solution and therefore the diameter was mostly betweendnd 10 mmlt is likely
that the change in & between hydrogels swollen with a different percentage
additive in the solutiorwasnot dueonlyto the deviation in swellig between beads.
Thechangeof the Sqwhen using different solverdcompositionshas beerdescribed
for multiple hydrogel€?® For the commercial hydrogelthe Sq decreased slightly

with increasing alcohol concentration within the aqueous solutions.

A linear relatiorship can be foundbetween the deswelling time and change in
diameter, for all aqueous solutions of each individual additive uaetbss the full
composition rangeThe linear relationship is shownkigurel1.23, Figurell.24 and
Figure11.25. From the data acquiredthe duration for which the diameter oa
commercial beadvasbetween 8.7 and 6.0 mman be determinedising these linear
relationships. Sinc&G, PG and GLYdhaughly the same effect on increasing the
time of the hydrogein the swollen state, EG was taken as an example. Extrapolation
of the linear relationship ofleswelling time and change in diametd#ra commercial

B1 bead swollen in-80% aqueous EG solutiatiows us to estimatéhe duration for

which the diameter othe beadswasbetween 8.7 and 6.0 mm. The extrapolation
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gives aduration in hoursof 26, 50, 72, 100, 144, 186, 289, 520 and 2&60B1
hydrogel beads swollen in® %v/v aqueous EG solutiongspectively. The values

used for this calculation are shownTiable11.1.

6.3.2. Swelling anddeswelling of poly(A#&co-SAoc-co-MBA) spheres
prepared by TLSP

The beadgreparedby the two-layer sedimentation polymerisation of acrylic acid
and sodium acrylate with MBA were able to achieve a highgn®D water relative

to the commercial B1 beads. The commercial B1 beads were abdath anSq of
176 whereas thepoly(AAo-co-SAo-co-MBAg 37 reachedan Sq of 262. Relative to the
commercial B1 beads, thpoly(AAo-co-SAcco-MBA 32) swollen beads dried out
faster, in roughly24 h instead of 128, respectivelyThis observation is explained by
the difference in total amount of water absorbedor the commercial Bland
poly(AAo-co-SAc-co-MBA 32 beadsthe total amount of waterabsorbedwas 1.54
and0.30 g respectively.

It has been established thalhe additivesEG, PG and Ghlincrease the tne over
which swollen hydrogelstay intheir swollen state The time increase wasughly
the samefor all additives. Therefore, thiesting of the effect of these additives was
restricted to EG fothe poly(AAoe-co-SAo-co-MBA 32) beadsproduced by TLS®When
allowing the TLSP beasiwollenin 0-80% v/v agueous additive solutions to-devell,
the decrease ithe rate ofevaporation of the swelling medigasagain observedas
shown inFigure6.5. Thus, he tailoring of thedeswellingoehaviourof the commercial
beads as well as the TLSP beadzn be realised.
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Figure6.5: Deswelling opoly(AAor-co-SAo-co-MBA 37 beads swollen-80 %v/v aqueous EG solutions.

Normally, an increase in the EG concentration within am@&@r mixture will ensure

a linear decrease in the evaporation rateraf?® Since linearityvasexpectedfor the
evaporation rate, over longer periods thigas also expected for the percentage
original weight of the beads over a range of different additive concentratiwhgh

iIs shown inFigure6.6. Using the predictable deswelling behaviour, thdditive
concentration can be used to determine the usage time of a specific spherical

ultrasonic couplant.
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Figure6.6: Percentage original weight versus percentage ethylene glycol in solution.

Asis shown inFigure6.7, and often in othedeswellingtests, the first part (6 h) of
the deswellingwaslinear (R= 0.9990.96). This means that the rate of evaporation
during this timewas constant (15 mg/h for @6 additive). During the first 6 h, the
mass of A (06) dropped to 636 oft=0 (original masy A mass drop of 6% results

in a 27%decrease irsurface areaThe nonlinear relation of the decrease in volume
with respect to the decrease in surface asdaud result in a nodinear curve of the
evaporation rateover time. The fact that the curve is linear suggests that the
evaporation ratewasnot the onlyfactor influendng the deswellingrate within the
first hours of deswellingLogically, ther factors play a part in controlling the

deswelling
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Figure6.7: Measuremens of the deswelling behaiour forpoly(AAq-co-SAq-co-MBA 32) beads in 880% aqueous

EG solutions.

The swelling of the individual hydrogel sphevessrestricted by the elasticity of the
polymer network. The elasticityf the network results irthe release of the solution
from the polymer networkto the surfaceof the bead Sweating is one of the terms

used and wasobserved duringdeswellingexperimens for commercial as well as

non-commercial beads.

A visual analysiwas done by placing hydrogel on a filter paper and looking at the
capability of the hydrogel to wet thiélter paper.The speed at which the filter paper
waswetted represents the amourof water on the surface and the diffusion of the

water within the bulk of the hydrogel to the surface.

A decrease in sweating of hydrogel sphevess observed when swllen in more
concentrated aqueous additive solutionBhiswas likely to beas a resultof the
increase in viscosity of the liquid mixture which is known to decrease diffusion. So,
both the evaporation rate and the sweating rateas influenced by the liquid

composition and determingthe total deswelling rate of the hydrogels.
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6.3.3. Deswelling ath swelling behaviour ?iSHGgrepared by TLSP

For thepoly(C&*alginateco-AM-co-SAco-MBA) hydrogels synthesised by TLBE
swelling and deswelling ratewas of interest for the metrology application. The
interest in the swelling and deswelling ratgas due to the aforementioned
requirements of durability antb compare the HSHGs with commercial amtiouse
prepared lydrogels. Additionally, more detailed analysis was required on the
influence of the addition of charged monomers (SA) on the swellidgdaswelling
rate. The $qin DD water of poly(C&alginateco-AM-co-SAco-MBA) with 1, 2, 5 and

10 mol % SA are 96.5, 247, 492 and 768. Swelling waslsomeasured over timg

as shown irFigure6.8. It is clearly shown that the.gncreasewith increasindevels

of SA.
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Figure6.8: Average of the swelling measuremep&formedon poly(Cé&*-alginateco-AM-co-SAco-MBA) beads
prepared by TLSP with 1 (orange), 2 (grey), 5 (blue), and 10 (yeibdBHSA.

The swelling rate of the poly(€aalginateco-AM-co-SAco-MBA) hydrogelsalso
increasel with increasing SA conterVhen§ waslessthan 60 % ofSyq the swelling

rate can be described ®g. 15 (R > 0.996). The swelling rate is describeth@smass
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of water absorbed pemassof hydrogel (§ over time. Swvastherefore calculated by
dividing the mass of hydrogel at a certain timg)bly the dry weight of the hydrogel
(Mo). The swelling rate was calculated by determining the derivative of the p(et S

60 % ofSq) versugime. The swelling rates over time are showrkigure6.9.
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Figure6.9: Swelling rate of poly(Caalginateco-AM-co-SAco-MBA) beadsver time(1 (orange), 2 (grey), 5
(blue), and 10 (yellowpol %SA) the beads wergrepared by TLS#hd swollerin DD water.

Interestingly, the swelling rates of the beadgnthesised ifhouse approach the
swelling ratesdetermined for highly porous hydrogel® Thiswasmostlikely due to
the flexibility of the chains caused by the low crosslink density of the polymer
network. It can also be observed thidite swelling rate increaskover time for the

polymer materialpreparedwith 5 and 10mol %SA.

Usingeq. 15, the swelling exponent (n) and swelling constantwWi€je determined
by taking the slope and the intercept with theayisfrom the plot of log(8Seq) versus
log(t). The values for ,nK D and the coefficient of determinatio(R) for the
poly(C&*alginateco-AM-co-SAco-MBA) areshown inTable6.1. Highcoefficient of
determination (R > 0.99¢ were confirmed for these plots.The abnormal
characteristic constant n shows a very fast diffusion and a slower relaxation for 5 and

10 mol % SArurthermore, it describes the increase in swelling rate over tive.
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contribute these observation® the higher mol % of SA moieties withire polymer
backbone causing polyelectrolyte behavioumTheswelling exponenexceedingl is
unusual forthe swelling kinetics of hydrogels and indicates a more complex swelling

mechanismwhich has not been described in literature

Table6.1: Values for the swelling kinetics and the diffusion coefficient for pdi&@gnate-co-AM-co-SAco-

MBA) prepared via TLSP, with 1, 2, 5 and 108K incorporated.

SA (mol %)  Kx10° n Dx 10’ R
(cré/s)

1 28.6 0.8143 2.55 0.9960

2 4.43 0.9973 3.37 0.9967

5 1.15 1.1464 4.62 0.9997

10 0.778 1.2144 6.23 0.9980

The dffusion coefficient of the hydrogels shad an increase with increasing SA
content. This increaseaslikely caused by the electrostatic repulsion induced by the

SA unitspromoting osmosis.
Swelling in aqueous alcohol solutions

An aqueous solution dELYwas used due to thattractiveness of itextreme high
boiling point (290°C) relative to EG (197.80 and PG (188.20. Swelling these
hydrogel beads to the appropriate size (85 mm in diameter) fothe ultrasound
couplingapplicationwas of secondary importander these swelling and deswing

studies.

Remarkablyfor the swelling of poly(C&alginateco-AM-co-SA) hydrogels therwas
a clear difference ithe Sq for DDwater and aqueous solutions of glycerdhe Sq
in 60%V/v aqueous glycerol solutiofor poly(C&*alginateco-AM-co-SA) with 1, 2,
5 and 10 mol % Skere30.4, 41.2, 221 and 268espectivelyThese &, valuesshow
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that the beads can be prepared in the correct size range&§%2nm in diameter) by
increasinghe SA contentinterestingly, when swetlg in 60%v/v aqueous glycerol
solution, the differencen swellingbetween 5 and 10 mol % S¥assmall compared
to that in DD water(492 and 763, respectivelybue to the increase in viscosityr
the aqueous glycerol solutionan extended swellingrtie might result iralargerSgq
difference. This would mean that the lower diffusion ratesdeterminingthe Sq

after oneweek of swelling and the maximum swellwgsnot yet reached.

The difference in & for aqueous glycerol solution and DD watess not observed
for the poly(AAe-co-SAc-co-MBA 32 beads. Thisvas likely caused by the lower
electrostatic repulsionof poly(C&*-alginateco-AM-co-SAco-MBA) respectively to
the poly(AAo-co-SAo-co-MBA 32 beads.Theextendof charge repulsion within the
poly(AAoc-co-SAcco-MBA32) network causes the hydrogel to act as a
superabsorbent The charge repulsiofor poly(AAoe-co-SAcco-MBA 32 was large
enough to fully exted the polymer network in aqueous solutions walhigh volume

percentage of alcohol@ip to 80%)

The deswellingvertime of poly(Ca*alginateco-AM-co-SA) with differenAM to SA

ratiosis shown irFigure6.10.
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Figure6.10: Deswelling opoly(Cé&*alginate-co-AM-co-SA) hydrogel beads over time prepared with 1 (orange), 2

(blue), 5 (grey) and 10 mol % (yellow) of SA within the monomer solution.

When plotting the deswelling rat€t00-40 % 0fSq) againstthe initial surface area of

the beads a linear dependencef@ind, asis shown inFigure6.11.
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Figure6.11: Deswelling ratend the respective initiaurface area of poly(€aalginate.co-AM-co-SA) hydrogels
showing a linear dependencéZ0.0405 x 16) X + (4.4939 x ). R=0.9978
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Theestimateddeswelling rate for a behcan be calculated from this dathhas been
determined that the deswelling rat®r a poly(C#-alginateco-AM-co-SA)ead was
12 mg/h,when the diametemwas7.85 mm. Foa poly(AAc-co-SAxco-MBA 37 bead
with the same diameter, the deswelling rate was 15 mg/h (200% of &), which
was slightly higher than the calculated valuSince the conditions (temperature,
place, vialetc) werenominally identicafor the experiments, we hypothesise that
the poly(AAso-co-SAo-co-MBA) hydrogels havetagherdeswelling ratébecause they
were more prone to sweating dut their greater ability to transport water from the

bulk of the hydrogel to the surface

The deswelling rate of B1 commercial hydrogeés higher (21 mg/h) due to the
increased surface area (4.5 times larger) compared to the snpallg(Ca*-alginate
co-AM-co-SAco-MBA) and poly(Akr-co-SAo-co-MBA 32 hydrogelsBy estimation of
the deswelling ratsusing thelinear dependence of the initial area on the deswelling
rate, the B1 commercial hydrogelshould have a deswelling rate of 31 mg/h.
Therefore the deswelling rate of B1 commercial hydrogeissless thanwhat was
expected for a ply(Ca*alginateco-AM-co-SAco-MBA) hydrogel with the same
diameter.It could be thathe B1 hydrogels are less prone to sweatiligs important
that the deswelling rate of all hydrogel materials tested are compdeedientify

possible advantages amtisadvantage based on these properties.

The deswelling plots of poly(€alginateco-AM-co-SAco-MBA) swollen in aqueous
alcohol solutions will bedentical to those ofpoly(AAc-Co-SAo-Co-MBAy32). The
deswelling ra¢ will show the same decrease with increasing the alcohol content of
the aqueous swelling solutionghiswas proven with the swelling results of B1
commercial beads and poly(AAco-SAcco-MBA 32 swollen in aqueous alcohol

solutions.

6.3.4. Deswelling and swellingebaviour of HSHGsmade by solution

polymerisation

The poly(C#-alginateco-AM-co-MBAy 029 hydrogel spheres preparedly solution

polymerisation were swollen with various solvent compositions. It should be
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emphasisedthat by using solution polymerisatioof poly(C&*alginateco-AM-co-
MBA.02¢), reproducible batches with CV (based on the diameter) as low as%.36
were prepared. When using a smaller mould, this will enable us to preparé&®8f7
beadswith diametersbetween 8.8 and 8.6 mm wheswollen As mentioned in the
requirements of the couplant material in Chapter 1.1.4, a diameter between 8.8 and
8.6 mm must be reached for a batch of beads after sieving. The abilsyell the
hydrogelsprecisely to this size rangaakessieving redundat for these materials
Avoiding sievingeverelyreduces the preparation time and the man hours needed.
For poly(C#-alginateco-AM-co-MBA) prepared within a mould,the swelling
constant, swelling exponent and diffusion coefficient were 2.42% 00&® and 2.20

x 108 cn¥/s, respectively. These hydrogels show Fickian diffugion 0.5) which is
controlled by the diffusion rate. The lower diffusion ratedinot result in a longer
time for the hydrogel to reache$because thesq waslower than forthe previously

discussed hydrogels with a higher diffusion rate.

Poly(Cé*-alginateco-AM-co-MBAv.o29,  poly(Cé*-alginateco-AMog 75C0-SA 25-CO-
MBA.029 and poly(C&*-alginateco-AMog 5-co-SA.5-Co-MBA 02¢) hadan Sq of 34, 38
and 46 respectively Deswelling of poly(Gaalginateco-AM-co-MBA 029 was
measured over time and esentedin Figure6.12. A linear decrease of 0.0143 cm/h
(15.5 mg/h)is shown,which suggesta minimum working time @: 8.7-6.0 mm) of

roughly19hours.
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Figure 6.12. Deswelling of poly(@aalginate-co-AM-co-MBA) beads swollenin DD water showing a linear

relationship of decrease in diameter over time.

The deswelling rate (15.5 mg/h) of poly{Galginateco-AM-co-MBAy 029 prepared
by solution polymerisatiomaslower than the expected deswelling rate (17.6 mg/h)
based on the linear relationship of the initial area of the hydrogel sphere on the

deswelling rate of poly(C&alginateco-AM-co-SAco-MBA) made by TLSP.

The same decrease in evaporation rate was eigxe with the addition of EG, PG or
GLY on Bl and poly(&%&o-SAcco-MBA) hydrogels. Following the results from
poly(AAoc-co-SAc-co-MBA), deswelling experimentsowld haveresukdin a working

time of 129 hours when using a 60 % v/v aqueous ethyler@mb$plution.

Poly(C&*alginateco-AMog 75C0-SA 25C0-MBAo29 was swollen in a 606 viv
aqueous glycerol solutidior comparison with beads prepared by TLHie $;of the
hydrogel after one week of swelling was JBie S, of poly(Cé*™-alginateco-AMgg 75
co-SA.25co-MBA) swollen in 6@6 v/vagueous glycerol solutiomasalmost the same
as the & in DD water.The deswelling of théeadsswollen in 60% v/vaqueous
glycerol solution was performed in a vacuum o\é60 mbar) at 70 °C Figure6.13
clearly shows that aftethree days themassof the beads was decreased by 398ty.
After three daysthe massof the bead decreasesnegigibleamount (3% in19days)

All the water within the hydrogel has evaporated and left the glycerol within the
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polymer network. Due to th@resenceof glycerolalone the polymer structure can

alsobe referred to as morgandydrogel??’
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Figure6.13: Deswelling of poly(Gaalginate-co-AMgg 75C0-SA 25c0-MBA) swollen in a 606 aqueous glycerol

solution,in a vacuum oven at 6@over the duration ofwenty-two days.

Several articleshave discussed the use of glycerol within hydrogel structifés.
Mostly, the ideawvasto increase the compatibility of the hydrogels in environments
with high temperature and/or vacuum and prevent dehydratidn. Hanet al.
increased the temperature tolerance and tissue adhesive properties by using
aqueous glycerol solutiorf$® J. J. Vlassa&t al. also showed an application for
hydrogelsthat can be usedn temperatures as low a$7 °C and even recorded an
increase in mechanical strength of the hydrogalsheselow temperaturesby using

an aqueousCaClsolution as the swelling medfa*

Once the 60 % aqueous glycerol swolfely(C&*-alginateco-AMgg 75C0-SA 25-CO-
MBA)beads were retrieved from the overalmost no evaporationdok place of the
liquid within the beads. It should be noted that the beads are sticky to the touch and
are therefore unlikely to be w@ful for the aimed ultrasonic probe application.
However, if the adhesive character can be reduced, this could beuérasound
couplant for more demanding environments such as extreme temperatures.

Additionally, the toughness, high liquid content and deswelling resistance makes the
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K@RNRISE I LILI A Ol 6t Srhesedtypealof diyRebidblants GaildzLIt | y
outperform currently used ultrasend dry couplant materials such as Aqualene
developed by Olympu®? Theultrasound couplanperformance of these materials

isdiscussed in detail in Chapter 8.
6.4. Conclusiosn

The & and the deswelling rate has been determined for commercial hydrogel beads
and poly(AAo-co-SAo-co-MBA 37 beads preparedria TLSP. EG, RB&d GLYwere
identified as additives to decreaghe rate of evaporation of the liquid from the
hydrogel. Additioally, the diffusion of the liquid through the hydrogeaschanged
based on visual observations of the hydrogel spheres swollen in different alcohol to
water ratioswhereby a higher alcohol content led to a decrease in the diffusion. For
EG, PG and GL&¥maximum of 8®ov/v in DD watemwasdetermined. Above this
concentration the hydrogel&ere not able to absorb their maximum of liquid within
oneweek. Swelling times abovane week are notcostefficient for the preparation

of the hydrogelsfor the ultrasound couplingapplication. Swelling in aqueous
solutions of 60% Vv/VEG, PG or GLY satisfy the working time requirement for the

ultrasound couplingnaterials.

For poly(C&*alginateco-AM-co-SAco-MBA) beadswith 1, 2, 5, and 10nol %SA,
preparedviaTLSP, swelling rates approaching those of polyHIPE hydrogels have been
determined. Furthermorethe swelling exponent (n)swelling constant (Kand
diffusion coefficient (D) have been caldeld from the data. Unusual values for n
were observed fompoly(C&*alginateco-AM-co-SAco-MBA) synthesised with 5 and

10 mol % of SA. These valuegre ascribed to the low crosslink density in
combination with the polyelectrolyte network created by timeorporation of the SA

moieties.

Poly(Cé&*-alginateco-AM-co-MBA) beads prepareda solution polymerisation, fully
swollen in DD water, showed a very narrow size distribution. This narrow size

distribution makes the cumbersomesieving method redundant once a
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compkmentary mouldhas beendesigned.The deswelling rate can be reduced by
swelling in aqueous alcohol solutions. When using &®®/v aqueous glycerol
solution the hydrogel meets the working time requiremeriurthermore, an
organogel has been prepared by swelling polyt@ainateco-AM-co-MBA) beads in

a 60% v/vaqueous glycerol solution and allowing the beads to dehydrate inawac
oven. The organogébrmed lost only 3 wt % over anotherl9 days of dryingand

therefore has potential of being used asxaR NiEr@sound couplanmaterial.
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Chapter 7- Mechanical strength of swollen hydrogels

7.1. Introduction

For decades, hydrogels were known for their amazing captcapsorb waterand

weak mechanical strength. New synthetic approaches have led to stronger swollen
hydrogels and cleared the path for nowegbplications. The mechanical strength of
hydrogelsis essential for their functionn a wide number of applicationd=or
hydrogels to be used adtrasound couplingnaterials, thé mechanical strength is

critical for the durability of the coupling material during ultrasonic measurements.

The measurement of the mechanical strengthutifasound couplingnaterialscan
be done byuniaxialcompression testingn the present work théaydrogels were pre

swollen andplaced oranInstron2527 as shown irFFigure7.1.

Figure7.1: Uniaxial compression sap showing the placement of a swollen hydrogel beadmimstron2527.

The compression strength of the hydrogel gives a good indicafitimecstrength of
the hydrogel. We can also accuratelgtermine if a hydrogel is strong enough to be
used as amltrasound couplantue to data poing obtained from commercial beads.

For thickness measuremesising a tapping mode, the mechanical strength should
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be around that of the commercial beads whbeeads ae swollen to their workable

size. For future slidingnode measurements, the mechanical strength is ideally
enhanced with respect to the commercial hydrogelsSRRAGA 2y I f f 82 (K¢
modulus (hodulus ofelasticity) is important for the sliding mode measurents.

During the sliding of amltrasound couplanmaterial over an object, the couplant

material should stay within theouplant holder It has beerobserved, during i

house measurementshat ultrasound couplantmaterials came out of theouplant

holder during sliding mode measurement® &S 2F RST2NXNI GA2Yy ¢

Modulus)can therefore be a disadvantage for the application.

Within this Chapter, the mechanical strength of poly{f¢o-SAo-co-MBA) beads
preparedvia TLSPwhere Zis between 0.19 and 0.45 mol, #oly(C&*alginateco-
AM-co-SAco-MBA) beads prepared via TLSP and poly(&alginateco-AM-co-
MBA.02¢) beadsprepared by solution polymerisatiomere measuredand compared.
These materialsvere chosen due to their direcapplicability within the ultrasonic

probe andcouplant holder

7.2. Experimental
7.2.1. Materials and instrumentation

Commercial hydrogels: Bdupplied by RenishgwbDemico soffDemiCo Itd), Demico
medium hard(Demi Go Itd), Demico hardDemi Go ltd), M2 1mm (M2 Polymer
Technologies), M2 2.5mm (M2 Polymer Technologies).

Compression testindnstron 2527, 3 kN load celcompression plateg): 5.0 cm.
7.2.2. Procedurs

Compression testing: The hydrogel was placed directly ondhgression plateand
the compressiortesting was performed without delay. The surfaad the beads
werenot dried in advanceAll measurenentswere done at rwith a crosshead speed

of 5 mm/min.Three samples were measuréa every batch to obtain reliable data.
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7.3. Results and discussion
7.3.1. Uniaxal compression strength &\hydrogels

Measurements of the miaxial compression strength dhe single network §N)
poly(AAo-co-SAoc-co-MBA) hydrogel beadpreparedvia TLSPwhereZwasbetween
0.19 and 0.45 mol %and the commerciahydrogelswere performed It wasassumel
that the commercial hydrogels acquired from various soumsege all SN hydrogels
due to their respective compression strengthternative analytical techniques are

unlikely to identify if any DN hydrogels are peat

Attempts weremade to swell althe hydrogels measured to the same degree (same
Sq). However, this il not seem possible without hightyme-consumingswelling
trials. Thedifficulty arises in theK @ R NRcaApatiliQ &f absorbing water. Whem
fixed masof waterwasadded toavialwith abead, itwasshown thatpoly(AAo-co-
SAo-co-MBA), whereZ was between 0.19 and 0.45 mol %bsorbs nearly all the
water dispensed>95 %,)whenthe mass of water addeitis not above the & of the
particular hydrogel. The capability of absorbing nearly all the water within the vial
makes it easy to tune the size of the bead based on the quantity of water added.
However, most commercial beadglahot show the same absorption behavigand

are often different from vial to vialSmall éviations within the & were present and

will be discussed from the results obtained.

Firstly, the maximum force (N) and respective deformation of commercial beads (fully
swollen and swollen with 0.4 mL DWater) and poly(AAs-Co-SAo-co-MBA.32)
hydrogel beads (swollen with 0.4 mL Bter) are shown irFigure7.2.
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Figure7.2: Representation of the marumcompression stresfofce in N) and the respective deformation. Green:
poly(AAq-co-ShAor-co-MBA 39 swollen in 0.4 mL Diater. Blue: Commercial hydrogels swollen to their maximum

in DDwater. Yellow: Commercial hydrogels swollen in 0.4 mater.

It is clearly shown that the commercial beads are strongeth when fully swollen
and when not swolleto the Sqwith 0.4 mL DOvater. Commercial hydrogel Btas

the strongest among those testethterestingly for the poly(AAc-co-SAo-co-MBA,)
hydrogels, the beads prepared with19 mol %30 mg MBA were the strongests
shown inFigure7.3. Normally, the increase in crosslink density further increases the
strength of the hydrogelHowever,acrylatebasedhydroget are known to have a
non-homogeneous network and areas with a heéglerosslink density may develép
Additionally, the mechanical strength of highly swollen polyelectrolytes are not as
well understood as less swollen polymer netwotks.Comparable mechanical
strength data of polyelectrolytes has not beesuhd within the literature Poly(AM
co-MBA) and poly(@?*-alginateco-AM-co-MBA)hydrogels also show an optimum in
MBA concentration within their network, however, an explanation has not been

given23®
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Figure7.3: Representation of the maximum compression force of the poly-o&/SAo-co-MBA) hydrogels \lere

Zis equal t00.19, 0.26, 0.32, 0.38r 0.45 mol % olMBAin the feed

The strongest commerci@lydrogelhas a maximum compression force 8ahigher
than that of the strongest poly(A#éco-SAoc-co-MBA) bead.As can be observed
clearly between the maximum compression force of the fully swollen commercial
beads and those swollen with 0.4 mL @Bter, the grength washighlydependent

on the swellingFigure7.4 shows the swelling of the hydrogels and their respective
maximum force. Notably, the fully swollen commercial beladdalower maximum
compression strength while having a higher swellifipis was observed for all

hydrogels measured within this research and elsewherel is described by the Lake

Thomas model (Eq. 2).
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Figure?7.4: Representation of the swelling of the hydrogel beads and their respective maximum compression stress
(N). Green: Poly(A#co-SAqe-co-MBAy 39 swollen in 0.4 mL DRater. Blue: Commercial hydrogels swollen to their

maximum in DDvater. Yellow: Commercialydrogels swollen in 0.4 mL D&ter.

7.3.2. Uniaxial compression strengthldSHGs
HSHGgreparedvia TSLP

Poly(Cé&*-alginateco-AM-co-SAco-MBA) beads were prepared by TLSP. To
accommodate for the bead size requirgd ©.28.6 mm) SA was adde(l, 2, Sand

10 mol%). Incredible strength was observed when the hydrogels were prepared
without SA using solution polymerisation. Howewshen SA was added while using

a TLSRthe maximum compression strength dropped drastically to roughlya26f

the poly(AAc-co-SAcco-MBA) hydrogels.Although the SA content within the
hydrogel changes significantlthe maximum compression forceras not altered
drastically as shown inFigure7.5. The water content and maximum deformation

were comparable to the poly(As-co-SAo-co-MBA) hydrogels.
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Figure7.5: Compression test results showing maximum force relative to the SA content of the Palidifate

co-AM-co-SAco-MBA) hydrogels.

Although the maximum compression stress of the poly§fA@o-SAe-co-MBA 32
hydrogels was higher, the performance of tpely(Cé*alginateco-AM-co-SAco-
MBA) hydrogelsn the CMMRURL was better.The polyC&*alginateco-AM-co-SA
co-MBA) hydrogels did not fracture when udeas a ultrasound couplant The
performance of the hydrogels on the CMM RUBetup will be further discussed in
Chapter 8.

Looking at the mechanical strength, the p@w*-alginateco-AM-co-SAco-MBA)
hydrogels show a lower elastic modulus than the poly¢aSAco-MBA).
Unfortunately, accurate determination of the elastic modultemnotbe made using
the compression setipused This is due to the low sensitivity of tirsstrumentused.
For a more accurate determination of the compression strength andYthengQ a
modulus an altenative instrument could be used such as the Q8@@namic

mechanical analysewhich has a measuring range from 0.0Qr8.N.

We hypothesie that unless themaximum deformation of the pol@&*alginateco-
AM-co-SAco-MBA) hydrogelisreached, the (localised) forces on the sphere are not
high enough to cause rupture of the sphere. When using the poh#{&rSAc-co-

MBA) the resistance against deformation results in a significant localised stress
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which leads to the rupture of the beatliring the ultrasonic measurement. The stress
points are along théottom edge of thecouplant holderascan be identifiedn Figure
7.6. It should be noted thathe hydrogelbead within the couplant holderwasnot
sphericaj it washowever deformed by the bottom edge of tleuplant holderand

by being pressed against the transducer.

S’

Figure7.6: Image showing a hydrogel sphere withinauplant holder

Additionally, ass shown inFigure7.7, when fracture @curs complete fragmentation
of the poly(Cé&*alginateco-AM-co-SAco-MBA)beadwasinhibited by the dissipation
mechanismWith normal single network hydrogelsuch as poly(AMo-MBA) and
poly(AAoc-co-SAc-co-MBA), any force on a damaged hydrogel beaduld result in
further fragmentation of the hydrogel spheraVhen compression testingvas
performed and failure of the hydrogeloccurred complete fragmentation of the
hydrogelwasalways observedOf course when uang these materials within objects
of interest, such as engine pistons, the complete fragmentatimuld lead to the
contamination ofa higHy valuableobject Whenbreakageof the poly(C&*alginate
co-AM-co-SAco-MBA)hydrogel within thecouplant holdemwasforced, the hydrogel

remainswithin the shelland dd not contaminate the test part
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Figure7.7: Poly(C&-alginate-co-AM-co-SAco-MBA)hydrogel sphere split in twgartsduringa compression test.

HSHGgrepared by solution polymerisation

Poly(Cé™-alginatecoAM-co-MBAyo29 spheres were prepared by solution
polymerisation. For comparisopply(AM-co-MBA) beads, without the addition of
CaC and sodium alginate, were also synthesisddhe stickiness problemwith
poly(C&*alginateco-AM-co-MBA 029 wasaddressed in Chapter3t4. In an attempt

to decrease the stickinesa batch ofpoly(C&*alginateco-AM-co-MBA 029 spheres
was allowed to swell within an aqueous sodium alginate solution followed by
submerging in amqueous Cagkolution No significant difference in maximu
compression force was observed between sodium alginate anc: @a&led and

untreated poly(C#-alginateco-AM-co-MBAy 029 beads.

The maximuntompressiorforce (kN)and deformation(D/Do) were plotted andare
shown inFigure7.8. The results of the SN hydrogels and DN hydrogels prepased

TLSRind the commercial samplegere also addedor comparison
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Figure7.8: Force (kN) versustbrmationresults from uniaxial compression testing. SN (green) and DN (purple)
hydrogels prepared via TLSP. Commercial hydrogels swollen with.Qyédllow) and fully swollen (blue) in DD
water. Poly(C&-alginate-co-AM-co-MBAy 029 Sspheresprepared via solution polymerisationith and without
treatment with sodium alginate and CaCfred). Poly(AMco-MBA) hydrogels spheres prepared via solution
polymerisation(grey)

Due to the small difference in mechanical strength betwgely(Cé&*-alginateco-
AM-co-MBA.029) spheres thatvere allowed to swell in an agqueous sodium alginate
solution and an aqueous CaGblution and those that just swell in DD water, the
results are nb depicted separately. Theoly(C&*™alginateco-AM-co-MBAy 029
hydrogel spheres prepared by solution polymerisatiwere 4 to 5 times stronger
than the strongest commercial hydrogels. Atéhally, thepoly(C&*alginateco-AM-
co-MBA.o29) hydrogels did not break during multiple cycl@serefore, the results do
not represent themaximum force at breakor the poly(Cé*-alginateco-AM-co-
MBA.02¢) beads It rather showghe maximum forcehat could be measured before
the two plates of the compression testing where tosgdo one another for the test

to continue.

To test these materials to thelimit, it isrequiredto resynthesisehe hydrogels in a
shapesuitablefor tensile testingOther materials presented within this wonkere

not strong enough to be tested using the tensile method due to the stress needed to
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clamp the material in place before testinfherefore, compression testing is the best
wayto compake these materials. When the hydrogel&ldot break during multiple
loading cycles, the mechanical strengttas more than sufficient for use as an

ultrasound couplingnaterial.

In Figure7.9it is shown that thecommercial beads (bluayere still the strongest at
the highest swelling. At lower swelling 30), the strength of the poly(€aalginate

co-AM-co-MBAo2¢) preparedvia solution polymerisatiorwassuperior.

Swelling (g/g)

0.0 0.1 0.1 0.2 02 03 03 0.4 04 0.5 05

Maximum force (kN)

Figure7.9: Swelling (g/g) versusfce (kKNyesults from uniaxial compression testing. (§i¢en) and DN (purple)
hydrogels prepared via TLSP. Commercial hydrogels swollen with.Qydllow) and fully swollen (blue) in DD
water. Poly(Céa™-alginate.co-AM-co-MBAy 029 spheres prepared via solution polymerisation with and without
additional sodim alginate and Cag$welling(red). Poly(AMco-MBA) hydrogels spheres prepared via solution
polymerisation(grey)

From the compression testindataobtained one could imagine thathen increasing
the water content within the strong poly(Céd*alginateco-AM-co-MBA.029
hydrogels their mechanical properties would stitle superior tothe mechanical
properties of thecommercial hydrogeldncreasing the water contern$ anapproach

to solving the stickiness problem and minimiskemical mateal used for the

applicationas well.

Poly(AMco-MBA) beads preparedia solution polymerisationwere synthesised
Poly(AMco-MBA)beadsvisualize thesffect ofsodium alginate and Ca$@ithin the
poly(C&*alginateco-AM-co-MBAy 029 hydrogelssince thepoly(AMco-MBA) is a
replicate test without these two component3.he synthesised poly(ARb-MBA)
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show a decrease inthe maximum force that the polymer network could endure
comparedo the poly(Cé™-alginateco-AM-co-MB A 029). This shows the necessity for

the implementation of the Cé-alginate network with the hydrogelpheres
7.4, Conclusion

Using the commercial spheres obtained from various sources a minimum
compression strength was determined in combination with resulismf the
ultrasound coupling measurements. The poly(Afco-SAc-co-MBA) hydrogel
spheres preparedia TLSP were weaker than the commercial beads and therefore
did not meet the minimum strength requirement. The weakness of the hydrogel

sphereswaslargely dugo their extremely high &.

The polyC&*-alginateco-AM-co-SAco-MBAy 02¢ beads preparediia TLSRlid not
fragment completely after their maximum strength was exceeded. Complete
fragmentation above the maximum strengttasobserved with the commercial and
poly(AAo-co-SAcco-MBA) beads and is highly unfavourable due pwmtential
contamination of the objecthat is measured. However, the mechanical strength was
even lower than the poly(A#co-SAo-co-MBA) beads and id not meet the

minimum strength required.

Poly(Cé™-alginateco-AM-co-MBAy 029 easily exceeded the minim strength
required, and also showed no complete fragmentation when the maximstrength

of the material was exceeded. To enhance the swelling, 0.25 or 0.5 mol % of SA were
added to the monomer solution. Even with tivecreased swelling of the network

the resulting hydrogels still met the minum strength requirements. The strength
originates from theincorporation of the C&*alginate network as shown by the

comparison with poly(AMo-MBA) beads.
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Chapter 8- Ultrasound couplingheasurements

8.1. Introduction

Ultrasound couplingneasurements wergerformed using a CMM andhe RUP1
produced by RenishavAswas spelled outn Chapter 1.1.4., the hydrogel couplant
must meet certain requirements for them to be applicabl€he swelling character
which allowghe hydrogels to be of the required size for the couplant holder has been
discussed in Chapter 3 and®he synthesis ofyldrogels with stficient mechanical
strength has ben discussed in Chapter 4. The testing of these HSHGs has been
discussed in Chapter Besides the shapeize swelling character and mechanical
strengthof the hydrogel couplanseveral aspects of the behaviour of the ultrasonic
wave within the hyrogels need to be considered.To perform thickness
measuremens, in the ideal case the ultrasonic wave transmitted by the transducer
propagate hrough the couplant without any energy loskthe ultrasonic waveThe
decrease of the amplituds normallyused toquantifythe decrease in energy of the
propagating waveA typical signal ploacquired wherusing Aqualene (thickness = 2
mm) asultrasound couplingnaterial, with the main peaks identifieds shown in

Figure8.1.
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Figure8.1: Example of a typical signal plot received from using Aqualenirasound couplingnaterialwhereby

one measurement was done every 64 n
The accuracy is linked to tlreode 3methodologyused described in Chapter 1.1.2,
whereby the first and second bkwall echoes are used for the thickness
measurementA decreasd amplitude could mean that the second echo is nséful,
and amode lor mode 2calculationmustbe performedon the data.Without going
into too much detail, theautomatic calculations pragmmed within MATLAB failo
run when the amplitude is decreased bel@wdeterminedminimum value This is
related to the change in the shape of the detected ultrasonic wakieh results in
the failure of the automatic calculation of the thickness of thigect. The typical
shape of thefirst delay line (DL) echo, also called interface echogived through

Aqualene is shown iRigure8.2.
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Figure8.2: Typical shape for the DL1 with Aqualene as couplant.

A decrease in amplitudean also ledto arestriction ofthe thickness of the object of
interest The maximum thickness that the ultrasonic probe can measuceupled

to the length of the propagating pathroughthe couplant.The reason for this is that

the second backwall echo should be detected before the second interface echo. Thus,
the time of a propagating wave to go from the interface to the backwall should be 25
% of the time it takes for a propagating wave to go frame transducer to the
interface. When the object of interest is thicker and the time of the propagating wave
is> 25 %, an increase of the propagating length within the couplant is requied.
mode 2approachisused with thicker objects, whemode 3isnot possible. The error

criteriais 20 um for all calibrated objects measured.

When an ultrasonic wave is propagating throughydrogel couplantultrasonic
attenuation causes a decrease in the energy of the ultrasonic wave and is normally
represented indecibels per meterUltrasonic attenuation describes the loss of
energy by both absorption and scattering of the energy of the ultrasonic wave
through thehydrogelnetwork. The ultrasonic attenuation within a hydrogel network
should be clos¢o or equal tothe ultrasonic attenuation of water since the hydrogel

consiss of99 %water.
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Multiple factors can influence the ultrasonic attenuation measured withigdrogel.

A strong inverse correlation between the liquid content and the ultrasonic
attenuation is present Additionally, solid particlesand other causes of aon
homogeneous network will result iachces created by theimpedance mismatch
between the different materialsandalsoresult in theloss of energy of the ultrasonic
wave over the pathlengthtravelled?®® For example, a neshomogeneous hydrogel
network can be created due to phase separation during polymerisation. Phase
separation can occur when two polymer materials presentwhich do not blend
with each other. To avoid thia good interaction between nmomers and polymers

iIs needed For hydrogels a good interaction means they are preferable both highly
hydrophilic and do not react with each othefhe formation of oppositely charged

polymer salts also often lead to dissolution of the network and shoealcbinsidered

In addition to the energy decrease of the ultrasonic wave by impedance mismatch
within the couplant, the interface of the couplant and the object of interest also
results in an echo and decrease of the amplitude of the ultrasonic wave. The
ultrasonicimpedancemismatchis describedas the difference in acoustic impedance
between two materials. The acoustic impedance is determined by the density of the
medium and the speed of the wave. The impedance misma#rhbe reduced by
closing the gapof the acoustic impedance of theouplant and the objectThe
couplant existgnainlyof liquid,anda hydrophilic liquid can be selected to decrease
the ultrasonicimpedancemismatch.Most materials of interest to be measured by
the CMMRURL are metal aly based. Therefore, the acoustic impedance is high due
to the high density of the material and the fast propagation of the ultrasonic wave.
The acoustiempedanceof the couplant can be increased by increasing the density

and speed of soun¢tL) for exanple by swelling in én) (aqueous)glycerol solution.

Several parametensere measuredduring the testing of the couplant materials. The
ultrasonic attenuation, speed of sound, impedance mismatod accuracy othe
thickness measurementeredetermined toobtainusefulknowledge of the hydrogel

as a couplant material. The couplant material will be compared with several
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