Synthesis, M orphology, and

Dynamics of Microgelswith Different

Architectures

Von der Fakultat fur Mathematik, Informatik und Nawvissenschaften der RWTH Aachen
University zur Erlangung des akademischen Grades €oktorin der Naturwissenschaften

vorgelegt von

M.Sc. Andreea Cristinadaceanu

aus Piteti, Arges, Romania

Berichter: Universitatsprofessor Prof. Dr. AndrigiP

Universitatsprofessor korr. Mitgl. der ruménischeAkademie
Wissenschaften Prof. Dr. Dan Demco

Universitatsprofessor Prof. Dr. Wolfgang Stahl

Tag der mindlichen Prufung: 19.12.2013

Diese Dissertation ist auf den Internetseiten daechdchulbibliothek online verfigbar.

der



‘The Answer to the Great Question... Of Life, tmevidrse and Everything... Is... Forty-two’,

said Deep Thought, with infinite majesty and calm.

Douglas AdamsThe Hitchhiker's Guide to the Galaxy



To my mother...



Content

Content
N g1 4 oo [0 [ { o o SO TSP 1
(] (=] (=] Lol ST P TPTRTTTTT 4
2 Samples and experimental CONAITIONS..........couiiiiirie i 5
2.1 Preparation of microgel SAMPIES ... 8
2.1.1 PVCL, PNIPAAmM and PNIPMAAmM homopolymer micedg ..............ccoeeeeeeeeennnn. 8
2.1.2 PVCL/PNIPAAmM, PVCL/PNIPMAAM copolymer micrage..........cccoeeeeeeeeeeeenennn. 9
2.1.3 PVCL/PNIPAAmM and PVCL/PNIPMAAmM core-shell moagels........................... 11
2.2 Experimental measurements CONAItIONS .......uuuiiiiiiiiiiiiei e 15
2.2.1 Dynamic Light Scattering (DLS) .......ccecemeeeiiiiiiiiiiiiiieiiiiiiiineerieneieeenenenee e 15
2.2.2 Differential Scanning CalorfMEetry .....cccee..eeeereiimmimmimiiiiiii————————— 16
2.2.3 Nuclear Magnetic Resonance spectroscopyaadametry ............cccceeeeeeeeeeeeennn. 16
2.2.4 MICrOSCOPY LECNNIQUES .....ooveiiiiiit i ettt ettt e r e e e e e e 17
(YE] (= £= o L S TP PP PPPPPPPUPPPPPP 19
3 Flory-Rehner temperaturetransition theory for microgels........ccoveeveeiiencennnencienene 21

3.1 Flory theory for homopolymer microgels with hageneous distribution of
(0 (015151 1014 o To RO P PP PP PPPPPPPPPP 23

3.2 Flory theory for copolymer microgels with homneogous distribution of
(o (01151 10 N4 o PP 25

3.3 Flory theory for homopolymer microgels with éretgeneous distribution of crosslinking

3.4 Flory theory for copolymer microgels with hetgeneous distribution of

(0 (015151 10114 oo PP PP PP PPPPPPPPPP 30

3.5 Flory theory for core-shell microgels systernasidering a homogeneous distribution of
(0] (015151 1014 oo PP PP PP PPPPPPPPPPP 32

S I O] aTed W1 [0] o 1< TUT PR 37



Content
RETEIENCES ...ttt ettt ettt e e e e e e m e e e e e e e s e s bbb e e e e e e e e e e aan 39
4 Morphology of microgel particlesby NMR and Flory theory ........cccccoevvenieivnennie e 42
4.1 Homopolymer PVCL microgels with heterogeneowsghology .........c.ccccevvveeviiiennee. 42
4.1.1 Dynamic light scattering study on the effgiotrosslinker amount ....................... 43

4.1.2 Structure and dynamic heterogeneity of mielogy’H transverse magnetization
1] = = 110 o PP 44

4.1.3 Structural parameters for PVCL microgels gs$ire homogeneous Flory model . 49

4.1.4 Structural parameters for PVCL microgels gsire heterogeneous model fit ..... 52
4.2 Copolymer PVCL-PNIPAAmM and PVCL-PNIPMAAmM micrelg with heterogeneous
[gaTelg] g o] (o] |V PP PPPPTPPTPP 56

4.2.1 Temperature-induced volume transition by dyicdight scattering .................... 57

4.2.2 Morphology and dynamic heterogeneity of miets by'H transverse magnetization
(=1 F= V= L0 o PO PPPPPPPPPRPPPN 58
4.2.3 Microgel structural parameters for homopolymerogels using the homogeneous
FIOTY MOAEI ..o 62

4.2.4 Morphology characterisation of copolymer mggls using the heterogeneous Flory

.................................................................................................................................... 67
4.3.1 Volume phase transition temperature by DuSh&mopolymer and core-shell
g o goTo = LTS T ST OTRTRTRPRPRRRR 68
4.3.2 The temperature dependence of the radiad $Beor ...............cccvvvvviiiviiiinninims 12
4.3.3 Scenarios for the correlated morphologicahges of core-shell microgels ........ 76
O @0 o] 1] 0] SRR 79
] (=] (=] 100 PO 85
S Microgel characterisation StUAIES ........cooeiiiiiiiiiieeee e e 87

5.1 Copolymer microgels ®-Vinylcaprolactam and\-Isopropylacrylamides ................ 87



1l
Content

5.1.1 Chemical composition of microgels determibgdH NMR and Raman-Spectroscopy

................................................................................................................................ 88
5.1.2 Structural heterogeneity of the microgeldNBIR ...........ovvviiiiiiiiiiiiiiiiins 91
5.1.3 Microgel size and Morphology ........occcoceiiiiiiiiiii e 96
5.1.4 Volume phase transition of microgels in water.............ccccccvvvvvviveiiiieeieeiennnn. 99

5.2 Core-shell microgels ®&¥-Vinylcaprolactam and\-Isopropylacrylamides ............... 105
5.2.1 Dependence of the shell thickness on the mencomposition ............ccc........ 106
5.2.2 Temperature transition of microgel core-sBgfems ..........ccccvvvvvvvvvvvvinnnnns 107

5.3 Cononsolvency effect for PVCL based microgels...........ccociiieen, 111
5.3.1 PVCL and PNIPMAAmM homopolymer micragebnonsolvency behaviour....... 113

5.3.2 Copolymer microgels cononsolvency stigation in different alcohol/water mixtures

5.4 Temperature volume phase transition of ngieloby Hahn-EchtH measurements. 119

5.4.1 Temperature transition of microgelNIWR SPectrosScopy .......ccccevvvvveveeeenen. 119
5.5 CONCIUSIONS ..ottt et e e e e e s e e e e e e e s et eeeaeeeeas 124
] (=] (=] 10T 125

6 GeNEral CONCIUSIONS ... et 127

List Of pUDIISNE PAPEIS ... et e s 129



Introduction

1 Introduction

Microgels are a subclass of polymer colloids thaihgd a lot of attention in the scientific
community in the last years due to a wide rang@axsible applications. Based on their
special characteristics, they can be defined asstinked polymeric particles with a hairy
morphology, which respond to environmental stimwi adjusting their size, density and
related propertie§®. Microgels are spherical particles with dimensionsthe range of
hundreds of nm to um; they are composed of polyot&ins chemically or physically
crosslinked into a network; they form stable dispmrs in different solvents; their most
important property is the capacity to respond ttemal stimuli, such as temperature, pH,
electromagnetic radiation, etc., with a changeimethsion. Due to the properties described,
microgels have a wide range of possible applicaticior example: as superabsorbant
materials; in biomedicine as control-release cesyien industry as valves; in organic
chemistry as microreactors, €t

The studies presented in this work characteriserdnt novel microgel systems
concentrating on the structure, morphology, dynamamd phase transition behaviour. | am
using experimental and theoretical methods forrdeteng the properties of microgels that
were synthesised with various morphological architees. The introductory chapter of the
thesis presents a definition of microgels and agrloek over the content of each subsequent
chapter.

The second chapter gives a literature overlookhef synthesis of thermosensitive
microgels, and presents the synthesised samplesh&naneasurement conditions of the
experimental methods employed for their charaadBas. The synthesis procedure is

described for the microgels with different morptgtpand the recipe for the preparation is
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presented. References that provide a clear and retvpsive description of the basic
principles of the analytical methods are sugge&iedach experimental technique used.

The third chapter aims to explain the Flory-Remswelling theory for microgels, and
to present the modifications, extrapolations anaegaisations that | introduced in this theory
in order to better characterise different micragekphologies.

In chapters four and five | am presenting resoftglifferent studies. Chapter four is
composed of three studies that combine Flory smeellheory generalised for different
microgel morphologies with NMR transverse relaxatiesults to characterise a logical
sequence of morphologically different microgel sys$ (starting from homopolymer
microgels, to copolymer and core-shell structur@ge results of each of these studies were
published in peer reviewed journals.

The last results chapter is a more heterogeneowusumnai of four studies. | am
presenting the synthesis of copolymer (results tirate also published), and of core-shell
microgels, for each encompassing a general chaisation of the particles. The third study
concentrates on the interactions between polymamshand solvent, leading to a phase
transition of the microgel particles in water/aloblmixtures. The last study takes a closer
look into the observation of the temperature phiagesition of microgels by NMR, and
presents the possible theoretical reasons govethmglisappearance of the spectrum lines
corresponding to functional groups of the microigeh *H NMR spectrum with increase of
temperature.

The general conclusions at the end of this workleaage the novelties in each study
presented, therefore presenting the value of thesiigations undertaken and the results

obtained.
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Most of the studies | present in this thesis arer peviewed and published as first
author papers in high ranking journals. All meamegts, theoretical work, results, their
analysis and description that | use in this thesse done and written by me or by students
under my supervision. My publications are citedh& end of the thesis, and are referenced
throughout the thesis using the correspondingrietfeoma to g) ascribed to them in the list

of publications.
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Samples and experimental conditions

2 Samples and experimental conditions

My research work consists of characterising mickqggeticles with different morphologies.
For this purpose | have synthesised homopolymetjsstal copolymer, and core-shell
microgels using the precipitation polymerizatiocheique. The microgels created for my
investigations are thermoresponsive, being basedgawn (N-vinylcaprolactam) (PVCL),
which is a biocompatible polym&h?®hwith a lower critical solution temperature (the
temperature at which the polymer experiences thktcoglobule transition, abbreviated
LCST) in the physiological range, around 3%,

The synthesis technique is based on radical polyatesn, and it is the method of
choice for creating thermoresponsive microgelsjngivthe opportunity to control the size,
size distribution, density, morphology, and desirkahctionalization of the particles
formed*®?®]  The fundamental requirement is that the synthdsisperformed at
temperatures above the LCST of the constituentpety, in order for the particles to form in
collapsed state. The water soluble monomers fosoluble collapsed polymers which are
intra and intermolecularly crosslinked to form noigel particles. A comprehensive didactic
description of the precipitation polymerisation heitjue used for microgel synthesis is

presented by Pich and Richteffitg.

M ! M 70°C, M M % %
I ‘ M 200 rpm
Wow % @ .3
M M M

monomer, crosslinker,

initiator in water oligoradicals precursor particles growing collapsed particles

Figure 2.1 The precipitation polymerization mechanism

Most of the procedures and the descriptions indhagpter were presented by Balaceanu
al.[c,d,e,f,g]
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The resulting microgel particles have the propeftehanging the size, density and
related morphological and surface properties aporese to a change in temperature. The
critical temperature for the coil to globule trarsi of the constituent polymers, the LCST, is
reflected into the volume phase transition tempeeafVPTT) for the microgel particles.

The synthesis of homopolymer thermosensitive miglogwithout the use of
surfactant was presented in the pioneer work ofoRal grouf?®!. They showed that the
microgel size decreases with increasing the sgjrrate during the reaction. The group also
showed that the size of the particles decreasestichtly if sodium dodecyl sulfate (SDS)
surfactant is used in the reaction mix{tifa.

For copolymer microgels, the use of surfactant @& necessary to obtain small
particles, because the reactive co-monomers carouagolloidal stability and help regulate
the size of the particles. Moreover, co-monomers ba used to incorporate desired
functional groups in the microgels. Richtering’'®ygp synthesized microgels combinihg
isoproplyacrylamide  (NIPAAm) and N,N-diethylacrylamide @ (DEAAm), or N-
isopropylmethaacrylamide (NIPMAAm) and DEAAW?2D! Boyko et al?*?! synthesized
copolymer microgels based on pdlyyinylcaprolactameo-N-vinylpyrrolidone). Pich’s group
synthesized copolymer microgels by combininy-vinylcaprolactam (VCL) and
acetoacetoxyethyl methacrylate (AAEM) in the preserof methoxy-caped PEGMA
macromonomer§3)

Microgels with a core-shell morphology can be sgsthed by using monomers of
different reactivit§’, or by a two-step polymerization technique, whitre core is used as
seeds for the growth of the sk&tf) 211

In order to determine the characteristics and netps of the microgels synthesised
with different morphologies, they were analysedhgs variety of analytical techniques. The

dimension of the particles can be determined udymamic light scattering (DLS), which
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estimates the hydrodynamic radius through the lmginsal diffusion coefficiert®®2(1"
The CONTIN*®®! analysis relays on an inverse Laplace transfornhefautocorrelation
function, and provides the size distribution of {herticles. Microscopy methods (such as
atomic force microscopy AFKI*®? and transmission electron microscopy TER) can
help in the size estimation and visualisation @& fuality and uniform distribution of the
sample. TEM can be used to reveal guest particlesle the microgels, and to distinguish
core-shell structures depending on the materiadsl.UAFM provides a three dimensional
surface profile, and gives information about therphology and surface proprieties of the
particles. The phase shift signal measured innmteznt-contact AFM (phase imaging) was
showr?® to be sensitive to the viscoelastic proprietiehesion and contact surface of the
material.

By estimating the hydrodynamic radius at differemperatures DLS can also be used
to determine the temperature volume phase transifishermoresponsive microgels. Nuclear
magnetic resonance (NMR) spectros¢dpir?®®! and differential scanning calorimetry
(DSC¥*®are two other methods that show the temperaturesitian behaviour in
thermoresponsive microd&8®’. NMR shows the temperature transition of microgietsugh
a shrinking of the spectrum lines as the tempegaincreasd's 2(2) and references thereinkry o
explanation is thought to be related to a broadgroh the spectrum lines caused by
restraining the motions of the polymer subchainth wicreasing temperature. DSC shows an
energetic response of the microgel sample at thesition temperature, associated with the
breaking of hydrogen bonds between water and tihgm@o chains. Recently, the swelling
and deswelling of microgels could also be visudlisy measuring AFM with a wet-cell.
These techniques function on very different theocaéfprinciples, and a good understanding

of the differences could lead to the explanatioditierent aspects of the phase transition.
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'H and *C liquid-state NMR spectroscopy were also usedetierthine the ratio of
monomers in copolymer microgel samples. Solid-stdeS NMRP®)spectroscopy and
transverse relaxation techniqli€d?*®{vere employed to analyse the morphology and
structure of microgel particles. By analysing thghhresolution distribution of transverse
relaxation times of the microgel particle, | haveseeded in developing a method perfectly
suited for microgel structure analysfs

The references mentioned for the different anaytiechniques were found to provide
a clear and comprehensive description of the adabksheoretical principles that they are

based on.

2.1 Preparation of microgel samples

2.1.1 PVCL, PNIPAAmM and PNIPMAAmM homopolymer microgels

The monomersN-vinylcaprolactam (VCL), N-isopropylacrylamide (NIPAAm) and\-
isopropylmethaacrylamide (NIPMAAm) were purchasednt Aldrich and purified by
distillation under vacuum. The cationic surfactrtetyl-N,N,N-trimethylammoniumbromide
(CTAB), the initiator 2,2’-azobis(2-methylpropiommaine) dihydrochloride (AMPA), the
crosslinkerN,N’-methylenebisacrylamide (BIS) (Aldrich) were usedraceived. Deionized
water was used as the polymerization medium.

The series of PVCL microgels with increasing amanfrtrosslinker were prepared as
described by Balacearat al (see Table 2.1): the VCL monomer; appropriate artsoof
CTAB and BIS were dissolved in 145 g of deionizestev and then placed into a double-wall
glass reactor equipped with a mechanical stirréerAlL hour of the incubation at 70°C and
nitrogen purging, the initiator AMPA dissolved in¢gpwater was added under continuous

stirring to initiate the reaction. The reactionsrevearried out for 8 hours. Stable microgel
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dispersions were obtained and were purified by nramd dialysis (using the Millipore
Labscale TFF System). The PVCL microgels with thdgferent amounts of crosslinker will
be referred to in the text as PVCL 0.04 BIS, PVCLBIS, and PVCL 0.15 BIS.

PVCL 0.06, PNIPAAmM 0.06 and PNIPMAAmM 0.06 microgamples (see Table 2.1)
were prepared as described by Balacesinal. to serve as reference samples in the studies
conducted on copolymer and core-shell system ofstirae polymefs"¥. Their synthesis
method is similar, with the difference that for tRNIPMAAmM microgel the reaction is
carried out at 80 °C, because the LCST of the pety(5 °C) is higher than for the other

two.

Table 2.1 Homopolymer microgel synthesis recipe

Sample Monomer [g] CTAB[g] BIS[g] AMPAI[g] tD[g] TI[°C]
PVCL 0.04 2.215 0.022 0.04 0.05 150 70
PVCLO.1 2.215 0.022 0.1 0.05 150 70
PVCL 0.15 2.215 0.022 0.15 0.05 150 70
PVCL 0.06 2.215 0.022 0.06 0.05 150 70
PNIPAAmM 0.06 2.02 0.02 0.06 0.05 150 70
PNIPMAAmM 0.06  2.02 0.02 0.06 0.05 150 80

2.1.2 PVCL-PNIPAAmM, PVCL-PNIPMAAmM copolymer microgels

The monomersN-vinylcaprolactam (VCL), N-isopropylacrylamide (NIPAAm) and\-
isopropylmethaacrylamide (NIPMAAm) (Aldrich) weranified by high vacuum distillation
under nitrogen, at 80°C. The initiator 2.2’-azoBisfethylpropionamidine) dihydrochloride
(AMPA) and the crosslinkemN.N-methylenebisacrylamide (MBA) were obtained from
Aldrich and used as received. Deionized water wagl@yed as the polymerization medium.
Appropriate amounts of VCL, NIPAAm and NIPMAAm (séables 2.2 and 2.3) and

0.06 g BIS (3 mol%) crosslinker were added to 145dmionized water. A double-wall glass
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reactor equipped with stirrer and reflux condengas purged with nitrogen. The solution of
the monomers was placed into the reactor and dtiioe 1 h at 70°C with purging with
nitrogen. After that the 5 mL water solution oftiator (5 g/L) was added under continuous
stirring. The reaction was carried out for 8 hoamples were purified for 72 hours by
dialysis (Millipore Labscale TFF System).

Two series of microgel samples were synthesizedabying the molar ratios between
VCL and NIPAAmM, and VCL and NIPMAAm, respectivelygbles 2.2 and 2.3) as described
by Balaceanuet all’. Although no surfactant was used for the synthe$isopolymer
microgels, controlled size and stability of the tjgdes in dispersion was achieved. The
samples will be referred to in the text as PVCL-PAAmM (or PNIPMAAmM) and the

monomers’ theoretical molar ratios, for example RMRNIPAAmM 1:1.

Table 2.2 PVCL-PNIPAAm copolymer microgel synthesis reéipe

Sample VCL[g] NIPAAmM [g] VCL/NIPAAmM [mol:mol{"*®

1 1.905 0.309 5:1
2 1.742 0.472 31
3 1.57 0.65 2:1
4 1.220 0.993 11
5 0.84 1.37 1:2
6 0.644 1.571 1:3
7 0.437 1.770 1:5

Table 2.3 PVCL-PNIPMAAmM copolymer microgel synthesis redfpe

Sample VCL[g] NIPMAAmI[g] VCL/NIPMAAm [mol:molj"®®

1 1.872 0.342 5:1
2 1.697 0.519 3:1
3 1.52 0.69 2:1
4 1.16 1.06 11
5 0.78 1.43 1:2
6 0.592 1.623 1:3
7 0.397 1.820 1:5
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2.1.3 PVCL/PNIPAAmM and PVCL/PNIPMAAmM core-shell microgels

The monomerdl-vinylcaprolactam (VCL)N-isopropylmethacrylamide (NIPMAAm) ard-
isopropylacrylamide (NIPMAAmM) were purified by diktion under high vacuum (between
2x10° and 9x1G mbar) at 80 °C. The cationic surfactanit-cetylN,N,N
trimethylammoniumbromide (CTAB), the initiator 2s@zobis(2-methylpropionamidine)
dihydrochloride (AMPA), and the crosslinkBI,N’-methylenebisacrylamide (BIS) (Aldrich),
were used as received.

The core-shell crosslinked microgels were preparsshg a two steps synthesis
metho®*¥. First, the core, following the recipe describeu previous studies for
homopolymer microgels prepared by precipitationypwmrizatio’, was synthesised. The
appropriate amounts of monomer, CTAB, BIS and deexhwater (Table 2.4) were placed in
a double-wall glass reactor equipped with mechastoaer. After one hour of the incubation
at 80 °C and nitrogen purging, the initiator AMPAsgblved in 5 g water was added under
continuous stirring to start the polymerizationatean. This reaction was carried out for 8
hours. During the second step the appropriate atmotinthe second monomer and the
crosslinker BIS were added to the seed disperdidheocore, followed by nitrogen purging.
Finally, AMPA solution in water was added to stdr¢ polymerization of the shell (Table
2.4). The reaction was continued for another 8 sioGplloidally stable microgel dispersions
were obtained and were purified by dialysis (Milip Labscale TFF System). The
synthesised core-shell microgels will be referrednt the text as PVCL-core/ PNIPMAAmM-
shell and PNIPMAAm-core/ PVCL-shell. The synthesis these microgel samples was

presented by Balaceaetial'?.
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Table 24 PVCL/PNIPMAAmM and PNIPMAAmM/PVCL core-shell microgelsynthesis

recipdd

Sample Monomer [g] CTAB[g] BIS[g] AMPAI[g] D [g]
PVCL-core/ Core 2.215 0.022 0.06 0.05 150
PNIPMAAm-shell Shell  2.023 - 0.06 0.05 -
PNIPMAAm-core/ Core 2.023 0.022 0.06 0.05 150
PVCL-shell Shell 2.215 - 0.06 0.05 -

Furthermore, four series of PVCL-core/ PNIPAAM-§hENCL-core/PNIPMAAM-

shell, PNIPAAm-shell/ PVCL-core and PNIPMAAm-shel?VCL-core microgels were

synthesised, where the thickness of the shell vaaied. The synthesis method is similar to

the one described above, a double step synthemigh&se series, | have divided the initial

amount of core sample in two and for the shellvuenadded an equivalent amount of water,

apart from the second monomer and the appropriassiinker amount (See Tables 2.5 —

2.8). These samples will be referred to in the ttfor example PVCL-core/ PNIPAAmM-

shell, and the respective theoretical monomer nralas.

Table 2.5 Synthesis recipe of core-shell PVCL/PNIPAAM microgyestems

Synthesis of the core (double amount used for twe-shell microgel sythesis)

VCL [g] CTAB BIS [g] AMPA [g] H>0 [g]

[¢]
2.725 0.021 0.06 0.05 150
Synthesis of core-shell microgel
Core:Shell NIPAAm BIS AMPA H.O Core
[mol:mol] [a] [a] [a] [a] microgel

[mL]

1:0.5 0.554 0.03 0.025 37.5 68
1:1 1.108 0.03 0.025 75 68
1:2 2.215 0.03 0.025 150 68

1:3 3.323

0.03 0.025 225 68
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Table 2.6 Synthesis recipe of core-shell PNIPAAM/PVCL microgpstems

Synthesis of the core (double amount used for wve-shell microgel sythesis)
NIPAAm [g] CTAB[g] BIS[g] AMPA[g] H20 [g]

2.215 0.021 0.06 0.05 150
Synthesis of core-shell microgel
Core:Shell VCL BIS AMPA H>O Core microgel
[mol:mol] [a] [a] [a] [a] [mL]
1:0.5 0.681 0.03 0.025 37.5 68
1:1 1.362 0.03 0.025 75 68
1:2 2.725 0.03 0.025 150 68
1:3 4.087 0.03 0.025 225 68

Table 2.7 Synthesis recipe of core-shell PVCL/PNIPMAAM miogbgystems

Synthesis of the core (double amount used for wve-shell microgel sythesis)
VCL [g] CTAB [g] BIS[g] AMPA[g] H20[g]
2.725 0.021 0.06 0.05 150

Synthesis of core-shell microgel

Core:Shell NIPMAAm BIS AMPA H,0 Core microgel
[mol:mol]  [g] [a] [a] [a] [mL]

1:0.5 0.622 0.03 0.025 37.5 68

1:1 1.245 0.03 0.025 75 68

1:2 2.489 0.03 0.025 150 68

13 3.734 0.03 0.025 225 68
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Table 2.8 Synthesis recipe of core-shell PNIPMAAM/PVCL miogbgystems

Synthesis of the core (double amount used for twe-shell microgel sythesis)

NIPMAAM [g] CTAB[g] BIS[g] AMPA[g] H.0]g]

2.489 0.021 0.06 0.05 150

Synthesis of core-shell microgel

Core:Shell VCL BIS AMPA[g] H20 Core microgel T [°C]

[mol:mol] [a] [a] [a] [mL]

1:0.5 0.681 0.03 0.025 37.5 68 70

1:1 1.362 0.03 0.025 75 68 70

1:2 2.725 0.03 0.025 150 68 70

1:3 4.087 0.03 0.025 225 68 70

1:2 (80°C) 2.725 0.03 0.025 150 68 80

1:2 (2-MBA) 2.725 0.06 0.025 150 68 70

1:2 (2-MBA, 80 °C) 2.725 0.06 0.025 150 68 80

1:2 (slow) 1.3625/ 0.015/ 0.025 120/ 68 70
1.3625 0.015 30

1:2 (direct) 2.725 0.03 0.025 150 70 70

1:2 (direct, 80 °C) 2.725 0.03 0.025 150 70 70

1:0.5 (direct, no KO) 0.681 0.03 0.025 0 68 70

1:1 (direct, no HO) 1.362 0.03 0.025 0 68 70

1:2 (direct, no HO) 2.725 0.03 0.025 0 68 70

1:3 (direct, no HO) 4.087 0.03 0.025 0 68 70

The synthesis of PNIPMAAm-core/ PVCL-shell microgeds initially planned very
similar to the PNIPAAmM-core/ PVCL-shell synthesesdribed in Table 2.6, just replacing the
NIPAAmM monomer with NIPMAAm. Because of unsatisfyinesults a series of optimizing
experiments was undertaken for the 1:2 core:shellhmatio:

1. The same starting materials were used, but the dmahpe of the experiment was

increased from 70 to 80 °C because of the high&T.6f PNIPMAAm;
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2. Double amount of crosslinker BIS was used for theoad step of the synthesis, and the
temperature varied between 70 and 80 °C.

3. Slow addition of monomer was also attempted. Fi, thalf of the entire core microgel
was mixed with half of the foreseen VCL and BIS ams. The mixture was stirred for
30 min under nitrogen purging. At the same time LL increments of the remaining 30
mL solution of VCL/BIS and AMPA was added to thaetgon under nitrogen purging;

4. The second step of the reaction was carried outeidiaely after the first. Variation at 70
and 80 °C.

5. The same amounts were used, but the second ssgptbesis was continued directly after
the first and no additional water was added.

The best results were obtained using the methodrided at point 5, where the
synthesis of the shell in carried on directly aftee core, and no supplementary water is

added to the mixture.

2.2 Experimental measurement conditions

2.2.1 Dynamic Light Scattering (DL S)

The size of the microgel particles was measuredguan ALV/LSE-5004 Light Scattering

Multiple Tau Digital Correlator with the scatterirgngle set at 90°. The samples were
drastically diluted with doubly distilled water (aater/alcohol mixture for the cononsolvency
studies in Chapter 5.3) to avoid multiple scatgremrors. 0.2 um filters were used for the
solvent and 5 um filters were used for the micralighbersion to avoid dust, aggregation and
impurities. Test measurements were performed foln sample at different angles to validate

the accuracy of the method.
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For temperature dependent measurements, samplesnweasured between 10 and 58
°C, keeping the temperature fluctuations below ©.IFhree runs of 120 s where performed

at each temperature in order to calculate the atandeviation.

2.2.2 Differential Scanning Calorimetry (DSC)

DSC measurements were carried out with a DSC Net#st PheoniX differential
calorimeter. Aluminium pans were used as samplddns) and no holes were made, keeping
the holders sealed, so no evaporation of the sbleam occur. The sample environment was
rinsed with a nitrogen flow during measurement. teeted solvents (water or
water/methanol mixtures) were used for the microgelution and as the reference.
Approximately 40 mg of 10 wt.% microgel solution deuterated solvent was used per
measurement. The measurements were carried ouadeenperature range from 15 to 60 °C
with a constant heating rate of 2 K/min. For alingées at least two heating runs and one
cooling run were performed; all transitions werdlyfueversible and appeared in each

heating-cooling cycle.

2.2.3 Nuclear magnetic resonance spectr oscopy and relaxometry

Proton andC high-resolution Liquid — State NMR spectra wereasured using an AV600
Bruke® NMR spectrometer. The microgéH NMR spectra under magic-angle sample
spinning (MAS) conditions were measured on a wideb@Vv700 Brukef NMR
spectrometer operating at 700 MHz with a cross#aton magic-angle sample spinning
(MAS) probe head. The rotor frequency and the sarngrhperature weng=7 kHz or 5 kHz,

and 22°C, respectively. The temperature was maintainetimit 0.5 K, following a standard
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calibration. For all measurements the recycle delag 5 s, the radio-frequency pulse length
was 3.2 us, and a dwell time of 10 ps was used.

The high-resolution MAS transverse relaxatioB) (NMR measurement&?\were
made at 700.2378 MHz proton frequency of the Bruke700® NMR spectrometer. The
same rotor frequency, recycle delay, dwell timej &emperature as folH spectra were
employed. The decay of transverse magnetizatiaxagbn was measured using the Hahn-
echo pulse sequence:%0- t - 180, — t — Hahn echo - (acquisition), wherés the echo
time?®), Half of the Hahn echo decay was detected andiétomansformed. The normalized
integral intensity of various resonances was fitbgdwo-exponential decay functions using
the Origir 6.0 program. The errors of the fits were smatent10%.

For all measurements either 2 wt.% or 5 wt.% mietag deuterated solvent was
used. The spectra were calibrated to the water.pEh& processing of the spectra was
performed using TopSpi All spectra were phase corrected and a manuadlibaswas

employed.

2.2.4 Microscopy techniques

A) Atomic Force Microscopy (AFM)

AFM images were recorded with a Dimension AtomigdeoMicroscope icon ScanAsyst.
Nanoscope 8.10 (Build R1.60476) software. OTESP#ilesvers with resonance frequencies
of 284-338 kHz and spring constants of ~12-103 N¥mtapping mode were used.
The microgels were uniformly deposited by spin twabn a silicon wafer, and dried at room
temperature for 24h prior to measurement.

B) Transmission Electron Microscopy (TEM)

The samples were analysed with transmission eleatn@roscopy on a Zeiss Libra 120

device. The accelerating voltage was adjusted @ K\2. The pressure within the TEM
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column was around 5x10bar in the sample stage and the beam stage, ati inamera
stage was around f(bar. Microgels were diluted with distilled waterdadried on the

carbon-coated copper grids at room temperatur24brprior to measurement.
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3 Flory-Rehner temperature transition
theory for microgels

Theoretical descriptions of different aspects otnwgel characterisation such as structure,
dynamics, synthesis kinetics, critical phenomersjehrecently attracted attentih!. My
work is concentrated on the most important propeftthese systems: their capacity to swell
as response to external stimuli, in particular terafure change. The theory of gel
swelling/deswelling was developed by Flory and Rehim 1948@! There are several
reasons for considering this theory. First, the hmatatical description and the physical
concept are very straight forward, which makes atyvfriendly, and thus preferred in
comparison to other more sophisticated approadhesddition, most of the more recent gel
swelling theorigld® and references thereid .o hased on the classical principles describeBldny
and Rehner.

In the last three decades, the swelling theoryouk gels is repeatedly used and
described in many studies. The group of Taf4astudied continuous and discontinuous
volume changes undergone by NIPAAm-based gels sporese to temperature change.
Hirotsu measured the static bulk modulus of PNIPAAydrogels as a function of
temperaturé®’. In 1980 the same group shoW&d that for poly(acrylamide)-based gels
immersed in acetone—water mixtures, the ionizatddnthe polymer network plays an
important role in the discrete transition which wscwith increasing amount of acetone. The
same authors also demonstrate that the degreenaimn increased with time (due to
hydrolysis) and estimate the number of ionized gsoper polymer chain. Shibayaretal.
investigated the effect of the monomer concentnéifid, and concluded that it is necessary to

introduce an effective crosslinker density paramietéhe Flory-Rehner gel swelling theory.

The theoretical descriptions in this chapter weesented by Balacearet al /9
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More recent studies were undertaken for microgsiesys. Fernandez-Nieves and co-
workers have thoroughly studied the microgels’ $wgl behaviour induced by different
stimuli (pH, charge distribution, temperature amdoant of salt in the solvent) using the
Flory-Rehner theoretical appro&tfi**"! They have shown that the theory can explain
certain behaviours at the limit conditions, butrdidpecify parameter values. Lietor-Santos
et al®™?! have shown how an additional stimulus, the hydtastpressure, can induce the
phase transition in thermo-responsive PNIPAAmM basa@drogels. Extrapolating from
temperature swelling curves, and using the clalskioay theory for polymer gels, they have
obtained the pressure dependence of the Flory mheanBaeet al. have used an extended
Flory-Huggins model for polymer-solvent mixing coméd with a modified Flory-Rehner
theory for elastic contribution, and fitted the atjons to the experimental data obtained for
microgel particles and bulk g€f$®. The same authors also generalised the model for
homopolymer particles to the copolymer gel partsdérent systems by modifying the Flory
interaction parametéf®?). Eichenbaumet al*®investigated the swelling behaviour of
particles based on poly(methacrylic acid-co-acrgkod) with different degrees of crosslink,
by changing the pH and salt concentration. Brombeégal. studied the swelling-deswelling of
polyether-modified poly(acrylic acid) microgef&'®!, considering the enthalpyAl) and
entropy (AS) values estimated from differential scanning galetry experiments as initial
parameters. More recently, Hert¢ al®**"! have worked on the Flory swelling theory for
thermoresponsive gels developed by Shibayama, giodithe power expansion for the Flory
parameter.

In this work | am extending the classical Flory-Reh swelling/deswelling volume
transition theory applied to homopolyrtieand copolymer microgéfsin order to account for
the bimodal internal structural heterogeneitiestt@ crosslink density observed in PVCL

based microgels. Moreover, by using an extendedyRlolume transition theory for core-
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shell microgels, | analyse the correlated changethé core-shell morpholo§y during the

volume phase transition temperature.

3.1 Flory theory for homopolymer microgels with
homogeneous distribution of crosslinking

The Flory-Rehner gel swelling thed# is based upon the assumption that the free energy
change on swelling has two contributions that agasable and additive. These are the free
energy of mixing and the free energy of elasticodeftion. There is some controversy
regarding the existence of a third contributionublerger and Eiching€f®” described the
necessity of using a mixing-elastic cross-termsplan the solvent dependence in studies
performed on two non-ionized poly(dimethylsiloxang@tworks swollen in benzene and
cyclohexane. On the other hand, Maetral.*®®! have performed computer simulations on
the swelling of salt-free hydrogels, and have catetl that the violation of separability does
not play a significant role in the description bexa of a lucky cancellation of two cross-
terms that involve electrostatic interactions. Ateraative to separability for the theoretical
description of swelling was not yet found, thusohsider that for a neutral microgel, the
osmotic pressure arises from two major contribjaime mixing of the polymer and the
solvent, and the elasticity resulting from crodslg the polymer to form the polymer
network.

According to Flory's theory for the swelling of poher gels, the equilibrium is
achieved when the chemical potential of the solvesitle and outside the microgel become
equal, or equivalently, when the net osmotic pressgiequal to zero, i.e.,

rl :rl i +r|e|astic:O’ (31)

mix

where,
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M == [ Ini- )+ 4471, (3.2)
S
and
Nk.T @ @ He
rleastic = 2 - — . 3.3
| Vo (2%] (%] } 59

In the above equation®la is the Avogadro numberks is the Boltzmann constant,
Ve = 181x107° m?® is the molar volume of water, which is the solygris the Flory parameter
that accounts for the monomer-monomer and monooieesst interactions, and for the
quality of the solventg is the polymer volume fraction in the partich,is the number of
subchains in a microgel particle (defined as thé&mer chain between two subsequent
crosslink points) and, = 47R,,’ /3 is the volume of the particle in deswollen state.

For a microgel that swells isotropically, it canveetter>),

2 (Ruo) 3.4
%(RHJ’ G4

whereRy (Rqo) and ¢ (¢,) are chosen as the particle size and volume énadti the swollen
(deswollen) state.

In order to account for the steep or discrete velumansition, the polymer-solvent
interaction parametey,, is assumed to be concentration dependent anthbagpproximate

form 320!

X=XotTPKys (3.5)

with

AH -TAS 1 e)
:—:——All—— , 3.6
Xo T > T) (3.6)

where AS and AH are the corresponding entropic and enthalpic enelgyngesA=(2AS +

ks)/2ks is the second virial coefficient ar@®=2AH/(2AS + kg) is the ®-temperature of the
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polymer-solvent system (fof=@, y=0.5 and the second virial coefficient of the mmetu
becomes zero).

The temperature dependence of the microgel sizactounted for through the
temperature dependenceofBy introducing Eq. (3.4) and (3.5) into Eqg. (3.4h explicit

equation of state relating the temperature andhydeodynamic radius,, is obtained**?!

. AO%[E‘]T (3.7)
EEIRE LESR S ETIEEIRRES

A similar deduction for the swelling-deswelling ¢dfomopolymer homogeneous

microgels was presented by Lietor-Sargosl**?!. One major assumption employed in the
derivation of the above equation of state is thdoom distribution of crosslink density

throughout the microgel particle.

3.2 Flory theory for copolymer microgels with
homogeneous distribution of crosslinking

The parameter which accounts for the monomer-moname solvent-monomer interactions
in Eq. (3.7) is the Flory parametey, which is responsible for the collapse of the e
particle. This is why in order to account for thet mteraction of a copolymer and solvent, the

Flory interaction parameter was modified followilge work of Oh and B&&'¥ by
separating the interaction intg,. of A-type polymer segment and solve@tand Xgc
betweenB-type polymer segment and solvedit The microgel system is considered in the

following to consist of a statistical distributiosf A and B monomers in the copolymer

network. The interaction betweed and B segments is neglected, considering that their
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interaction with the solvent is predominant. Theref the copolymer interaction parameter

has the following forti*®,
Xcopol =WXac * (1_ W)XBC ) (38)

where

1 S
Xxc ZE_AXC[]'_ .ch"'@(lxc’ (3.9)

with X=A or B, Axc is the second virial coefficient amdis the mole fraction of tha polymer

(which is 0.5 for both our systems). TBetemperatures of the polymer-solvent system are

denoted byO,.; for T=Oxc, xxc=0.5 and the second virial coefficiefytc becomes zero. The

temperature dependence of the microgel size isuated for through the temperature
dependence ofy. By introducing Eqg. (3.8) into the state equatideveloped for a

homopolymer microgel (Eq. (3.7)), an explicit eqoatof state relating the temperature and
the hydrodynamic radius for the copolymer microgethe homogeneous approximation is

obtained, i.E8@®),

Rio
e
_%[%j _In[l_%[gjj ]+|:WAAC +(1=W) Agc _%}%Z[RR*:OJ _[W)(Ac + (1_W)XBC]¢§[%j

(3.10)

] [WAACOAC + (l_W)ABceBC]

A similar equation was reported by Baeal F*32*) For a microgel made of only

one component polymer, i.eX,. = Xsc andw=1, Eq. (3.10) becomes Eg. (3.7) for the

homopolymer microgel.
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3.3 Flory theory for homopolymer microgels with
heter ogeneous distribution of crosslinking

Previous studié¥??=3@ on microgel systems synthesised by precipitatiotymerization
processes have shown proof of heterogeneous ihtstnecture due to the difference in
crosslinking density from core to shell. Ot high-resolution NMR transverse relaxation
measurements made on different PVCL based micmgtem&°®7 reveal a heterogeneous
crosslink density from core to corona that can bscdbed in a good approximation by a
bimodal model. Figure 3.1 depicts schematically amdbpolymer microgel with

heterogeneous crosslink morphology.
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Figure 3.1 Representation of the bimodal heterogeneous mgho@f homopolymer
microgel particles. The crosslink density is diffiet in the core and coroffA.
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In order to describe the behaviour of the bimodgkfogeneous microgel system in
the Flory-Rehner formalism the mixing and elastatcibutions for the core and the corona

of the microgel are considered separate and additiv

Mo = Mo Mo (3.11)
and
M elastic =T Z?e:setic +11 Zggt?f' (312)

The heterogeneous morphology model discussed Rset@ased on the following

assumptions: (i) The core radius shrinks with teengerature proportionally with the
measured hydrodynamic radius of the entire partigfé“(T) = oR, (T), which means that in
the deswollen sta”*=pR,,. The scaling quantityp is assumed independent of

temperature. That results in the equality of th®sa

wcore _ wcorona _ RHojs 313
qgore qgorona ( RH ' ( ) )

The validity of this assumption will be discussezldw. On the other hand, for a PNIPAAmM

microgel it was shown using SANS that the coronee sevolution with temperature is
different from that of the cofé®®! This effect was not reported, though, by the Itesof

Ref. 3(26). (ii) The temperature dependent pathefFlory-Huggins interaction parameter is
not influenced by the change in crosslink densitgnmf core to corona, whereas the

concentration dependent part is different for thee@nd corona, i.e.,

core 1 @ ore
X =§‘A(1‘?)+X1¢f , (3.14)

and
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corona 1 C) orona
X :E—A(l—?)+X1(0° . (3.15)

a

(iii) The number of subchains for the core and oar@reN°® and N°"°", respectively,
corresponding to the bimodal crosslinking densitydel. (iv) Any elastic force of interaction
between core and corona is neglected. (v) Any tefetthe polymer network such as the

dangling chains and loops are not taken into adcoun

Considering the above assumptions the mixing ardetastic osmotic pressures can

be written as,

] S ST K

and

3 core corona
I_Ielastic:kBT E{RHOJ _RHO {N 3 + N 3:|! (317)
Vo 2 Ry Ry Y 1-p
whereX,Y andZ are defined as,
R ( )
X — _OJ %ore_l_ %orona '
%

o= B o + =] @319

and

B g + =]
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By matching these two terms (Eqgs. (3.16) and (3.1id) the equation of state the

hydrodynamic radius temperature dependeRg€T)) is deduced, i.e.,

o (3.19)

3 core corona 3 3
Vg 1 RHO _ RHO N i N X =In 1_%ure m 1_%orona m +Y[A_})_ZX1
VN, | 2| R, R, )| p° 1-p° R, R, 2

Finally, we can note that the equation of state &ohomopolymer microgel with
bimodal heterogeneity given by Eq. (3.19) in tmaitiof N°™ -, 0, ¢°*™ - 0 andp - 1

agrees with the equation of state derived for ttadgeneous morphology (Eq. (3.7)).
The formalism of Flory temperature transition foontopolymer heterogeneous

microgels is described by Balaceaetwal

34 Flory theory for copolymer microgels with
heter ogeneous distribution of crosslinking

After describing the heterogeneous morphology fbomopolymer microgel system made of
the temperature sensitive polymer PVCL, it is derast now to see how the heterogeneity
changes when copolymer systems of PVCL and PNIPAARNIPMAAmM, all of them being

temperature sensitive, are investigated. Figure sB@ws a representation of a statistical

copolymer microgel with a bimodal crosslink density
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1

core

Figure 3.2 Representation of the bimodal heterogeneous mrghof copolymer microgel
particles. The crosslink density is different i ttore and cororfé.

When combining the Eqgs. (3.11) - (3.15) from thevpmus section with the equations
for copolymer system from section 3.3 (Egs. (3r8) €3.9)) and introduce them into the state
equation Eg. (3.10), we yield for a copolymer mgebwith heterogeneous morphology,

(3.20)

Y[WAACOAC +(1-w) Aaceac]

ol | P -l{[lw[s;j [-e{2 ]HwAAC+a-w>ABc-;}Y-[wxml_wmz

where
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X = (%]3(%ore+ %:orona),

v=( B g ) @21

and

{8 )

Ry
The equation of state for a copolymer microgel wbimodal heterogeneity given by Eq.

(3.20) in the limit of N®°™ _, 0, ¢“°™ - 0 andp — 1 agrees with the equation of state

derived for the homogeneous morphology (Eqg. (3.10))
The formalism of Flory temperature transition fopolymer heterogeneous microgels

is described by Balaceaetial®

3.5 Flory theory for core-shell microgel systems
considering a homogeneous distribution of crosslinking

Microgel systems having a bimodal morphology, sashcore-shell microgels (with a core
consisting of a polymer and the shell consistingadlifferent polymer) exhibit a complex
swelling-deswelling behaviour, which comes from sto@ining interactions between core and
shell due to different volume transition temperasuof the two components. | assume that the
core and shell components are homogeneous in tegpewosslink density in order to
simplify the state equations. Figure 3.3 depicts thorphology of a core-shell microgel

particle, having different polymeric componentshe core and shell.
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Figure 3.3 Representation of core-shell microgel particldse Trosslink density in core and
shell components is assumed to be homogeneous.

In order to describe the behaviour of the bimodatphology microgel system in the

Flory-Rehner formalism, | consider that the conitibns of the core and shell are volume

weighted:
Ve e, VI e
M. :Wn +Wn , (3.22)
where
[eoe = e 4 eoe (3.23)
and
[ shell = [y shell . shel (3.24)

mix elastic *
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At thermodynamic equilibrium of the systelm,,,, =0.

The radius of the core is expected not to havesdéimee temperature dependence as the

total particle radius, since the swelling/deswelliof the core and shell have different
behaviours. In general it can be writte\?“(T) = p(T)R, (T) where R*"(T) is the radius of
the core,R, (T)is the total hydrodynamic radius of the particlel a(r) is the temperature

dependent radial scale factor. An exact definitioin the radius of the core and the
hydrodynamic radius is not possible because offukeiness of the interface between core
and shell and at the exterior of the particle, ey considering the dangling chains.
Nevertheless, in order to simplify the Flory triéios state equation, | introduce a
coarse-grained assumption that the radius of tme has a constant proportionality to the
radius of the microgel particle on different tengiare intervals along the volume

temperature transition curve, i.e.,

R™*(T) = p R,y (T), (3.25)
where D[l n] andn is the number of intervals dividing the temperatuange. The Flory
equation of state for core-shell microgel partiaseng the ratio between the radius of the
core and shell can be written,

Mo = A7+ (L= o7 (3.26)

andll =0.

total —

In order to account for the shift in transitionmjgerature of the components of the
core-shell microgel compared to the homopolymer rogels of the same chemical
components | assume that the core and shell aneected by an interpenetrating network
layer. The temperature shift may be understoodeagylraused by an elastic force developed

in the shell and acting on the core, which for B¥CL-core/ PNIPMAAmM-shell system
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decreases the shrinking force in the core, whiteife PNIPMAAmM-core/ PVCL-shell system
increases the shrinking force in the core.

Using DSC measurements it was shB{&H that the total elastic force interaction
taking place at the interface between core and shi@mperature dependent,

F=KT, (3.27)

where is an interfacial parameter.

The elastic osmotic pressure of both the coresdredl has to account for this elastic
force, which influences the swelling/deswelling aeijour of the microgel. Because the total
osmotic pressure is volume weighted, the effecthaf force will still be present in the

equation of state. The total osmotic pressuresiia or shell have similar expressions, i.e.,

core/ shell _ core/ shell core/ shell
r =Tl mix +1 elastic Score
)

(3.28)
whereS®* is the surface of the core in contact with thdlshehall note that at the interface
the same force is acting on the core and sheihbapposite directions.

Taking into account that the ratio of the coreaasidered proportional to the radius of

the particle on certain temperature intervals villeme ratios can be written,

=)
@" \p)\R ) (3.29)

and,

¢fhe” — (1_ :003 J[ RHOJS
" \1-p" ARy ) (3.30)

wherep, is the ratio between the radius of the core armdHjdrodynamic radius of the
microgel particle in the deswollen state, in thet lemperature interval; whilg, corresponds

to each chosen temperature interval.
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Considering the above assumptions the equatiortabé $or a core-shell microgel

system can be written as,

I.Acore@core(qacore)zpf + Ashelleshell(wshell)z (1_ 10|3)J

T= (3.31)
hell v Ncore Nshell hell v
_ M core i3 +M she (1_,0i3)]+7s — EcoreIOiB + T Es e (1_10|3) + S —
N, | Vi A N, ksS
where
core/shell _ _ core/ shell _ forel shell ore/ shelly 2 _ pcore/shell core/ shell ore/ shelly3 )
| 1 (3.32)
M =¢ +In(l-¢f )+ (¢ ) >~ A + X (¢ )
and
ore/ shell ore/ shell 13
core/ shell _ ¢C wc
E - Zﬁore/shell _(%ore/shellj ! (333)

are mixing and elastic terms, which have the saone ffor core and shell and are used to
simplify the expression of the equation of statee Tonnection between the temperature and
the measured hydrodynamic radius is made through 8d9) and (3.30).

Finally, 1 can note that the equation of state dore shell microgel, given by Eq.
(3.31), in the limit of p*® - 1,N*"" _, 0 and k — 0, when the microgel consists only of

the core region, agrees with the equation of statered for the homopolymer microgel Eq.
(3.7).

It must be noted that, due to the complexity of dymiation of state for core-shell
microgels, | have only considered the homogeneg@usoaimation. However, it is most
likely that the real microgel particle contains igtdbution of crosslink density both in the
core and in the shell of the microgel. The theoedtireatment would be too lengthy and
would introduce significant errors in fitting theperimental data by considering too many

free parameters.
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The formalism of Flory temperature transition fore-shell microgels is described by

Balaceantet all¥

3.6 Conclusions

As a concluding section the strengths and the wessdas of the Flory-Rehner swelling theory
for microgels will be discussEf”. Firstly, the theory is applicable to a large egyiof
situations and phenomena,; it is a simple, straightard description that does not require a
great number of parameters, which gives it a cledvantage. Secondly, it gives the
possibility of extension to different situationsdastimuli. Although in my work | have only
considered the effect of temperature in detail, #ffect of other parameters (solvent
composition, charge, pH, salt concentration, eta) be discussed with the help of this
classical swelling theory. For example, this forisral was applied to predict the swelling
behaviour depending on the salt concentration anHs pin some pioneer
worksBEI3Girhirdly, it successfully describes both continu@ml discontinuous volume
phase transitions.

On the other hand, this theory has some weaknessekimitation§®!, mainly due to
the assumptions used. As mentioned above, theytlassumes the principle of separability
of the mixing, elastic deformation and if the casmjic contributions. Secondly, an ideal
chain conformation entropy is assumed, overestigatine elastic enerf{’?). The
underlying model also does not consider the effettiefects, loops, dangling chains or their
polydispersity. It should also be considered tie humber of subchains that the theory
provides is related to the number of elasticallfivacchains, not to the entire netwBH).
Thirdly, the parameters characterizipdAH, AS, y;) are phenomenological, and theoretical

considerations can only estimate roughly their @alfor particular cases. Finally, it should be
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stressed that the theories were developed for reeapical gels, and they are usually applied
to microgel particles, without significant modiftaans related to their size or surface effects,
although recent simulations and experiments dematesthat the dimensions of the polymer

network can have a significant influence on cerpairameter§®#-3¢>)
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4 Morphology of microgel particles by
NMR and Flory theory

The Flory Rehner swelling theory was extended fdfent microgel morphologies,
including internal crosslinking heterogeneity of nimpolymer microgeld, copolymer
microgel$”? and core-shell microgéls All of the studies presented in this chapter are

published in pier reviewed journals (see the ligtublications at the end of the manuscript).

4.1 Homopolymer PVCL microgels with heterogeneous
mor phology

The formation of a heterogeneous internal structudetermined by a difference in
crosslinking density from core to corona, of miabgparticles formed by precipitation
polymerization was reported in previous stuldi8d®! *H high-resolution NMR transverse
relaxation measurements made on copolymer systasedton PVCP®" and on the system
under investigation (see below) reveal a heterogenerosslinking density from core to
corona that can be described in a good approximatyoa bimodal morphological model.

In this studiﬂ I am extending the classical Flory swelling tenapere transition
theory for homopolymer microgels in order to acdofor the bimodal internal structural
heterogeneities of the crosslinking density obsérire PVCL microgels. | also usetH
transverse relaxation NMR results to select the b#gg parameters for the Flory state
equation. This approach allows for the quantitatoleracterisation of the core-corona
morphology of a series of PVCL microgels with diffat amounts of crosslinker. The series
of PVCL microgels will be referred to in the texdcarding to the amount of crosslinker (see

Chapter 2, synthesis section 2.1.1) as: PVCL 0/% BVCL 0.1 BIS, and PVCL 0.15 BIS.

The results and the descriptions in this chaptee\peesented by Balaceaatal!*®9
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4.1.1 Dynamic light scattering study on the effect of crosslinker
amount

Dynamic light scattering measurements (Figure 4shaw that the radius of the microgel
particles increases with the increase in crosstiakeount. This is an unexpected result, since
studies performed on PNIPAAmM microgels show tha¢ thize decreases with more
crosslinkef*®!. The explanation for this behaviour could be fioatPVVCL microgels, with a
higher crosslinker amount, more polymer chainsigpgte in the particle formation, and thus

the particles are larger.
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] [ ] .
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Figure 4.1 a) Hydrodynamic radius as a function of tempergth) normalized
hydrodynamic radius of the PVCL microgels (0.04 B)S BIS and 0.15 BIS) versus
temperature. c) First-order derivatives of the wodusize-temperature curves presented in
subfigure a) showing the volume transition tempeedf’
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The swelling degree of PVCL microgel particles wdifferent amounts of crosslinker
was also analysed (Figure 4.1b). In order to comphe swelling behaviour of the three
samples, the measured hydrodynamic rad®u$ i6 normalized by the value in the deswollen
state Ryo at 40°C). The crosslinking density has an effectlee swelling behaviour of the
particles, the relative swelling of the microgelrtpdes decreases with the increase of
crosslinker amount used in the synthesis, whichnmehat the microgel particles become
more compact, the network loses elasticity and pgeress uptake of water. This result would
be in accordance with previous studies performe@&PAAmM microgel$®’. Nevertheless,
this decrease of the swelling of the microgel ples is not drastic, and for the first two
microgel systems (PVCL 0.04 BIS and 0.1 BIS), altjio the crosslinker amount is double,
the swelling remains almost constant. Figure 4ldaws the first-order derivative of the
temperature transition curves measured by DLS. tAsan be seen, the volume phase
transition temperature shows only a slight depeoelean the amount of crosslinker of the

PVCL microgels, in accordance with previous studie$NIPAAM microgefd®.

4.1.2 Structure and dynamic heterogeneity of microgels by 'H
transver se magnetization relaxation.

To confirm the bimodal heterogeneous structureheftitomopolymer microgels of PVCL, |
performed an NMR study usintH high-resolution spectroscopy and relaxometry.tdtro
high-resolution NMR spectrum of VCL monomer meaduat 600 MHz is shown in Fig.

4.2a.
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a) a

o
VCL monomer c b N\/d

1 a
H NMR 600 MHz
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22 0C
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Figure 4.2 a) Proton high-resolution spectrum of VCL monomeb,O measured at 600
MHz. b) Proton high-resolution spectrum of PVCLDBIS microgel (2% wt. in BD) at 22
°C. The spectrum was measured at 700 MHz NMR speeter under MAS conditionsg=

7 kHz)

The assignment of these peaks (see Scheme i Rig) was made by comparison
with simulated NMR spectra obtained using the Chemm and Gaussian§3programs.
Proton high-resolution spectrum of PVCL 0.04 BlSrogel measured in 0 at 22°C with
an AV700 Bruker NMR spectrometer under MAS conditiootor frequency of 7 kHz) is

shown in Fig. 4.2b. In the resulting NMR spectruhe tresonances with the following

chemical shifts were identified:;R 1.8 ppm; R= 2.5 ppm; B= 3.3 ppm; B= 4.8 ppm. The
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Rs resonance corresponds to HDO, while the otherassigned to different proton groups in
the microgel (Fig. 4.2a). In the limit of experint@herrors the amount of crosslinking will
not modify the resonances assignment. Resonana# Rethylene protons was used in the
following measurements to investigate the hetereggiof the PVCL microgels (see below).
The heterogeneity in the microgel particles motpgp would be reflected in thiH
transverse magnetization relaxation due to differdegree of local molecular motions
correlated to the distribution in crosslinking dénsnside the particléb.'c'e] Using transverse
magnetizationT,) decays it can be shown that a bimodal distribtuabmolecular dynamics
is present inside the microgel particle from whtble morphological model of core-corona
could be derived. The proton Hahn-echo decayshiiridividual resonances assigned in the
NMR spectrum and for the ensemble of microgel rasoes were calculated (Fig. 4.2b).
Because the results are identical in the limit)gdeximental errors (see Table 4.1), | chose to
use in subsequent calculations the transverseatgaxdecays of the ;Resonance of VCL
microgels because its high intensity makes it $esssitive to noise interference.

Table 4.1 Proton transverse relaxation rates measured usifeggetht NMR resonances;R
R, and R(Fig. 5.2b) for PVCL microgels with 0.04 BIS. Theas are of the order of 10%%.

R1 R> Rs
ToL [MS] 5.8 6.2 5

The transverse relaxation decay of the PVCL 0.08 Bicrogel is shown in Figure
4.3a. A biexponential decay for the integral intgnsf the R resonance can be assumed

(Fig. 4.3a), i.e.,

S(t) =C, exp{—i} +C, exp{—i}, (4.1)
S(0) Tos T
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where §t)/0) is the normalized NMR signal integral as a fuot of spin-echo time, C;
(i=SandL) are the relative contributions of the decays ati@rised by shorfl¢s) and long
(ToL) transverse relaxation times. The coefficie@tsand C_ are related to the number of
protons in the methylene fragments of PVCL desegbiguantitatively the bimodal
heterogeneity of the polymer network in microgel.

The fit with two exponentials (Eq. (4.1)) has thki‘C= 0.00112 and a coefficient of
correlation of B = 0.99112. Moreover, to prove the existence of teoay components an
inverse Laplace transform was performed on the NMBay curves (Fig. 4.3b) that reveals a

bimodalT, distribution.

0.025 —

%) —— PVCL 0.04 BIS
= 1.0+ 1H Hahn echo decay 50,020} 4

B PVCL 0.04 BIS microgel =
2 0.8 22°C 5
S, S o015t 1
2 o8] 3
%]
S T 0010} .
g a) g b)
('_:E 0.2 g 0.005 | E
m S
D 2
£ 0.0+ 0.000

2 0 2 4 6 8 10 12 14 16 ol T T

1
echo time [ms] Tols]

Figure 4.3 a) Proton NMRtransverse relaxation decay by Hahn echo for PVO4 81S
microgel at 22'C with concentration of 2% wt. inJ fitted with biexponential decay
function (solid line). b) Inverse Laplace transfation of the NMR experimental data from a)
shows the existence of two decay componéhts.

The values of théH transverse relaxation times and the relative eptration of
methylene protons given b@s coefficients for the three microgel systems arewshin
Table 4.2. The values are similar for the PVCL wg&l systems with different crosslinker

amounts, which means that the ratio between cadecarona in terms of mobility does not

change substantially with the increase of crosslinemount in the investigated range.
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Therefore, | will use the average values of thesepeters (Table 4.2) in the subsequent
calculations.
Table 4.2 Proton transverse relaxation rates measured ueedNMR resonance ;RFig.

4.2b) and relative weights coefficientSs(and C,) for the series of PVCL microgels with
different crosslinker amount8.

0.04 BIS 0.1 BIS 0.15 BIS average

Tos[ms] 0.42 0.48 0.48 0.46
Cs 0.28 0.28 0.25 0.27

TaL[ms] 5.8 5.68 5.72 5.74
o 0.74 0.75 0.77 0.75

It is known from the NMR relaxometry of polymer werkd* 4™ that the
transverse relaxation is strongly affected by tbgrde of the crosslinking density via residual
dipolar couplings and their fluctuations. Therefdhe value off,s = 0.46 ms corresponds to
a network with a larger value of the crosslinkirensity as compared @, = 5.74 ms.

Scale invariant theory of polymer networks showet thi transverse relaxation rate

(1/T2) is proportional to the averaged square of thielves dipolar Hamiltoniar{(H,)?), i.e.,
1 — \2
+ O(FT). (4.2)

where the average is taken over the orientationsielof the end-to-end vecfd 4! |n
the approximation of Gaussian distribution of the-¢o-end vectors it can be writtéf*

1., 1

AT 9

where the number of statistical segments of a sibctstrand) is denoted bys.: The

crosslinking density can be defined €D =1/ N (see Ref. 4(14)) and finally we yield
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1/T, 0 (CLD)’. Hence, the ratio of the crosslinking densitytaf microgel in core and corona

can be obtained from the following relationship,

core corona vz
CLD =(T2 j (4.4)

CLDCOI’OHa TZCOI’E

Therefore, the bimodal morphology of PVCL microgelrticles is characterised from Eqg.

(4.4), and the data shown in Table 4.2 by the ratithe averaged crosslinking density of

CLD*"/CLD*""= 35.

In conclusion, the biexponential fit of the decaly tbe R resonance of PVCL
microgels can be interpreted as probing the he¢greity of the PVCL distribution and allows

the evaluation of crosslinking density distributiorthe microgel particle.

413 Structural parameters for PVCL microgels using the
homogeneous Flory model.

In order to estimate the temperature transitiorapaters for the PVCL microgels with
different crosslinking density | have used expentaédata measured with DLS (Figure 4.1a)
and fitted them with the equation of state Eq. X@résented in Chapter 3, theory section 3.1.
Since the volume fraction in the deswollen statetfas polymeric microgels is unknown,
different fits for different values ofgwere performed, leavingN, A, ® and y; as free
parameters as previously discussed in Ref. 4(1gur€& 4.4 shows the homogeneous model
fit of the DLS data for PVCL 0.04 BIS, using theuatjon of state Eq. (3.7). The quality of
the different fits is comparable, the chi-squartu@s obtained are similar, but the resultant
values for the free parameters vary consideralslyshewn in Table 4.3 for PVCL 0.04 BIS

microgel.
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Figure 4.4 Size-temperature data from DLS for PVCL 0.04 Bl®nogel fitted with equation
of state (Eq. (3.7)) in the homogeneous morphobygproximation (solid linelf!

Table 4.3 Results for the size-temperature fit with diffareqy by the homogeneous Flory

theory morphology approximation for PVCL 0.04 Bl$cmgel. The bold entries correspond
to the best fit?

% 0.7 0.75 0.8 0.85 0.9

N 3.5x1d  5.6x1d 8.8x10"  1.44x10° 2.48x10
0 308.6 308.1 307.41 306.7 305.7

A -3.22 -4.5 -6.44 -9.59 -15.38
Y1 0.45 0.43 0.39 0.3 0.07

In order to choose the best set of values, thesdtsecan be compared with known
values of the microgel parameters. The number bé€lsains in the microgel particle can be
estimated by considering that each crosslinker cutdeconnects two subchains. As a result
N=2NaVoc, with ¢ the molar concentration of the crosslinker usedhi synthesis process,

resulting inN =1.12 x 18 for PVCL 0.04 BIS. The parameters set that agbess with this

assumption are the ones fgr= 0.8 andg, = 0.85 (bold entries in Table 4.3).
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The best fit parameters obtained for the seriesradslinked microgels are shown in

Table 4.4. The polymer volume fraction in deswolig¢ate ¢, ), A, ® andy; shouldn’t change

with the increase of crosslinker amount, beingteeldo the PVCL homopolymer used for the
synthesis of microgels. Therefore an average valubese parameters should be considered
as standard for this type of microgels. On the oti@nd, the number of subchains increases
drastically with the increase of crosslinker amount

Table 4.4 Results for the size-temperature fit by the homeges Flory theory morphology

approximation for the series of PVCL microgels wilferent crosslinker amounts. The
entries correspond to the bestit.

Parameters 0.04 BIS 0.1 BIS 0.15 BIS average

% 0.8 0.85 0.85 0.83
N 8.8x1d 1.85x16 8.2x10 -

0 307.41 305.6 308.3 307.1
A -6.44 9.3 -7.05 -7.6

Y1 0.39 0.23 0.49 0.37

Figure 4.5 shows the temperature dependence ¢fiding parametery for the PVCL
0.04 BIS microgel, using the experimental DLS measents, Egs. (3.5) and (3.6) from
Chapter 3, theory section 3.2, together with thkies of the best-fit parameters that |

considered most accurate fg=0.8 (Table 4.4). Below the LCST the Flory interat

parameter scales linearly with 1/T, but above thisperature the microgel particles deswell,
and the polymer concentration dependence of they Riteraction parameters becomes
relevant, influencing the temperature dependenseexXpected for a system with LCSy,

increases with the temperature. Moreover, thislrasun good accordance with previous

literaturé*®®! where the value for the Flory interaction parameor PVCL networks
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considering only the temperature dependence waslattd at the transition temperature of
32°C asy =0.522.

Considering the averaged best-fit parameters shawrable 4.4 the parameters of
interest for the PVCL polymeric microgel temperattmansition could be calculated using Eq.
(3.6). The entropic and enthalpic energies &%= -11.18x102*J/K andAH =-322x107°

J, respectively.

1.1-
1.0{ =

0.9- "=

0.8 = VPTT
0.7 !
0.6 |
0.5
0.4
0.3

0.2 T T T T T T T T T T
3.0 3.1 3.2 3.3 3.4 3.5

1/T [1000 K]

Figure 4.5 Temperature dependence of the Flory interactioarpatery for the 0.04 BIS
PVCL/water system using, ©, andy; parameters from Table 4.4. The behaviour of the
interaction parameter is no longer linear abovevhg T @

414 Structural parameters for PVCL microgels using the
heter ogeneous mode fit

In order to describe the heterogeneous morpholégymicrogel system | have modified the
Flory-Rehner state equation for the swelling/desaglof microgels resulting in temperature
dependence of the hydrodynamic radius given by(B49) presented in Chapter 3, theory
section 3.3. This equation was used to fit the datained by dynamic light scattering with

the purpose of finding relevant microgel structyparameters (Fig. 4.6). NMR transverse
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relaxation results (Table 4.2) were used to sdleetmost physically correct set of fitting

parameters. Moreover, some of the microgel parasetaained above for the homogeneous
model were useful for calculating the structuralrapaeters for the heterogeneous
morphology. For instance, the quantit®&es® andy; determined before can be used in good

approximation, because the system is a homopolym@ogel. Hence, the free parameters of

the fit aregg™®, ¢£* ™, N, N““"and p (see Eq. (3.19)).

200 s PVCL0.04 BIS
e W e PVCLO0.1BIS
1801 " = PVCL 0.15 BIS
0 \ heterogeneous model
__ 1404 Faly
&e
g 120 ) g ?
T ) E\q
Y 100 X . e =o a
80 N
a2 e o
60 TS S s

10 20 30 40 50 60
temperature [°C]

Figure 4.6 Size-temperature data from DLS for the series o€PYhicrogels with different
crosslinker amounts fitted with equation of st&q.((3.19)) in the bimodal heterogeneous
morphology approximation (solid line§).
The best-fit set of parameters was obtained by eoimg the fit quality and by
comparison with the best result obtained for thedgeneous morphology model (Table 4.4).

The best fit parameters satisfy the following cdiods that relates them to the homogeneous

model, i.e.,

LN N =N (4.5)
20 p 1-p

p3%ore + (l— p3)¢£orona =@, (46)
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where N and ¢, are the number of subchains, and volume fractiogebin the deswollen

state, respectively, in the homogeneous approxamati

Furthermore, NMR relaxation results can be usathfmwse additional constraints and
to obtain the best-fit parameter set for the hegmeous model. The total number of
monomersNmono iN the microgel particles can be evaluated by,

4.7)

wherem is the number of monomers in a statistical segniérissumed that the number of

monomers in a statistical segment will not diffeicore and corona it can be written,

N corona N corona N corona

mono  — ' Vstat
N core - NCore N core : (4 8)
mono stat

The ratio of the number of monomers is proportidalhe concentration of protons
measured by the quantiti€% in the T, NMR experiment. Furthermore, from Eq. (4.3) we

yield,

1/2

& k _ NCOI’Oﬂa ' (4.9)
CS TZL N core

The left-hand side term of the above equation @andbculated from averaged results (Table
4.2) of theT, NMR experiment (Section 4.1.2) and has the valuapproximately 0.8. By

taking into account all these macroscopic and rsmwpic constraints the best-fit parameters
for the heterogeneous model that describes thetstal heterogeneity inside the microgel
particles were obtained. The results are shownrainlel'4.5 for the series of PVCL microgels

with different amount of crosslinker.
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Table 4.5 Results for the size-temperature fit for the hegereous morphology of the series
of PVCL microgels with different crosslinker amosntonsidering the best-fit results of the
homogeneous model for the Flory interaction paramseiThese results were selected to be in
guantitative agreement to the parameters of theogemous morphology model (Table 4.4)
and the heterogeneity showedpyNMR transverse relaxation (Table 4.2 and Eq.)j4°b

0.04 BIS 0.1 BIS 0.15 BIS average

e 0.8 0.85 0.85 0.83
Sl 0.8 0.85 0.85 0.83
N 2.19x1d 3.9x1d 1.75x10 -
N corona 1.69x1d 3.2x1d 1.28x16 -

p 0.51 0.49 0.49 0.5

Figure 4.6 shows the fits of the DLS data for tleeies of microgels systems with
different amount of crosslinker using the modifi€dory temperature-induced volume
transition theory (Eqg. (3.19)). The final resuli&akle 4.5) show the degree of structural
heterogeneity inside the microgel particles. Theapeter that reflects the change between
the different samples investigated and inside tiezagel particle is the number of subchains
of core and corona for each microgel system (Fif). As expected, the number of subchains
in both core and corona increase with the crosstirdtnount. The heterogeneity inside the

microgel particles is also reflected in the paramnet, which describes the ratio between the
radius of the core and the hydrodynamic radius. alerage value op = 0.5 means that the

volume of the core is only 12% of the total voluwiethe particle, while the number of
subchains in the core and corona are almost eghah reveals that the subchains density in

the core and corona has a bimodal distribution,thaedore is much denser.
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I number of subchains in core

18 I number of subchains in corona
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Figure 4.7 Dependence of the number of subchains to thelorkesamount for the series of
PVCL microgels, results obtained in the heterogasenorphology modéf

The results presented in this section were desthlyeBalaceanet al!

4.2 Copolymer PVCL-PNIPAAmM and PVCL-PNIPMAAmM
microgels with heter ogeneous mor phology

This stud{ is a further generalization of the study preseritesiection 4.1, which includes
the description of the synthesis of a copolymerragel system. Therefore, | am extending
the Flory swelling/deswelling volume transition ¢ing applied to copolymer microgels in
order to account for the bimodal internal strudtheterogeneities. As discussed previolisly
| am using H transverse relaxation NMR measurements to imposktional conditions on
the fitting parameters of the Flory swelling statguation for copolymer microgels in this
case. This approach allows the quantitative charaetiion of the core-corona morphology of

PVCL-PNIPAAmM and PVCL-PNIPMAAmM random copolymer mugels.
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The two copolymer microgel systems used for thiglghave a theoretical molar ratio
1:1 (see Chapter 2, synthesis section 2.1.2), atidow referred to in the text as PVCL-

PNIPAAmM and PVCL-PNIPMAAm.

4.2.1 Temperature-induced volume transition by dynamic light
scattering.

Figure 4.8a shows the temperature-dependent sgetlinthe two copolymer microgel
systems. The measured hydrodynamic radi} i normalized by the value in the deswollen
state Ry at 40°C). The swelling ratios are different; thé@2-PNIPAAmM microgel is more
elastic, because the NIPAAmM component is more Ipidhic. There is a minor difference in
the volume transition temperature for the two ngelosystems, which can be seen in Figure
4.8b of the first-order derivatives of the temperattransition curves. The volume transition
temperature is ~38C for PVCL-PNIPAAm and ~33C for PVCL-PNIPMAAmM microgel.
PVCL and PNIPAAmM have a similar volume transiti@mperature at about 32 and 33°C,

respectively, while PNIPMAAmM has a volume transittemperature of 45°C.
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s PVCL-PNIPAAmM 1:1
e PVCL-PNIPMAAmM 1:1

---- PVCL-PNIPAAM
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Figure 4.8 a) Normalized hydrodynamic radius of the copolymérogels PVCL-
PNIPAAmM and PVCL-PNIPMAAmM versus temperature. sForder derivatives of the
volume size-temperature curves a) showing the veltransition temperatuf@.
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4.2.2 Morphology and dynamic heterogeneity of microgels by *
transver se magnetization relaxation.

To confirm the bimodal heterogeneous structure haf tandom copolymer microgels of
PVCL-PNIPAAmM and PNIPMAAm, | performed an NMR studging *H high-resolution
spectroscopy and relaxometry. Proton high-resalubN®R spectra of VCL, NIPAAm, and
NIPMAAmM monomers measured at 600 MHz are shownign 49. The assignment of these
peaks (see Scheme in Fig. 4.9) was made by coropansth simulated NMR spectra

obtained using the ChemDraw® and Gaussian03 pragram

1SN ﬁ**

N- v1nylcaprolactam 1qopropylacrylam1de N-isopropylmethacrylamide

R4 R2
R,
R
1} B | ] VCL
J | R . NIPMAAmM
. ___ NIPAAm
8 6 4 2 0
ppm

Figure 4.9 Proton high-resolution NMR spectra of VCL, NIPAAand NIPMAAmM
monomers in PO measured at 600 MHz. Several resonance assigamenshown in the
schemes using NMR spectrum simulatiéhs

Proton high-resolution spectra of PVCL-PNIPAAmM ar@VCL-PNIPMAAmM

microgels measured in,D at 22°C with AV700 Bruker NMR spectrometer under MAS
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condition (rotor frequency of 7 kHz) are shown ig.F.10. In the resulting NMR spectrum
of PVCL-PNIPAAmM two intense resonances with the noloal shifts: R (1.8 ppm)
corresponding to CHgroups of PNIPAAmM and R(2.5 ppm) CH groups of PVCL were
identified. The resonance at 4.8 ppm correspond#iiP®. For the PVCL-NIPMAAmM
microgel the resonances denoted by (R.8 ppm) belongs to additional @Hyroups of

PNIPMAAmM and R (3.3 ppm) corresponds to Gldf PVCL (Fig. 4.10).

PVCL:NIPAAM 1:1 l R, (PNIPAAM)

R, (PYCL)

HE

6 5 4 3 2 1 0 -1
ppm

PVCL:NIPMAAM 1:1 \ R, (PNIPMAAmM)

R, (PNIPMAAM)
R, (PVCL)

|

R, (PVCLF

|

b)

3

ppm
Figure 4.10 Proton high-resolution spectra of a) PVCL-PNIPAA b) PVCL-

PNIPMAAM copolymer microgels (2% wt. in,D) at 22°C. The spectra were measured at

700 MHz NMR spectrometer under MAS conditioms< 7 kHz). The resonance assignments
were made using the schemes and spectra showg.id.Bf®!
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As described in section 4.1.2, the heterogeneithénmicrogel particle morphology is
reflected in the'H transverse magnetization relaxation due to difierdegree of local
molecular motions correlated to the distributiortinsslinking density inside the particle. The
investigated microgels are made from random copefgnmand because of the pathologic
relaxation behaviour of methyl groups due to thet fatation around the GHaxis the Hahn-
echo decays were calculated from the total inteigtahsity of the NMR spectra in the 0-4.5
ppm range (Fig. 4.10). The decay of the integral RNMignals can be well fitted by
biexponential decay Eq. (4.1) represented by shiids in Fig. 4.11. These transverse
relaxation times describe the weight average oféhaxation times of each component in the
copolymer network. The coefficients and C_ are related to the number of protons in the
PVCL-PNIPAAmM and PVCL-PNIPMAAmM random copolymersély describe quantitatively

the bimodal heterogeneity of the polymer networkhia microgels.

%) PVCL-NIPAAM — A

s U)

‘= 1.0+ -'é' 1.04

=)

s 1 5 PVCL-NIPMAAmM
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Figure 4.11 Proton NMRtransverse relaxation decay by Hahn echo for a)IRRNIPAAM
1:1 and b) PVCL-PNIPMAAm 1:1 copolymer microgel€4avt. in D;O) at 22°C. The
decays were obtained from the total integral intgref spectra taken in the 0-4.5 ppm range.
The fits with two exponential functions (Eq. (5.&)e shown by solid lines and have €hi
0.0011 and correlation coefficients of R0.9911
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The values of théH transverse relaxation times and the relative entration of
protons given byCs coefficients for the PVCL-PNIPAAmMm and PVCL-PNIPMA#
microgel systems are shown in Table 4.6. The vadwesimilar for the investigated microgel
systems having the same molar ratio of NIPAAmM ati@NNVAAmM, which means that the ratio
between core and corona in terms of mobility dosschange substantially by changing one
of the copolymer components. The valueTgf corresponds to a network with a larger value
of the crosslinking density as comparedp.

The bimodal morphology of PVCL microgel particlecisaracterised from Eq. (4.4),
and the data shown in Table 4.6 by the ratio of @veraged crosslinking density of
CLD*"/CLD*"™= 413 and CLD*"/CLD*""= 411 for PVCL-PNIPAAmM and PVCL-
PNIPMAAmM microgels, respectively. The biexponentakcays of the total integral intensity
of NMR spectra for random copolymer microgels cam ibterpreted as probing the

heterogeneity of crosslinking density in the mi@bpgarticles.

Table 4.6 Averaged'H transverse relaxation rates measured using takitgegral intensity
of NMR spectra (Fig. 4.11) and relative weights fioents (Cs and C) for PVCL -
PNIPAAm 1:1 and PVCL - PNIPMAAm 1:1 microgéfs.

PVCL-PNIPAAM PVCL-PNIPMAAmM
Tas[ms] 0.64 0.60
Cs 0.35 0.40
To [MS] 10.94 10.16

CL 0.65 0.56
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4.2.3 Microgel structural parameters for homopolymer microgels
using the homogeneous Flory model.

The homopolymer microgel systems of the componéW€ L, PNIPAAM and PNIPMAAmM
were used to obtain the temperature transitionmpetars that are needed for the copolymer
systems investigation. The DLS temperature trassitidata were fitted with the Flory
equation of state for homopolymer microgels Eqr)Y@resented in Chapter 3, theory section
3.1 (Fig. 4.12). As previously describ&t ) since the volume fraction in the deswollen state

for this polymeric microgels is unknown, differefits for different values ofg were

performed, leaving\, A, ® andy;, as free parameters. The conditiNr2NAVoCc was used
again, withc the molar concentration of the crosslinker usedhm synthesis process, to
determine the best fit parameter. The parametethaétagrees best with this assumption are
shown in Table 4.7 for the three homopolymer mietsg Figure 4.12 shows the

homogeneous model fit of the DLS data for PVCL, PANAmM and PNIPMAAmM microgels.

= PVCL
A PNIPMAAmM
207 AaulFwuaa.,, o PNIPAAM
N homogeneot
200 N
A
= A
= 150- o W
T g ::\. Aan
@ . . 2
100- _{
50 T T T T T T 'I i 'I' il T e

temperature [°C]

Figure 4.12 Size-temperature data for PVCL, PNIPAAmM and PNIPAM#Ahomopolymer
microgels fitted with equation of state (Eq. (3.in)the homogeneous morphology
approximation (solid lin€f!
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Table 4.7 Results from the size-temperature fit by the hoemagus Flory theory morphology
approximation for PVCL, PNIPAAmM and PNIPMAAmM micrelg!®

PVCL  PNIPAAmM PNIPMAAmM

% 0.85 0.9 0.7
N 7.4x10 1.86x10 1.98x10
0 309.6 318.05 360.6
A -7.84 -5.42 -1.56
Y1 0.56 1.00 0.93

The presence of the - methyl group interferes with the hydrophobicenatctions of
the N-isopropyl side group, because it provides therchaiore flexibility, whicrexplains the
fact that PNIPMAAmM has a higher LCST than PNIPAAamd of PVCL)*® This can be
seen in Table 4.7 in the results of théemperatures.

From the experimental size-temperature dependdige(3.5) and (3.6) can be used
together with the values of the fitting paramet€fable 4.7) to obtain the temperature

dependence of the Flory parameter for each of ¢éimedpolymer microgels (Fig. 4.13).

e 4 PVCL
161 %, e PNIPAAM
L4y AL e JVPTT = PNIPMAAM
1.2- A ) .
107 ®wa, : *a % :
0.8- m, Ao,
< 0.6 ! "A
0.4—_ 1im w4
0.2+ ! ! "ag
o] aec £33°C s,

30 31 32 33 34 35 36
1/T [1000 K]
Figure 4.13 Flory interaction parameter temperature dependtardbe homopolymer

systems, PVCL, PNIPAAmM and PNIPMAAmM. The arrowsicate the volume phase
transition temperatures (VPTT) of the homopolymésrogels'®
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At low temperatures, the contribution from the poér fraction ¢in Eqg. (3.5)
becomes almost negligible, as the particles arélhigwollen and the polymer volume
fraction is small. As a result, in this regigrscales linearly with I/ as shown in the right-
hand part of Fig. 4.13. For temperatures abovér#msition temperature, the particle size has
appreciably dropped and the-dependence of the mixing parameter becomes rdlelan
important to note that the dependence on the palywleme fraction is much more obvious
for the isopropyl microgels, than for the PVCL noigel. The temperature dependence of the
Flory parameterY is similar for PVCL and PNIPAAm (Fig. 4.13) ancetefore, the volume

transition temperature for PVCL-PNIPAAmM microgeldwse to that of PVCL. This is not

expected to take place for the PVCL-PNIPMAAmM whe(éT) is very different for
PNIPMAAmM compared to PVCL (Fig. 4.13). Neverthelabg transition temperature is again
close to that of PVCL component of random copolynfempossible explanation could be
related to the fact that Eq. (3.8) is only an agpmation that neglects the interaction between
the copolymers.

These temperature transition parameters are usedtmdit the DLS data for the
copolymer systems in the homogeneous approximatitn Eq (3.10), presented in Chapter
3, theory section 3.2, in order to get the averagmber of subchains. This will help in

selecting the best fit for the heterogeneous appratxon.

4.2.4 Morphology characterisation of copolymer microgels using the
heter ogeneous Flory model.

After having determined the parameters for the hmwhaner systems and the parameters for
the copolymer systems in the homogeneous approximatthe copolymer system

heterogeneity can be investigated.
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Eq. (3.20) presented in Chapter 3, theory se@idnis used to fit the data obtained
by dynamic light scattering with the purpose ofdfimg relevant microgel structural
parameters (Fig. 4.14a and b). NMR transverse aétax results (Table 4.6) were used to
select the most physically correct set of fittireygameters. Moreover, some of the microgel
parameters obtained above for the homopolymer apdlgmer homogeneous models were
useful for calculating the structural parameters tiee heterogeneous morphology. For
instance, the quantitied, ® andy; (Table 4.7), determined before for each homopotyme
system (PVCL, PNIPAAmM and PNIPMAAmM), are used imd@pproximation for calculating
the structural parameters of the heterogeneouslywuopo system. The average number of
subchains obtained in the homogeneous approximatidhe copolymer system is used to

estimate the range of the final heterogeneous modeiber of subchains. Hence, the free
parameters of the final heterogeneous approximéitiame ¢£*®, ¢f*°™, N, N“"“and p
(see Eq. (3.20)). These parameters refer to thenmol volume fractions in the deswollen

state for core and corona, the number of subcHamsore and corona and the ratio between

the radius of the core and the hydrodynamic radius.

500- = PVCL-PNIPAAM 1:1 400 e PVCL-PNIPMAAmM 1:1
] heterogeneous model P heterogeneous model
4504 " 1 e
] - 350 e
400+ a
- . a) -
350 £ 300-
| [ RN ]
u I
3oo. 0 250 b) o
[ ]
250+ A . 1 *ee,,
1 e wo 200- *e
200
0 20 30 40 50 60 10 20 30 40 50 60

temperature [°C] temperature [°C]

Figure 4.14 Size-temperature data for copolymer microgel aEPAPNIPAAmM and b)
PVCL-PNIPMAAm fitted with equation of state (Eq.2B)) in the bimodal heterogeneous
morphology approximation (solid line$).
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Furthermore, NMR relaxation results can be usadfmwose additional constraints and
to obtain the best-fit parameter set for the hef@neous model, as described in section 4.1.2
by Eq. (4.9) and taking the values from Table 4§. taking into account all these
macroscopic and microscopic constraints the begiafiameters for the heterogeneous model
that describes the structural heterogeneity inii@emicrogel particles were obtained. The
results are shown in Table 4.8 for both copolymgsteams. There are no significant
differences between the structural heterogeneisult® of the two systems. Pearson’s
product-moment correlation coefficient (R) of théirig is -0.909 for PVCL-PNIPAAmM
microgel and -0.943 for the PVCL-PNIPMAAmM microgdlhe values show that there is a

good linear dependence of the calculated and axpetial data.

Table 4.8 Results for the size-temperature fits for the tugfeneous morphology of the two

microgels systems, considering the best-fit resoiitthe homogeneous model for the Flory
interaction parameters. These results were seldotdge in quantitative agreement to the
parameters of the homogenous morphology model €T4l1) and the heterogeneity showed
by *H NMR transverse relaxation (Table 4.6 and Eq.)j4°d

PVCL-PNIPAAM PVCL-PNIPMAAmM

e 0.88 0.84
s 0.88 0.84
N e 2.9x168 3.2x10
N corona 1.3x16 1.4x10
P 0.49 0.5

It is important to notice that both systems expergeea deswelling degree of % of the
original size (comparing the DLS size at 25°C witie collapsed microgel particle size). The

average value op = 0.5 means that the volume of the core is only 12%heftbtal volume

of the particle, while the number of subchains e tore is higher than the number of
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subchains in the corona, which reveals that thelsibhs density in the core and corona has a

bimodal distribution.

4.3 Correlated mor phological changes in the volume phase
transition of core-shell microgels

The aim of this study is to analyse the correlated changes in the moghof core-shell
microgels during the volume transition temperatoyedynamic light scattering (DLS) and
Flory-Rehner transition theory. The experimentalegemperature results are fitted by an
extended Flory volume transition theory for corelsimicrogels, which is able to analyse the
individual swelling behaviour of the core and shedbions, and the total effect on the
microgel particle. For this purpose | have desigoete-shell microgels, which are a new
combination of thermoresponsive polymer componenithy different lower critical solution
temperatures (LCST), 32°C for PVCL and 45°C for PMAAmM, and synthesized reverse

microgel systems, PVCL-core/ PNIPMAAmM-shell and PMIAAm-core/ PVCL-shell.

In the previous studies presented alfdVé have discussed the temperature swelling
behaviour of homopolymer and copolymer microgelsated as a polymer network with
heterogeneous crosslinking morphology. Due to tkapiexity already introduced by the
core-shell morphology, in the case of these midregstems | am limiting the theoretical
treatment to homogeneous crosslinking morphologgawh structural component (core and
shell), disregarding the intrinsic heterogeneitydduced by the polymerization technique. |
am using the previously calculated swelling paramsetcharacteristic for the polymeric

microgels of pure PVCL or PNIPMAAmM systems.
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The synthesised core-shell microgels used in thidys(see Chapter 2, synthesis
section 2.1.3) will be referred to in the text a¥(R-core/ PNIPMAAmM-shell and

PNIPMAAmM-core/ PVCL-shell.

4.3.1 Volume phase transition temperature by DL S for homopolymer
and core-shell microgels.

Dynamic and static light scattering measuremente werformed for homopolymer and core-
shell microgel systems to determine the monodigyerthe angular dependence of particle
size and the change of the hydrodynamic radius imitheasing temperature. Figures 4.15a
and b show that the size distribution of the cdrellsmicrogel particle is monotonic and
narrow, excluding the formation of secondary seedthe second synthesis step. Figures
4.16a and b show the static light scattering anglgpendent measurement, demonstrating no

significant change in the size of the particleswelhanging angle.

PVCL-core/PNIPMAAmM-shell

T PNIPMAAmM-core/PVCL-shell
1.0
1.0
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0.2- 0.2
0.0 0.0
0 200 400 600 800 1000 1200 1400 0 o0 400 600 800 1000 1200 1400
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Figure 4.15 Normalized particle size distributions from DLS asarements for a) PVCL-
core/ PNIPMAAm-shell and b) PNIPMAAm-core/ PVCL-$haicrogels'
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Figure 4.16 Angular dependence from SLS measurements for &LPd6re/
PNIPMAAm-shell and b) PNIPMAAm-core/ PVCL-shell migels®!

In Figure 4.17 the volume temperature transitioos iomopolymer PVCL (Fig.
4.17a) and PNIPMAAmM (Fig. 4.17b) microgels in(Hare presented, as well as the first
derivatives for the transition curves. The derivatwas made on the interpolated data, and a
smoothing function was subsequently applied in otdeminimize the measurement errors.
The first derivative provides the possibility ofemtifying more accurately the volume
temperature transition point. From DLS measuremientgater, PVCL microgel has a volume
transition temperature of 29 °C, while PNIPMAAmM moigel has a volume transition

temperature of 46 °C.
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PNIPMAAM microgel in waterm DLS measured data
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Figure 4.17 Dynamic light scattering measurement of hydrodyramadius for a) PVCL and

b) PNIPMAAmM homopolymer microgels in,B. The dashed lines represent the
interpolations used to obtain the derivatives eftifansition curves. The inserts show the first

derivatives of the temperature transition curfes.

Figures 4.18a and 4.19a show the temperature ti@nsurves determined with DLS
measurements in water for PVCL-core/ PNIPMAAm-staeid PNIPMAAm-core/ PVCL-
shell microgels, respectively. These figures shiosvrheasured data and also the interpolation
used later for selecting the temperature intervialem the first derivatives of the transition
curves (Fig. 4.17b and 4.18b) a two steps voluraesition can be detected, with two
temperature transition points, one correspondinthéoPVCL component, and the other one
to the PNIPMAAmM component. No significant differesc between the PVCL-core/
PNIPMAAm-shell and PNIPMAAm-core/ PVCL-shell micrelgsystems can be detected.
Furthermore, the temperature transition of the RINWAm component is much influenced by
the presence of the PVCL component, decreasingratssition point with about 4 °C

compared to the homopolymer microgel. The volunaadition temperatures are given in

Table 4.9.
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Figure 4.18 a) Dynamic light scattering measurement of PVCLet®INIPMAAmM-shell
microgel and the temperature intervals for the wat&bn of the radius scaling factgas The
dashed line is the interpolation used to fit theryistate equation. b) First derivative of the
volume temperature transition curve shown in @ealin
of the microgel components.
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Figure4.19 a) Dynamic light scattering measurement of PNIPMAAone/ PVCL-shell
microgel and the temperature intervals for the watabn of the radius scaling factgas The
dashed line is the interpolation used to fit ther§istate equation. b) First derivative of the
volume temperature transition curve revealing déffee transition temperatures of the
microgel componenté
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Table 4.9 Transition temperatures of homopolymer and cordl-ghierogels determined from
DLS measurement¥.

Microgel Te1 [°C] T2 [°C]
PVCL homopolymer 29
PNIPMAAmM homopolymer 46
PVCL-core/ PNIPMAAmM shell 29 42
PNIPMAAmM-core/ PVCL-shell 27 42

4.3.2 Thetemperature dependence of theradial scale factor

The aim is to investigate correlated morphologa@nges into the process of volume phase
transition of the structural components of the exirell microgel particle by applying the
Flory-Rehner swelling theory modified for core-dhabrphology as presented in Chapter 3,
theory section 3.4. Using the state equation (B@1()) to fit the experimental data obtained
by dynamic light scattering of the hydrodynamic iuad evolution with temperature
information related to the individual transition dhe structural components can be

determined, through th@ parameter, which is the radial scale factor, tt@rbetween the

radius of the core and the hydrodynamic radius (B®5)). In order to have all information
needed for the core-shell microgels, | first havdind the characteristic swelling parameters
of the homopolymer microgels. For this purposedizeamic light scattering data was fitted
with the Flory-Rehner state equation for homopolymmecrogel, described by Eq. (3.7) in

theory section 3.1. In this way the characteriptagzametersA, 0, y1, and ¢, for each

homopolymer microgel, are determined and it is mzlithat they don’t change in the core-
shell morphology. In the framework of this approdioh number of subchain, for the core
component is also determined. For the shell compiohestimate the value & considering

that the same amount of subchains will be formedttie same polymeric microgel on the
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same volume, in this case a hollow sphere. Theegatfi these parameters are shown in Table

4.10 for PVCL and PNIPMAAmM microgels. The numbersoibchains for the PVCL-core/

PNIPMAAm-shell microgel shell was thus calculated® ™" (PNIPMAAm = 367x10° and

for the PNIPMAAm-core/ PVCL-shell microgel sheN*"™'(PVCL) =1.473<1.0’.

Table 4.10 Microgel network swelling parameters for homopolynrécrogels®

Microgel A 0 [K] el & N
PVCL homopolymer -7.84 309.58 0.56 0.85 74x10°
PNIPMAAmM homopolymer -1.689 356.43 0.93 0.7 207x10°

The radial scale factop, has an unknown dependence on temperature thabecan
obtained from the DLS data fitted with the extendddry-Rehner theory for core-shell
microgels. One possible approach to solve this ¢exproblem is to use a coarse-grained
approximation by dividing the total temperatureeivl for R4(T) in n intervals. For each
temperature interval the radial scale factor issabgred constant and is denoted gyor i=1-

n.

The next step is to find the interfacial elasticct parametek and the radial scale
factor in the deswollen staie,, where p, = p,corresponds to the last temperature interval,
AT,. For this purpose an average for the entire temperature range is estimated from
dynamic light scattering measurements of the cork @re-shell microgels, without taking
into consideration the correlations of the core ghell swelling behaviour. The values pf
=0.8 and p =0.7 were used for PVCL-core/ PNIPMAAm-shell antliIPMAAmM-core/

PVCL-shell microgels, respectively. By fitting tlegperimental data using the core and shell
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parameters (Table 4.10) determined from homopolyfiteeand considering a constagt for
the whole temperature range, insteadopih Eq. (3.31),0, andk are determined. The quality

of the fits (Fig. 4.20a and b) in the double trénsiarea is influenced by the disregard of the

different swelling behaviour of the components his tapproximation. Nevertheless, the fits
are good in the deswollen state, which means ttialracale factor in the deswollen statg,
can be determined, which is our goal. The fittieguits for PVCL-core/ PNIPMAAmM-shell

were p, = 075 and k = 533x10**N/K, and for PNIPMAAm-core/PVCL-shellp, = 075

and k = 328x10° N/K.

PVCL-core/ PNIPMAAm-shell PNIPMAAm-core /PVCL-shell
2001 e DLS measured data - - - interpolated data
®ea - - -interpolated data 400 m DLS measured data
& @\.\ fit with p m--E= - fit with paverage
a average - i
® = N
150 ® e \“
Ve a) 51 3001 b) \
‘9 X ]
o !-
100 \ |
®eocce 200 g
0 20 30 40 5 60 0 20 30 40 50 60
temperature [°C] temperature [°C]

Figure 4.20 Hydrodynamic radius by dynamic light scatterirt¢efil with Flory-
Rehner volume transition theory (continuous lirfes)core-shell microgels considering an
average radial scale facfor a) PVCL-core/ PNIPMAAmM-shell and b) PNIPMAAmM-cére

PVCL-shell microgel®

Using the coarse grained approach in order to fimel radial scale parameter
dependence on temperature, the temperature rangebéan first divided into five
nonequidistant intervaldT, wherei=1-5. Figures 4.18a and 4.18a show the temperature
intervals on the interpolated data points defirsdius by arrows where the radius of the core

is considered proportional to the hydrodynamic RWCL-core/ PNIPMAAm-shell and
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PNIPMAAm-core/ PVCL-shell microgels, respectivelyhese intervals were chosen by
considering regions where the profile of the traasicurve doesn’t change significantly, so
that the approximation doesn’t introduce significagrrors. Furthermore, in order to

demonstrate that the final result does not depsadrgially on the choice of5 intervals, the
temperature range was further divided imel0 intervals. Eq. (3.31), an@, andk, as
previously determined, were used to fipd corresponding to each temperature interval. The
guality of the fits (Figures 4.21a and b) orb separate intervals improves considerably from
the one considering an averagg(Fig. 4.20), allowing the radius of the core to yavith
respect to the hydrodynamic radius, therefore takimto account the differences in the
swelling behaviour of the components. Neverthelgsse are still problems in the transition
area (forp,). This can be explained by the limitations impobgdhe Flory swelling theory

itself, and by the modifications introduced in artieaccount for core-shell morphology.

PVCL-core/ PNIPMAAm-shell
200 @® DLS measured data

- - -interpolated data
® —fits for different temperature intervals
E 1504
=
T
x %,
a) °
100 \
T T T T T T T T T T T
10 20 30 40 50 60

temperature [°C]
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PNIPMAAm-core/ PVCL-shell
B DLS measured data

- — -interpolated data
— fits for different temperature intervals
400
S
£ 300-
T
@
\
b) .
200 A
T T T T T T T T T T T
10 20 30 40 50 60

temperature [°C]

Figure 4.21 Hydrodynamic radius by dynamic light scatteringgfit with Flory-Rehner
volume transition theory (continuous lines) foreahell microgels divided into temperature
intervalsAT; (i=1-5) (see text): a) PVCL-core/ PNIPMAAmM-shetidab) PNIPMAAm-core/

PVCL-shell microgel&’

4.3.3 Scenarios for the correlated morphological changes of core-shell
microgels.

Figures 4.22 and 4.23 show the morphological chawrmfehe core-shell microgel systems,
i.e., the individual behaviour of the core-shelimaonents reflected in the change of the radial
scale factor with temperature for5 (Fig. 4.22a and 4.23a) and10 (Fig. 4.22b and 4.23b)
temperature intervals considered in the coarsenggaiapproach. For the PVCL-core/
PNIPMAAmM-shell microgel the core component PVCLYisks in the first temperature
intervals because the volume transition temperdtur®VCL begins first. Results show this
by a decrease in the ratio of the radius of the @ the hydrodynamic radius (Fig. 4.22a
and b). Afterwards, the shell component, PNIPMAAmMdergoes a collapse, and the radial
scale factor increases. In the last intervals tiedl fomponent, already collapsed makes the
radial scale factor continue to increase slowlguFe 4.22c shows the pictorial diagram of the

morphological changes with temperature in the P\MGte/ PNIPMAAm-shell microgel.
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PVCL core/ PNIPMAAmM shell microgel
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Figure4.22 a) Variation of the radius scaling paramel&f™/ R, with temperature fon=5
intervals and b) fon=10 intervals obtained by dividing in two the5 intervals for PVCL-
core/ PNIPMAAm-shell microgel. cPictorial representation of the evolution of theecand
hydrodynamic radius. The arrows in the pictoriagitam of the morphological changes
symbolize the collapse processes of the compokertso deswelling in different
temperature intervalé.
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Figure 4.23 a) Variation of the radius scaling paramel&f/ R, with temperature fon=5
intervals and b) fon=10 intervals in the case of PNIPMAAmM-core/ PVClekmicrogel. c)

Pictorial representation of the evolution of theecand hydrodynamic radius. The arrows in
the pictorial diagram of the morphological changgsbolize the collapse processes of the
components due to deswelling in different tempeeaintervald?

In the case of PNIPMAAm-core/ PVCL-shell microgsle first changes in the
morphology take place in the shell. Hence, thelteshow that only the shell shrinks in the
first temperature intervals, which can be seen fasnincrease in the ratio of the radius of the
core to the hydrodynamic radius in Figure 4.23a bandfterwards, the PNIPMAAmM core
collapses decreasing its radius, and so the ratwden the radius of the core and the
hydrodynamic radius decreases. In the last temyrerattervals the dramatic decrease in the
core stops since the PNIPMAAmM component is alséapséd, so the radial scale factor
increases again. Figure 4.23c shows the pictorggrdm of the morphological changes with
temperature in the PNIPMAAm-core/ PVCL-shell micebglt is clear from comparing the
profile of the radial scale parameter dependenctemperature fon=5 andn=10 intervals,
for both microgel systems, that the trend is vemilar. This proves that the choice of the
intervals does not affect the radial scale factepeshdence on temperature. Moreover, the
accuracy of the method increases with more intsreahsidered.

Under the assumption that some of the parametasacteristic for homopolymer

microgels (Table 4.10) have different values in¢hee-shell morphology, several attempts to

improve the quality of the fits were made: (i) tdume fraction in the deswollen statg X
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for both components of core-shell was consideretiea parameter, but because these
parameters appear in Eq. (3.31) at different powers impossible for the function to fit the

experimental data; (ii) the values gf for both components were manually changed, but the

fits didn’t improve, and the values obtained didt f@mve physical meaning; (iii) the
interaction parameteng for core and shell were considered as free fithagameters, the fits
improved, but the physical meaning of the evolutioh the radial scale factor with
temperature (see Figures 4.22 and 4.23) disappe#@edefore, | have concluded that to my
knowledge the method described above gives the filespossible, keeping the physical
meaning of the resulting parameters, and providiriglievable scenario for the evolution of
the components of the microgel particle with terapae.

It is obvious from Eq. (3.31) th&y(T) is an equation of the ninth degree, a multi-
valued function, with nine solutions. The valueRpfat equilibrium corresponds to the lowest
minimum of free energy. Nevertheless, thereRrdor which there are two or more minima
with the same value of free energy, and a discvetame-transition takes place, which
explains the behaviour of the fitting function hettransition area of 40-50 °C (Figures 4.21a
and b). Such results were reported previouslyterdiure for weakly ionized gels, (see Ref.
4(18) and references therein).

The results presented in this section were desttiily Balaceanat al™®

5.4 Conclusions

In the first study the effect of the crosslinkeramt was investigated using DLS for a series
of PVCL microgel systems. The decrease of the swellegree with crosslinker amount
shows that the particles become more compact. Tlbey Rhermodynamic theory for

temperature-induced volume transition of microge&s applied in the approximation of a

homogenous morphology for the series of homopolyPeCL microgels with different
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amounts of crosslinker in water for the first timiéhe number of subchains in a microgel
particle (N), polymer volume fraction in the deswollen stagg énd the parametess ©, and

X1 of the Flory polymer-water interaction were deter@d from microgel size-temperature
fits measured by DLS. Therefore, the temperaturpeddence of the Flory interaction

parametel for PVCL/water system was determined. Moreoverapeeters of interest for the

temperature phase transition of PVCL microgels waleulated, the entropic and enthalpic

energies.

Proton transverse relaxation NMR experiments skiothie existence of morphology
heterogeneity in PVCL homopolymer microgels. A bdabdynamic structure was detected
with a core and corona components for the crosstimkicrogel systems under investigation.
Therefore, a generalization of swollen/deswolleorytheory was proposed based on the two
morphology components described by different degfesrosslinking and the assumption of
temperature-independent proportionality of the cadius to the hydrodynamic microgel

radius. Using this new equation of state the hgemeity parameters of interest for the PVCL

orona core corona
, N5 N

microgel systems are calculategf:, ¢ and the ratio p) between the

measured microgel radiusR() and the radius of the coreR{™®) (Table 4.5). The most

probable heterogeneity parameters derived fromrgéned Flory theory were selected by
microscopic constraints imposed by transverse relaxation and thermodynamic consgrain
derived from the homogeneous equation of state. Aumaber of subchains for core and
corona and the ratio between the radius of the antethe hydrodynamic radius reflect the
degree of heterogeneity inside the particle.

The proof of validity for the equation of state £8.19), derived for a heterogeneous
morphology stands on several arguments. In the livhen the number of corona subchains

goes to zero the generalized equation of stateeagwath the classical Flory-Rehner
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relationship Eg. (3.7). Moreover, the hydrodynamadius-temperature data were fitted well
with this new equation of state assuming Flory rextdon parameters obtained by the
homogeneous morphology approach. The weighted geemamber of subchains and polymer
volume fractions obtained from the heterogenougyHRehner theory are in quantitative
agreement with the values obtained based on tlssictd homogenous approach. That proved
a posteriorithe validity of the assumptions made for the deron of equation of state for a
homopolymer microgel showing a heterogeneous mdoglo

Some limitations of the NMR relaxation approach &haty theory arenter alia: (i)
the coefficientsC; are underestimated because of the NMR spectrordetst time; (ii) the
Eq. (3.19) is valid in the approximation of Gaussrtbution of the end-to-end vectors that is
valid at low crosslinking densitié&**! (iii) the contribution of the dipolar interaction
modulation by the microgel tumbling in the solveot the transverse relaxation rate is
neglected in Eq. (4.3); (iv) the elastic energpverestimated in the Flory theory because the
ideal chain conformation entropy is assumed, andti{g correlations between monomers
along the polymer chain are omittéd®”

In the second study the morphology of two chemycdlfferent copolymer systems
was investigated using Flory temperature transitidreory in the heterogeneous
approximation and NMR transverse relaxation measantds. In spite of several
approximations used in the theoretical model a tjizive characterisation of copolymer
microgel structural heterogeneity is accomplish&tde steps used in this approach are
summarised bellow. (i) The Flory thermodynamic tlyetor temperature-induced volume
transition of microgels was applied in the approdiilon of a homogenous morphology for the
homogeneous homopolymer microgels in water. The baunof subchains in a microgel

particle (N), polymer volume fraction in the deswollen stagg énd the parametess ©, and

X1 of the Flory polymer-water interaction were deter@d from microgel size-temperature
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fits measured by DLS. (ii) The homogeneous apprakion was also used for the copolymer
systems, by considering a Flory interaction paramabnsisting of the two contributions. The
results were used to approximate the heterogermaodgl parameters. (iii) Proton transverse
relaxation NMR experiments showed model free thstemce of morphology heterogeneity
in the copolymer microgels. A bimodal dynamic stawe was detected with a core and
corona components for the copolymer microgel systemder investigation. Therefore, a
generalisation of the Flory temperature transittbeory was proposed based on the two
morphology components described by a different @e@f crosslinking and the assumption
of temperature-independent proportionality of tleeecradius to the hydrodynamic microgel

radius. Using this new equation of state the hgemeity parameters of interest for the

PVCL-PNIPAAmM and PVCL-PNIPMAAmM microgel systems wecalculatedg™, ¢,

N N and the ratio p ) between the measured microgel radii Y and the radius of

the core R°) (Table 4.8). The most probable heterogeneity matars derived from

generalized Flory theory were selected by microscopnstraints imposed by transverse
relaxation and thermodynamic constraints derivedthfthe homogeneous equations of state.
The number of subchains for core and corona andatieebetween the radius of the core and
the hydrodynamic radius reflect the degree of logiemeity inside the particle for the two
copolymer systems. The parameters describing thetstal heterogeneity are similar but not
identical for the two copolymer microgels. The prese of PVCL component at the molar
concentration investigated diminishes the expealdterences due to the presence of

PNIPAAM and PNIPMAAm.

The proof of validity for the equation of state K§.20), derived for a copolymer
heterogeneous morphology stands on several arganiarthe limit of only one component,

i.e.,w=1 and the number of corona subchains going to, zleeogeneralized equation of state
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agrees with the classical Flory-Rehner relationdbip (3.7). Moreover, the hydrodynamic
radius-temperature data were fitted well with thisw equation of state assuming Flory
interaction parameters obtained by the homogenewrgphology approach. That proved
posteriori the validity of the assumptions made for the ddron of equation of state for a
copolymer microgel showing bimodal heterogeneoasstmk morphology.

In the last study | am investigating newly syntiedi reverse core-shell temperature
responsive microgel systems, composed of pbiyQylcaprolactam) and poli-
isopropylmethacrylamide), to gain knowledge regagdihe confinement effects on the
swelling/deswelling of individual components in th@crogel particle. The Flory-Rehner
volume temperature transition theory was extendedhe core-shell morphology microgels,
taking into account the dependence on temperafutegadial scale factor, the ratio between
the radius of the core and the hydrodynamic raditass was done using the coarse-grained
approximation, dividing the temperature range oé tiemperature transition curve into
intervals. The newly developed core-shell Florytestaquation was used to fit experimental
dynamic light scattering data showing the hydrodyitaradius dependence on temperature.
Using this simple method access is gained to giadint information about the swelling
behaviour of the confined core compared to the lavgebehaviour of the entire particle.
Furthermore, the theory developed allows an estimadf the force of confinement that
influences the transition of the core due to thagition of the shell.

The swelling/deswelling behaviour of the indivilueomponents of core-shell
microgels with temperature can be investigatedctliyeby performing small-angle neutron
scattering (SANS) measurements at different tempess Such investigations were
performed on core-shell microgéf€”! and on homopolymer microgels with heterogeneous
core-corona crosslinkifty®. In the first reference the core-shell particles iavestigated at

three different temperatures, but a profile of siaeelling behaviour of the components is not
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reported. The second reference reports the difteebetween the swelling behaviours of the
differently crosslinked morphological componentspdaeven if the microgel is a
homopoylmer the authors find significant profileedlng differences between components.
The major drawback of SANS is the necessity to preeleuterated polymers that is not the
case for the DLS, NMR or DSC techniques.
| introduced in this work an indirect method of Bsang the swelling profile of the

differently thermosensitive components of coredsimétrogel particles, by means of dynamic
light scattering data fitted with the generalizedecshell Flory-Rehner transition theory. The
results of the radial scale parameter dependencetemperature show a predictable
temperature behaviour, which proves posteriori the model used and the theoretical
treatment. The novelty and the value of developiregcore-shell Flory swelling theory is that
it gives semiquantitative information about the iwidual temperature behaviour of the
components. The temperature interval where the ocoens undergo temperature transition,
which is influenced by the restrains and interatiamposed by the core-shell morphology,
can be estimated. The theoretical treatment alswsldetermination of the size of the core
relative to the total hydrodynamic radius at diéfer temperatures. The interaction force
between the two morphological components can atsddtermined. Nevertheless, from Fig.
4.21 it is evident that the modified Flory-Rehnleedry is not able to describe accurately the
dependence of hydrodynamic ratio on temperatuthartemperature range of 40 °C — 50 °C,
which is dominated by the volume transition of PMWAmM. The theoretical method has
limitations because it is based on several assomgtisuch as from the Flory-Rehner theory
itself, and the coarse-grained approach used fd#pendence of the radial scale factor on
temperature. Nevertheless, the availability of thethod and the relevant semiquantitative
morphological information that can be obtained negeend it for stimuli responsive core-

shell microgel systems.
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5 Microgel characterisation studies

Different characterisation studies on microgel eyst with different morphologies are
presented in this chapter. Some of the studieprleminary investigations, and more effort
should be made in order to fully understand thelizapons of the results presented.

Nevertheless, all the studies have value and intedovel ideas and results.

5.1 Copolymer microgels of N-vinylcaprolactam and N-
isopropylacrylamides

For this study | designed copolymer microgels by copolymerizatiéiN-vinylcaprolactam
(VCL) in  combination  with  N-isopropylacrylamide  (NIPAAm) or N-
isopropylmethacrylamide (NIPMAAmM)) under precipitet conditions in water. The molar
ratio between the monomers in the synthesis mixtia® varied from 1.5 to 5:1. Using NMR
and Raman spectroscopy | determined the chemigapaesition of PVCL-PNIPAAmM and
PVCL-PNIPMAAmM copolymer microgels reflecting thetial monomer ratio in the reaction
mixture. 'H transverse magnetization relaxaton NMR was usedinvestigate the
heterogeneity of the microgel structure in termsha distribution of the monomer units,
showing that VCL, NIPAAm or NIPMAAmM monomers arendomly distributed in the
polymer networks. The investigation of the voluniage transition temperature (VPTT) for
copolymer microgels was performed by dynamic ligtattering, liquid and solid-state NMR
and differential scanning calorimetry.

The synthesis procedure of the copolymer microgelgpresented in Chapter 2,
synthesis section 2.1.2. The different microgel glaswill be referred to in text according to

the theoretical molar ratio between the monomersexample PVCL-PNIPAAmM 1:1.

Some of the results and the descriptions in thigotar were presented by Balaceanal!’
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5.1.1 Chemical composition of microgels determined by ‘H NMR and
Raman-Spectr oscopy

The 'H NMR spectra for the microgel sample PVCL-PNIPAAN is presented in Figure
5.1. By integrating the peaks corresponding toexisip functional group in each monomer,
namely CH protons in PVCL (assigned as)Rand CH protons in PNIPAAm (assigned as

R1), | have obtained the real molar ratio of VCL aditPAAm in the copolymer structure

(Table 5.1).
R PNIPAAM R, PVCL:NIPAAM microgels
\ ' i )\ 1—51
2 31
a) \)}\N N b) 3—21
) 4—11
N-isopropylacrylamide 5—1:2
R, PVCL . ‘ |6 13
2 . \
| Y —
/\JW\N L o it ijw E
N-vinylcaprolactam g
I T BT T S S T
ppm

Figure 5.1 Proton MAS NMR spectra: a) PVCL-PNIPAAmM 1:1 micrbgad b)
PVCL-PNIPAAmM microgels with different molar rati¢§=22°C)!"

Due to the overlap of the peaks corresponding te @dtons in PVCL (assigned as
R2) and CH protons close to the vinyl bond in PNIPMAAmM (as®d as RB) (Figure 5.2) the
determination of the copolymer composition ty NMR for this system was hindered.
Therefore, | have used Raman spectroscopy to eealha chemical composition of PVCL-
PNIPMAAmM microgels. The intensities of charactecigieaks for VCL and NIPMAAm at
689-703 crit and 950 crl, respectively, were used for the calculation of tthemical

composition (Figure 5.3).
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Figure 5.2 Proton MAS NMR spectra: a) PVCL-PNIPMAAmM 1:1 miced@nd
b) PVCL-PNIPMAAmM microgels with different molar fas (T=22°C)"
a) —— PNIPMAAM b) — PNIPMAAM
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Figure 5.3 Raman spectra of PVCL-PNIPMAAmM microgels and PVadid PNIPMAAmM
homopolymer microgels, a) entire frequency reglymegion of interes¥.
The summary of the experimental results from NMR &aman Spectroscopy are given in
Table 5.1 and Figure 5.4. It is obvious that thencltal composition of the copolymer
microgels agrees very well with the initial monomemposition in the reaction mixture. This
shows a possibility of flexible variation of the arogel chemical structure by adjustment of

the monomer ratio in the polymerization process.
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Table 5.1 Measured monomer composition in PVCL-PNIPAAM andCRWNIPMAAmM
microgels!

VCL/NIPMAAM/NIPMAAmM  VCL/NIPAAmM VCL/NIPMAAM

Sample [mol:mol]™e [mol:mol]™®**  [mol:mol]™%®
1 5 4.6 5.04
2 3 2.9 3.04
3 2 2.3 1.87
4 1 1.01 1.08
5 0.5 0.55 0.48
6 0.33 0.4 0.33
7 0.2 0.3 0.2

54 B Raman data
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Figure 5.4 Correlation between the monomer ratio in reacti@xtune and in copolymer
structure for PVCL-PNIPAAmM a) and PVCL-PNIPMAAmM microgels. Solid lines represent
theoretical correlation between monomer ratio act®n mixture and in copolymer

structure”!

To address the question of the copolymerisatiorcge® in the present system |
performed a kinetic experiment for the PVCL-PNIPAAmM system. Samples of the solution
were taken from the reactor at different time inéés after the addition of the initiator. The
solid content was measured after freeze dryingvignetrical analysis), and the samples were
analysed with quantitativéd NMR to determine the chemical composition. Thpezimental
data presented in Figure 5.4 suggest that the wopwoization process is fast and the
monomer conversion of 85% is achieved after 20 ramction time. Then the conversion

increases slowly and reaches 90% after 120 min.
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Figure 5.4 Monomer conversion (a) and chemical compositioraf function of reaction
time for PVCL-PNIPAAm 1:1 microgél

Interestingly, the evolution of the chemical compos of the formed copolymers
(Figure 5.4b) shows a very similar trend to thevasgsion time curve. The VCL-NIPAAmM
molar ratio increases with polymerization time aedches the final value (close to 1) after 20
min of reaction time. This indicates that NIPAAmtiee more reactive monomer and that it
dominates in the copolymer structure at low coneess Nevertheless, this gives little
information concerning the internal 3D structuretioé microgel particle, since entangled
polymer chains create the network. For this redswill subsequently perform a transverse
relaxation NMR study to determine the monomer logteneity inside the microgel particle.
Due to the low monomer concentration in the reactiuxture it was not possible to detect

more experimental points at shorter polymerizatiores.

5.1.2 Structural heter ogeneity of the microgelsby NMR

To investigate the internal microgel structure émns of the distribution of the VCL and
acrylamide units in the copolymer microgel | pemi@d a detailed NMR study similar to the

one presented in Chapter 4, results sectiof4.To study the polymer network structure and
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dynamics heterogeneitiesH NMR relaxometry, diffusometry and measurementsthu
residual dipolar couplings were used in the F&st®. The structural inhomogeneities inside
microgel particles of PNIPMAAm were studied By transverse magnetization relaxafiéti
without any'H resolution. The chain mobility for three diffetetypes of PNIPMAAmM
hydrogels (normal cross-linked, comb-type graftesl, @and comb-type grafted gel with
styrene-modified comb chains) has also been imyasti by'H transverse magnetization
relaxation T2)P®".

The synthesis procedure of microgels leads to iralcinhomogeneities (a more
crosslinked core and a looser cordhdy’ that provide two different structural dynamics
regions to be probed by the high-resolution sitecsiwe NMR method. To study the
distribution of monomer units in microgel by NMRhet PVCL-PNIPAAmM and PVCL-
PNIPMAAmM samples prepared at equimolar monomerosativere used. Proton high-
resolution NMR MAS spectrum of these samples weoended (see Figures 5.1 and 5.2) and
the resonance assignments were made using’thesimulated spectra obtained with
Gaussian03 Simulation Package arftH liquid-state spectra of monomers measured at 400
MHz Bruker NMR spectrometer. The functional grogpsresponding to each resonance can
be identified in Figure 5.5. The MAS spectra shawioved spectral resolution as compared

to the ones measured under the static conditions.

a) R, 0 )\
R,
N\/ \)j\u)\ . N R,

R, ] R,
Ry N-isopropylacrylamide

N-vinyleaprolactam N-isopropylmethacrylamide
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Figure 5.5 Proton NMR spectra for VCL, NIPAAm and NIPMAAmM maners!"

The proton Hahn-echo decays measured chemicatlgslective for the NMR lines of
PVCL, PNIPAAmM and PNIPMAAmM are shown in Figure 3d8 the PVCL-PNIPAAmM 1:1
system and in Figure 5.7 for PVCL-PNIPMAAmM 1:1 &yst A biexponential decay for all

the resonances is assumed, i.e.,

S(t) _ _t -t
%—clexp{ TZS}+czexp{ TZI}’ (5.1)

whereS(t)/S(0) is the normalized NMR signal integral as a fiorcof spin-echo timé ¢ (i=s
and |) are the relative contribution of the decalaracterized by shorf4{) and long T2)

transverse relaxation times. The errors of theafissbelow 5%.
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Figure 5.7 Hahn-echo decay curves for PVCL-PNIPMAAmM 1:1 mgeb(R, PNIPMAAmM
spectrum line; RVCL spectrum line)’

The values of théH transverse relaxation times and coefficientsalbresonances are
shown in Table 5.2. In the below analysis | asstiméthe transverse relaxation is dominated
by the polymer network fluctuation as comparedhe microgel tumbling and translation
mechanisms. It is well known from the NMR relaxorgetf polymer networks®>™! that
the transverse relaxation is strongly affectedheydegree of the crosslink density via residual

dipolar couplings and their fluctuations. The vahfeT,s corresponds to a network with a
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larger value of the crosslink density (core of ragel particle) as compared 1, which
corresponds to a loose network (corona of micrgggetticle). Local functional groups
dynamics and the fluctuation of dipolar network ttdrute together to th&, values. Since all
the decay curves can be fitted best with a biexpualdfitting curve, it can be concluded that
the different monomers are located both in the ema@ in the shell of the microgel particle.
By analysing the fitting coefficients, which areoportional to the number of protons in the
microgel (Table 5.2) the morphological distributiohmonomers in core and corona can be
found®®>®] Results summarized in Table 5.2 show that thehmunof PVCL, PNIPAAmM
and PNIPMAAmM protons in core and corona are sinvilinin experimental errors. From this

| can conclude that the distribution of differenbngponent monomers in the PVCL-

PNIPAAmM and PVCL-PNIPMAAmM microgels is uniform.

Table 5.2 Transverse relaxation times for PVCL-PNIPAAmM 1:4&VCL-PNIPMAAmM 1:1
microgels”

Microgel PVCL-PNIPAAmM 1:1 PVCL-PNIPMAAmM 1:1
Signal R, R, R, R4
(PNIPAAM) (PVCL) (PNIPMAAM) (PVCL)
T,s[ms] 0.72 0.56 0.86 1.98
Cs [%] 40 38 51 45
T, [Ms] 16.08 7.32 10.56 9.04
CL [%] 60 62 49 55

Based on the experimental data presented abovedareclude that the copolymerisation
of VCL and NIPAAm or NIPMAAmM under precipitation oditions in aqueous phase yields
microgel particles with variable copolymer compiosis that can be easily adjusted by the
variation of the monomer amount in the reactiontarex. The second important conclusion is

that the final distribution of the monomer unitstive polymer colloidal network is random
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and no chemical heterogeneities or formation oé«drell structures could be detected. This
means that in both PVCL-PNIPAAmM and PVCL-PNIPMAAncmgels,N-vinylcaprolactam
and acrylamide monomer units form random copolynodesmically crosslinked due to the

presence of crosslinking agent in the reaction unext

5.1.3 Microgel size and mor phology

Figure 5.8 shows hydrodynamic radii of microgelsedmined with dynamic light scattering
at 25°C. For dynamic light scattering measuremehgspolydispersity index of the sample is
given by the higher orders of the cumulant methtithd of the intensity correlation function.
For the systems investigated, DLS measurements ayipelydispersity index of below 0.1,
which shows a monodisperse particle size distroutiFor the first system, PVCL-PNIPAAM
the size of the microgel particle does not changeifscantly when the molar ratio between
VCL and NIPAAmM changes. This macroscopic result gests that the interplay of
interactions between water — monomer and monomeroromer is similar for VCL and
NIPAAmM, leading to the same degree of swellingrfocrogels of different monomer ratios at
room temperature. The result is in accordance wsfitidies made on PNIPAAmM and PVCL
that show similar temperature dependence, with &T®f the two polymers in the
physiological range of 32 — 34 B85 The fact that these two polymers have the same

LCST is also due to the similarity in hydrophiliccahydrophobic interactions.
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Figure 5.8 Hydrodynamic radii of PVCL-PNIPAAmM and PVCL-PNIPM¥n microgels
(DLS data; temperature of 25°8).

On the other hand, for the PVCL-PNIPMAAmM systemdlee of the particle increases
with the relative increase of the NIPMAAmM monomssnh 230 nm to 470 nm. This result
would suggest that the microgel particle becomesenhgdrophilic with the increase of the
NIPMAAmM component, i.e. the NIPMAAmM monomer makas bverall particle swell more
in water. The result is not surprising when conside the chemical structure differences
between NIPAAmM and NIPMAAm. Tha-methyl group in PNIPMAAm interferes with the
hydrophobic interactions of thé-isopropyl side group, because it provides therchanore
flexibility ®*?! This is also the explanation for the fact that PMAAm has a higher LCST
than PNIPAAmM and PVCL.

| have used AFM and TEM to investigate the microgelrphology in the dry state.
Figure 5.9 shows a comparison of PVCL-PNIPAAmM andCB-PNIPMAAmM microgel
samples prepared at molar ratios VCL/acrylamide (in8l:mol). PVCL-PNIPMAAmM 1:3
microgels appear smaller in microscopy images withaverage radius of 125 nm (the

average radius of PVCL-PNIPAAmM 1:3 microgels wa® X6n). The difference in size



- 908 -
Microgel characterisation studies

between selected microgel samples is in a goodeawrt with DLS results reported in
Figure 5.8. However, because the microscopy meammnts are performed on dried microgel
samples, the absolute values of the microgel dirnaagerived from the microscopy images
are much smaller compared to the light scatteregults. Microscopy images show that
spherical microgel particles with narrow size dimition were prepared, which is also

supported by the polydispersity values of DLS measents.

Figure 5.9 AFM images (top) a) withh=280 nm, b) witihh=150 nm) and TEM images
(bottom) of PVCL-PNIPAAmM 1:3 a),c) and PVCL-PNIPMAAL:3 b),d) microgels. The
average particle radii in dry state are 160 nmXE2&inm for samples a),c) and b),d),

respectively}’
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5.1.4 Volume phase transition of microgelsin water

Figures 5.10a and ¢ show the hydrodynamic radthefmicrogels at different temperatures
upon heating determined by dynamic light scatteriige homopolymer microgel particles of
PVCL, PNIPAAmM and PNIPMAAmM that are shown in thisygh as reference systems, are
smaller than the heteropolymer ones. One reasothifoiis that surfactant was used for their
synthesis in order to provide stability in dispersiThe increase of the temperature induces
the volume phase transition for both PVCL-PNIPAAmMdaPVCL-PNIPMAAmM microgels
and results in microgel collapse. As an exceptiba, microgel sample PVCL-PNIPMAAmM
with VCL/NIPMAAmM experimental molar ratio 2:1 showsme aggregation in the transition
region. It can be seen that for the PVCL-PNIPAAnste, the volume phase transition
temperature does not change significantly with ¢hemical composition and it is quite

similar to the homopolymer PVCL and PNIPAAmM micrtgge
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Figure 5.10 Variation of the hydrodynamic radius and swellrago with temperature:
a),b) PVCL-PNIPAAmM and c),d) PVCL-PNIPMAAmM. The sNigg ratio is defined as
(R\/R:P%Y)? where RM = measured hydrodynamic radius at different temipees;

RhDSW

= measured hydrodynamic radius for deswollen nalsogt temperature of 50 °C.

Numbers in the legends indicate VCL/NIPAAmM and VRIPMAAmM experimental molar
ratios in microgeld

Contrary, for the PVCL-PNIPMAAmM system, the VPTTcieases with increase of

PNIPMAAmM content. The microgels PVCL-PNIPMAAmM 1:8ca1:5 exhibit VPTT similar to

PNIPMAAmM sample. This is an expected result, bee®ISIPMAAmM has a LCST of approx.

45 °C. Aqueous microgels of PVCL, PNIPAAmM or PNIPK#A form hydrogen bonds with

water, which swells the particles at temperaturgioty the VPTT. At the same time these

polymers have hydrophobic regions that promote gblymer-polymer interaction. Due to

temperature increase, the thermal fluctuationshéengolymer chains increase, the hydrogen

bonds with water break and the water-polymer imtévas are replaced by polymer-polymer

interactions. The volume collapse of the partidlastemperature sensitive microgels is an

entropy driven endothermic process. The differeimc®NIPAAmM and PNIPMAAmM is an

additional a-methyl group, which has the propriety of relaxitig thermal energy of the

polymer chain, providing improved flexibility. Thefiore, PNIPMAAmM microgels can

maintain the hydrogen bonds with water to highengeratures before seeking entropic
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compensation by undergoing phase trandRfGh°®™®! The experimental data shown in
Figure 5.10c and d suggest the increase of VPTH imitrease of PNIPMAAmM content in
microgels.

The calculated swelling ratios for different micebgsamples presented in Figure
5.10b,d suggest that the chemical composition isimtuencing the swelling degree of
microgels. This indicates that the hydrophilic/lgginobic balance in polymer network is not
influenced by the nature of monomer units that carersibly form hydrogen bonds with
water molecules. The swelling degree of PVCL-PNIPAAand PVCL-PNIPMAAM
microgels suggests that there is no strong inflaesfcthe acrylamide type on the microgel
behaviour. Nevertheless, the swelling behaviourPMCL-PNIPMAAmM as a function of
temperature is strongly influenced by the monom@npmosition, therefore the change in
LCST.

The temperature transition in microgels can alsanbestigated using high-resolution
NMR spectroscopy and relaxometry by following tlespgonse of each chemical component
in the microgel particle. The accepted explanationliteraturé®®! is that the NMR
temperature transition behaviour is generated byrtbreasingly restricted motions of the gel
network chains as the temperature rises. The ebiwel times of the functional groups
motions (correlation time of the microgel networ&)e inversely proportional with the

transverse relaxation time, i.e., 1
—dr
T2 c. (5.2)

The transverse relaxation time is inversely prapodl to the half width at half height of the

NMR spectrum line,
1
Av,, U T

2 (5.3)

therefore, at low temperature the microgel is semlthe spaces between polymer chains are

large, the correlation time is small (the time bew rotations), the transverse relaxation time
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is long, making the resonance lines in the NMR spetnarrow and well resolved. When the
temperature increases the microgel particle shritiles correlation time becomes larger, the
transverse relaxation time decreases, the linesderoto a degree that they are not anymore
detected in the NMR spectrlf?). The NMR temperature transition investigation is a
indirect one, through the change in mobility of therogel particle. Figure 5.11 shows the
NMR temperature transition behaviour for the twonponents of the copolymer microgels,
VCL and NIPMAAm, respectively. Here | selected 8amples PVCL-PNIPMAAm 1:1 and
1:2 microgels.

For the PVCL-PNIPMAAmM 1:1 microgel samples the signntensities for both VCL
and NIPMAAm signals decrease with temperature &editansition temperature is detected
around 35.6°C. For the PVCL-PNIPMAAmM 1:2 microgaimples the transition temperature
is shifted to 45°C for both VCL and NIPMAAm. Thessults are in a good agreement with

dynamic light scattering data presented in Figui®&d.
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Figure 5.11 Mobility temperature transition for a) PVCL-PNIPMAA1:1 and b) PVCL-
PNIPMAAm 1:2 by NMR spectroscopV.
The NMR results suggest that in the copolymers weilaimolar ratio of monomer
units the mobility temperature transition is dongth by VCL. Only if the NIPMAAmM
segments start to dominate in the copolymer stradite thermal transition is governed by

acrylamide and shifted to higher temperatures.réistengly, there is no two-step transition
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observed in this case and according to NMR datantieasity of the PVCL signals follows a

similar trend as compared with PNIPMAAmM.

DSC was further used to characterize the temperaticiuced volume phase transition
of microgel samples of different chemical compasis. DSC experiments indicate that in the
case of all samples one transition can be obsessl.experiments include heating, cooling
and again heating of the samples, and no differem¢be VPTT upon heating and cooling
was observed. The transition temperatures calculdtem DSC spectra for PVCL-
PNIPMAAmM microgels are shown in Figure 5.12. Ther@ase of the NIPMAAmM content in
the copolymer structure induces a shift of thediteon temperature to higher values, but the
transition is still cooperative, therefore in allcnogel samples only one transition has been
observed.

A summary of transition temperatures determinedP@CL-PNIPAAmM and PVCL-
PNIPMAAmM microgels is shown in Figure 5.12 and Eald.3. For PVCL-PNIPAAmM
microgels the VPTT is around 35-36°C and not depehan the chemical composition.
Interestingly, the VPTT of PVCL-PNIPAAmM copolymeriarogels is considerably higher

compared with homopolymer PVCL and PNIPAAmM micregel
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Figure5.12 a)Normalized DSC thermograms of PVCL-PNIPMAAM mgets havin
different chemical composition; b) transition temgiares calculated from DSC spectra.
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Table 5.3 Transition temperatures and calorimetric heatsopblymer microgel¥.

Sample T, [°C] AH, [kJ/mol]
PVCL 33 -
PNIPAAM 325 5.38
PNIPMAAM 43.0 5.04
PVCL-PNIPAAM
5:1 34.9 0.355
31 36.2 0.196
2:1 35.4 0.483
11 35.5 0.365
1:2 35.8 0.520
1:3 36.2 0.676
1.5 35.0 0.963
PVCL-PNIPMAAM
5:1 33.8 0.406
3:1 33.3 1.359
2:1 33.2 2.131
11 35.9 3.075
1:2 41.3 3.35
1:3 42.3 2.87
1.5 44.6 3.09

Poly(N-vinylcaprolactam) has a syndiotactic structurette main chaii®. This
architecture can be understood after consideratiothe sterical effects due to the bulky
caprolactam rings. In this situation the syndiatachicrostructure of the PVCL chains
provides minimal repulsion between caprolactamginithe incorporation of the NIPAAmM
units in PVCL chains increases the rotational fomecf monomer units and leads ultimately
to the increase of the chain flexibility. This pokes more effective solvatation of the
polymer chains within the microgel and consequentigreases VPTT. For PVCL-
PNIPMAAmM microgels the VPTT is changing in a nonelar fashion from 33°C (VCL-rich
copolymers) to 45°C (NIPMAAm-rich copolymers). TRYCL-PNIPMAAmM microgels with
VCL/NIPMAAmM ratios 2:1, 3:1 and 5:1 behave very santo PVCL homopolymer microgel
showing the VPTT around 33°C. If the VCL/NIPMAAmti@adecreases from 1:1 to 1:5 the

VPTT increases rapidly to 45°C (VPTT of homopolyn®MIPMAmM microgel). These data
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show that the behaviour of copolymers with VCL/NIRMmM ratios higher or lower than one
is dominated by VCL or NIPMAAmM respectively.

The results of this study are presented by Balacegal!”.

5.2 Core-shell microgels of N-vinylcaprolactam and N-
isopropylacrylamides

Doubly thermoresponsive microgels made of PVCL BhNAPAAM/PNIPMAAmM with core-
shell structure were synthesised and analysedct®dlsamples with theoretical molar ratio
1:1 of PVCL-core/ PNIPMAAm-shell and PNIPMAAm-coreél/CL-shell were characterised
using the Flory swelling theory in Chapter 3, s@tti3.3. In this study | discuss the
characterisation of a series of core-shell systemsposed of PVCL, PNIPAAmM and
PNIPMAAmM with different molar ratios. The synthesi®thod was optimised, microgels with
different shell thickness were constructed, andsirstems were characterised with DLS, DSC
and AFM.

This is a preliminary study and further investigatof the systems is needed to fully
understand their properties. Nevertheless, theystad value because of the novelty of the
microgel systems. To the best of my knowledge alioation of these monomers was not
developed into core-shell structures before. Funtloee, these systems pave the way to
complex microgel morphology investigations.

The synthesis procedure of the core-shell miceogehs described in Chapter 2,
synthesis section 2.1.3, and the different sampléde referred to in the text by citing the
core-shell monomer composition and the monomer rétieal molar ratio, as example:

PVCL-core/ PNIPMAAmM-shell 1:3.
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5.2.1 Dependence of the shell thickness on the monomer composition

Dynamic light scattering measurements were maddiféerent core-shell microgel samples
with increasing amount of the shell monomer, ineoitd observe the increase in the thickness
of the shell. The results are presented in Figut8 %or all investigated core-shell microgel
samples. The first point in each graph correspoodie core of the microgels alone taken as
reference, and since two different samples for eaml microgel were prepared, there are
two values for the starting cores (see ChapteryBthesis section 2.1.3 for a detailed

description of the synthesis procedure).
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Figure 5.13 Dependence of the particle size on the shell m@nawontent for a) PVCL-core/
PNIPAAmM-shell; b) PNIPAAmM-core/ PVCL-shell; ¢) PvV&iore/ PNIPMAAm-shell and c)
PNIPMAAmM-core/ PVCL-shell microgels
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An almost linear increase of the size of the plsiavith increasing amount of shell
monomer is observed for most of the microgel systefine PNIPMAAmM-core/ PVCL-shell
system behaves atypical; the increase in the 8hekiness reaches a limit for the system with
1:2 core-shell molar ratio, after which the sizetloé particle decreases with more shell
monomer added. | have encountered problems inyihiaessis of this system (as can be seen
also in Chapter 2, synthesis section 2.1.3) anthéuroptimisation of the synthesis method is
required, thus the following investigations areused on the previous three reliable microgel
systems. The results show that the morphology efdbre-shell microgel systems can be
controlled, designing microgels with different dhbickness. For all dynamic light scattering
data, the PDI index is bellow 0.1.

AFM images show the quality and the size distritmutiof microgel particles of
selected samples (Figure 5.14). It can be seertlibadamples are spherical particles, with a
uniform distribution. The samples analysed werehigh concentration and have some

tendency to agglomerate on the AFM grid.

Figure 5.14 AFM pictures of a) PVCL-core/ PNIPAAm-shell 1:3{ght of the image is
50nm), and b) PNIPAAm-core/ PVCL-shell 1:3 (heighthe image is 130nm).
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5.2.2 Temperaturetransition of core-shell microgel systems

The temperature transition of the different corelisimicrogel systems was investigated using

two different techniques, dynamic light scattergngd differential scanning calorimetry. In

Figure 5.15 | am presenting the temperature thiamsibf core-shell microgel samples

determined with DLS. Because of the difference @S0 of PVCL and PNIPMAAmM, it can

be observed that the values of the transition teatpee increases systematically with

increasing shell content in the PVCL-core/ PNIPMAAHell microgels (Fig. 5.15c¢). For the
systems containing PVCL and PNIPAAm, the transititemperature doesn’t change
significantly with monomer ratio.
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Figure 5.15 Temperature transition measured with DLS for aCP\¢ore/ PNIPAAm-shell,
b) PNIPAAmM-core/ PVCL-shell and c) PVCL-core/ PNIRKIM-shell microgels.
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Figure5.16 First derivative of the transition curve measurgdLS, for a) PVCL-core/
PNIPAAmM-shell and b) PVCL-core/ PNIPMAAm-shell migels. Experimental data were
first interpolated, derivated and in the end smedth

A comparison of the transition temperature of PW@ire/ PNIPAAmM-shell and
PVCL-core/ PNIPMAAm-shell microgels is made in FRigu5.16. For the PVCL-core/
PNIPAAmM-shell microgel (Fig. 5.16a) the transitimmperature is very similar for all core-
shell monomer ratios. On the other hand for the P’¢@e/ PNIPMAAmM-shell (Fig. 5.16b),
the transition temperature changes from dominayetthds PVCL core, to a two-step transition
for core-shell ratios 1:1 and 1:2, and further téramsition dominated in principal by the
PNIPMAAm shell.

Differential scanning calorimetry measurements eveerformed on PVCL-core/
PNIPAAmM-shell, PNIPAAm-shell/ PVCL-core and PVCLreb PNIPMAAmM-shell microgel
systems (Figure 5.17). For systems containing PV&id PNIPAAmM, the transition
temperature doesn’t change significantly, whichatcordance with DLS results, and a
unimodal transition can be observed. For the PV@iet PNIPMAAm-shell, a double
transition for the 1:0.5 molar ratio can be seart, ot for further samples with increasing

shell monomer content, where the single transii®sndominated by the PNIPMAAmM



endothermic heat flow

Microgel characterisation studies

- 110 -

component. This is different from the DLS resuétsd the explanation lies in the differences

between the two methods of investigation used.tiieBemodynamic phenomenon observed in

the energy change in the DSC measurement is ditfdrem the size measurements at

thermal equilibrium performed by the DSC device.
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Figure5.17 DSC transition curves for a) PVCL-core/ PNIPAAnelland b) PVCL-core/

PNIPMAAmM-shell microgels
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Figure 5.18 Deconvolution of DSC transition curve for PVCL-ebPNIPMAAmM-shell 1:0.5

microgel using the DMFIT program.
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The transition curve of the PVCL-core/ PNIPMAAmMeih1:0.5 microgel can be
further analysed by deconvolution using the DMFIfogram in order to separate the
transition peaks for each component (Figure 5.I)e deconvolution reveals three
contributions to the transition, one correspondmg¢he PVCL transition temperature (around
35°C), one to PNIPMAAmM (48 °C) and an intermediedatribution (42 °C), corresponding
probably to an interface between the core and ,shekgion where the chains interpenetrate

and influence each-other.

5.3 Cononsolvency effect for PVCL based microgels

The phenomenon of cononsolvency is defined as tengmenon that allows for certain
solvent mixtures to be bad solvents for a polymepeshding on composition, while the pure
solvents are good solvents for the same polyff&F. It can be seen as another stimuli
responsive property of the polymers, and therefafrenicrogels, exhibiting a change in
volume at certain solvent mixture compositions. Tdmnonsolvency behaviour of linear
polymer&®)>10l e 10181 ang also microgefé™®” received some attention in recent
years because of the increasing interest in thdicagipns of stimuli responsive materials.
Different polymer§@2>@  the most studied being polisopropylacrylamide)
(PINPAAm)>(12)-210) and different solvent-solvent systems, mostly
water/alcohdf®519:525@Nyere examined using a variety of methods. It wasd that
beside the thermoresponsive behaviour, PNIPAAm mehg and microgels also exhibit a
change in solubility and volume by addition of aaensolvent to the aqueous solution. While
linear polymers might form aggregates in the twagghregion due to the reduced hydrophilic
character of the chains, microgels form colloidadbable dispersions, and therefore don't

aggregate if the quality of the solvent changeseythexhibit a volume phase
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transitio®®®>@) A schematic representation of the cononsolverftaciis presented in

Figure 5.19.

room temperature

pure water x wt.% alcohol in water pure alcohol

Figure 5.19 Schematic representation of the cononsolvencyteffe

In this study | am investigating homopolymer PVChdaPNIPMAAM microgels in
water/methanol mixtures in order to determine tlm@onsolvency point and to see the
influence of the cononsolvency effect on the terapge transition of the microgels. For this
purpose | am using DLS to determine the swellinghef microgel particles at 20°C and the
volume temperature transition of the microgels iffeent concentrations of methanol in
water mixtures. Copolymer PVCL-PNIPMAAmM microgelsene also studied in order to
determine the cononsolvency point and to invesigaé influence of the monomer content
on the good solvent — bad solvent transition inewatethanol and ethanol mixtures. These
investigations were made using DLS dhdNMR spectroscopy.

The samples used are presented in Chapter 2, sygetion 2.1.1 for homopolymer
microgels and section 2.1.2 for copolymer systenad will be referred to in the text
considering the theoretical molar ratio of the moeos, for example PVCL-PNIPMAAmM 1:1.
The microgel samples are dissolved in water/methanaater/ethanol mixtures, which were
prepared in weight per cent concentrations. The geliminary study, and further research

should be undertaken in order to elucidate theoreabehind the findings.
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5.3.1 PVCL and PNIPMAAmM homopolymer microgels cononsolvency
behaviour

The swelling of microgels at constant temperatuetow the volume phase transition
temperature is affected by the concentration ofwthter/alcohol mixture. The point at which
the swelling has a minimum is defined as the coolvescy point in this case. This
phenomenon was theoretically explained by Tarekad®? i.e., the total coverage function
of the polymer chain has a minimum at the criticaimposition, where the competition to
form hydrogen bonds between the two solvents aathah highest.

Figure 5.20 shows the size decrease of homopolym®&ogel particles of PVCL and
PNIPMAAmM in solvent mixtures with increasing alcélad the fixed temperature of 20°C.
The cononsolvency minimum is for both microgels amdmixtures of both alcohols at a
concentration of 30 wt.% of methanol and ethanolwater (Fig. 5.20a and b). The
hydrodynamic radius was normalized to the valugpime water solventR,%). For both

alcohol mixtures, the transition of PNIPMAAmM micedgs sharper than that of the PVCL
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Figure5.20 a) DLS measurements of homopolymer microgels ithem®l-water mixtures; b)
DLS measurements of homopolymer microgels in ethaater mixtures. Measurements
made at 20°C.
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Cononsolvency was also defined as an enhancementhentemperature phase
transition in mixed good solvef€! for PNIPAAm polymers and gels. To investigate this
effect, DLS was further used to determine the teatpee phase transition behaviour of the
homopolymer microgels PVCL and PNIPMAAmM at differemethanol in water
concentrations. Figures 5.21a and 5.22a show &imsition curves for PVCL and respectively
PNIPMAAmM microgels at different wt.% methanol in tea Figures 5.21b and 5.22b show
the dependence of the volume phase transition tetyes (VPTT) on the methanol
concentration for both microgels. The volume phaaesition temperatures were determined

from the first derivatives of the size-temperatuasmsition curves obtained by DLS.
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Figure5.21 a) DLS size-temperature measurements in water/methvénéb mixtures; b)
dependence of the VPTT on the methanol amount\¥&@LPmicrogel.
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Figure5.22 a) DLS size-temperature measurements in water/methénéb mixtures; b)
dependence of the VPTT on the methanol amountNdPAAmM microgel.
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It is clear that PVCL and PNIPMAAmM homopolymer nuigels have different
temperature transition behaviours in solvent mesuof water/methanol. For PVCL the
volume phase transition temperature (Fig. 5.2 1te@mses with more methanol content, while
for PNIPMAAmM the volume phase transition temperatuiecreases to a minimum, and
afterwards increases to a plateau (Fig. 5.22b).rékelts show that the PVCL microgel does
not experience a cononsolvency point in the sehs@& @nhancement of the phase transition.
The temperature transition behaviour of the PNIPM#AAnicrogel is very similar to the
previously reported behaviour of PNIPAAmM micrdé”. The minimum of the VPTT
dependence on methanol for PNIPMAAmM is at 30 wt.@hanol in water, exactly the same
concentration previously marking the minimum of Biwg at low temperature for the same
microgel (see Figure 5.20a).

In order to explain the difference in the tempamtransition behaviour in different
solvent mixtures for PVCL and PNIPMAAmM microgelsevean consider the monomer
structures (Figure 5.23), and their abilities taldhydrogen bonds. It has been argued that
the ability to build hydrogen bonds has the keylugice on the cononsolvency
behaviouf?®2°G4 ajthough this is still a controversial id&¥)°®>!  The NIPMAAm
monomer is different from the VCL monomer in thetféthat it has both donor (the amide
hydrogen) and acceptor (carbonyl oxygen) functionthe hydrogen bond formation. VCL
only has a donor function. This gives PNIPMAAmM taleility of forming both intra and

intermolecular hydrogen bonds, while PVCL can dolyn intermolecular hydrogen bonds.

CH3
HZC%

CHj;
CH2

Figure 5.23 N-vinylcaprolactam an#ll-isopropylmethacrylamide monomer structures.
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Considering the difference in H-bond capabilitgulggest as possible explanation for
the differences observed in PVCL and PNIPMAAM mgais in different water/alcohol
mixtures, two ways of manifestation of the conowenty effect: (i) at temperatures bellow
the temperature transition, the particles’ size Rasminimum at a certain alcohol
concentration, which occurs because the two solreiléecules compete to interact with the
polymer chains, and at a certain concentratiorhaeibvf the solvents swells the microgel at
maximum capacity; (ii) additionally, for monomersat have both hydrogen bond donor and
acceptor groups, such as PNIPAAm and PNIPMAAm,ehsra second effect present. A
decrease of the VPTT at certain alcohol conceptratican be observed, because the
interactions with the solvent are exchanged fohhater and intramolecular hydrogen bonds,
promoting the polymer-polymer interactions and dasmng the stability of the particles
swollen in the solvent mixture. The collapse of gaaticles is enhanced, it occurs at lower
temperatures, when the concurrence between watér afgohol is high, because the
interactions with water are exchanged faster fdymer-polymer interactions. On the other
hand for PVCL and other H-bond donor only polymeing interaction with water could be
exchanged mostly for interaction with the alcohshich is a better solvent, making the
particles stable in the solvent mixture until higtemperatures.

To verify this explanation we are further condugti2D NMR experiments to
investigate directly the different interactionsdafferent temperatures and different alcohol

concentration. Moreover, investigation of otherypoér microgels in needed.

5.3.2 Copolymer microgels cononsolvency investigation in different
alcohols

Copolymer microgels PVCL-PNIPMAAmM with different mao ratios were investigated in
water/methanol and water/ethanol wt.% mixtures. iffleence of the monomer molar ratio

in relation to the different alcohols and their centrations was investigated.
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Figure 5.24 shows DLS measurements of the hydrodynaadius of PVCL-
PNIPMAAmM copolymer microgels at different molar goositions of monomers (2:1, 1:1,
1:2) in water/methanol and water/ethanol mixtur@$ie interesting result is that in
water/methanol, the cononsolvency minimum increag@f increase of PNIPMAAM
monomer ratio, whereas in water/ethanol, the minmnhas the same value for all monomer
ratios. This is a surprising result since the caobrency minima for homopolymer microgels
PVCL and PNIPMAAmM have the same value both in mmahavater and ethanol-water

(Figure 5.24).
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Figure5.24 a) DLS measurements of copolymer PVCL-PNIPMAAmM nogels in
water/methanol mixtures; b) DLS measurements oblyoper PVCL-PNIPMAAM microgels
in water/ethanol mixtures.
In order to investigate the cononsolvancy phenomemoth nuclear magnetic
resonance, | measuretH NMR spectra for the copolymer microgel systemsCRV
PNIPMAAmM (2:1, 1:1, and 1:2) in different deuteihtevater/deuterated methanol wt.%

concentration mixtures. In order to compare thespebetween each other | used the same

amount of dried microgel in solution. The behaviafirthe two components in the NMR
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spectrum was followed, by measuring the integréénisity of the line corresponding to

PVCL, and PNIPMAAmM respectively (Figure 5.25).
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Figure5.25 a) Proton NMR spectrum of PVCL-PNIPMAAmM 1:2 copwigr microgel; b)
Integral intensity measurements of theNMR spectrum lines for PVCL-PNIPMAAmM
copolymer microgel systems in,O/MeOD mixtures.

From DLS experiments it can be observed that tldeusaof the microgel particle
decreases at certain alcohol concentrations, gitfiagcononsolvency point. It is expected to
see the same trend in the NMR measurements betlaeisategral intensity of the NMR
spectrum line can reflect the mobility of the NMpesies, and when the particle deswells the
motions of the spins are hindered. The NMR resallésin agreement with the DLS results
(Figure 5.24a), obtaining the same cononsolvenaytpdor the three different monomer ratio
systems in deuterated water/deuterated methanatres<(Figure 5.25b). It can be observed

that the cononsolvency minimum increases with iaeeeof PNIPMAAM monomer.



-119 -
Microgel characterisation studies

5.4 Temperature volume phase transition of microgels by
Hahn-Echo *H measurements

For this study | have used PVCL-core/ PNIPMAAmM-$iiel and PNIPMAAm-core/ PVCL-
shell 1:1 microgels, synthesis described in Chaptsynthesis section 2.1.3, as well as PVCL
and PNIPMAAmM homopolymer microgels for referencgn{besis section 2.1.1). The aim is
to analyse the temperature transition of microgedsng temperature dependent nuclear
magnetic resonance spectroscopy. The explanatiomifin literatur€®*1 regarding the
observation of the temperature transition of polymgels and microgels with NMR
spectroscopy is that during the temperature transibecause of the collapse of the particle,
the spaces between the polymer chains become sntlhhdanotions become hindered and the
corresponding lines of functional groups in the Ngectrum become too broad (transverse
relaxation times of respective protons become hawtsto be detected. This mechanism was
also used as explanation in this thesis in Chdptezsults section 5.1%4 for the temperature
transition observed by NMR spectroscopy of copolymerogels. Until now no theoretical
model was supplemented to this qualitative pictlrehis study | am making the first steps to
explaining this effect, by taking into account #ile possible mechanisms of collapse of

spectrum lines with increasing temperature.

5.4.1 Temperaturetransition of microgels by NMR spectroscopy

Nuclear magnetic resonance spectroscopy allowsxamination of the individual behaviour
of the components in copolynferand core-shell microgel structures. In order teegtigate
the temperature transition of core-shell microgelsave used a new approach, which relies
on Hahn-Echo temperature dependent measuremenisllyJhe transverse relaxation time is

calculated through this type of experiment, buavénalso used the NMR spectrum obtained
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after the first echo time to get the temperaturpeddence of the integral intensity of the
components spectrum lines. This type of measurepm@ures that the results are not affected
by the magnetic field inhomogeneities and alsonateaffected by the spectrometer dead time
that cuts the fast decaying part of the NMR sigrabure 5.26 shows a schematic
representation of the Hahn-Echo NMR experiment usatbtermine the transverse relaxation

time.

180xy /'€Xp(-2T/T2)

Figure 5.26 Scheme of a Hahn-Echo NMR experiment.

Figure 5.27 shows the NMR temperature transiti@ahrdEcho experiments on the
homopolymer microgels. The temperature transitimesasured by NMR are higher than the

ones measured by DLS (see results section'$)1.4
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Figure 5.27 Temperature transition of homopolymer microgel®¥CL and b) PNIPMAAmM
measured after the first echo time using a HahreBdHMR experiment. The inserts show the
first derivatives of the transition curves.
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For core-shell microgels, | have calculated thegral intensity of the entire NMR
spectrum loia) and the integral intensities of functional groups PVCL (lpvc) and
PNIPMAAM (Ipnipmaam) from the NMR spectrum obtained after the firsh@dime (Figure
5.28) at different temperatures. By analysing titegral intensity variation with temperature
of the high resolution spectrum lines, the behavafuhe core can be separated from the one
of the shell. Figure 5.28 shows that for the PV©@ke¢ PNIPMAAmM-shell system, the core
has a transition temperature inat 35°C and the shell at 48°C. The temperatargsition
points of both PVCL and PNIPMAAmM are lower in there-shell morphology than in the
homopolymer microgel. This can be explained byrngkinto account that the promoters of
the transitions, i.e. the interactions between mpalpolymer and polymer-water molecules
are different, and the polymer chains lose sontaeaf stability and collapse faster in the case

of core-shell morphology.
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Figure5.28 a) NMR temperature transition measured for theeespectrum and for
individual components resonance lines, and b) devigs of temperature transition curves
measured with NMR for PVCL-core/ PNIPMAAm-shell Iricrogel.
In the case of the reverse system, Figure 5.29PMNAmM-core/ PVCL-shell, the

transition temperature of the core is now 46.5°@ e transition of the shell is 35°C. It can

be observed that when PNIPMAAmM is located in theciis temperature transition is lower.
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This is because of the influence of the shell, hyaine PVCL shell has a lower transition

temperature so it forces the PNIPMAAmM core to gasooner.
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Figure5.29 a) NMR temperature transition measured for theeespectrum and for
individual components resonance lines, and b) davies of temperature transition curves
measured with NMR for PNIPMAAm-core/ PVCL-shell Iricrogel
The main reason why the integral intensity of dipalar resonances is sensitive to the
changes in temperature is thought to be refétddo the dependence of the linewidth at half
height QAV)12 on this parameter. BecausBfy, is proportional with IV, the temperature
dependence of thE could be governing the changes in integral inteessbf the resonances.
However, the transverse relaxation rate is complexicrogels being related to the following
mechanisms of dipolar interaction modulation by) (otational diffusion of microgel
(tumbling), (i) translational diffusion of microtg (iii) fast rotational isomerization
transition of functional groups around the polynteckbone, and (iv) slow segmental
motions of the network chains. The relative weighte/hich these mechanisms contribute to
the dependence of the transverse relaxation tinperdkence on temperature is actually
unknown. In previous literatufg?) and references thereigy |y a5 supposed that tfiie dependence on

temperature is dominated by the slow segmentalamef the network.
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Another concept is to consider that the disappearanh the spectrum lines is related
to a decrease in the intensity of the spectrunslia@d not affecting the line width at half
height. If the shrinking of the lines is dependentthe longitudinal relaxation timd&), when
the recycle delay is not long enough so the longial magnetization can recover to
equilibrium for higher temperatures, the shrinkafghe NMR spectrum could come from a

decrease in the intensity rather that a broadening.
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Figure 5.32 Partial recovery of the longitudinal magnetizatioan NMR experiment.

| am currently working on temperature dependentsmesments of the two transverse
relaxation times T, and T;), which are the main contributors to the obseoratof the
temperature transition of microgels in the NMR d¢pmecThe possible contribution of
tumbling to the transverse relaxation time canu@essed by increasing the concentration in
the measured microgel sample to the point thatdtational diffusion is drastically reduced. |
will also explore the possibility that the longitodl relaxation time is responsible for the
collapse of the spectrum lines by performihgtemperature dependent measurements. The
aim of this study and of the discussion is to stibat the observation of the temperature

phase transition of microgels in the NMR spectrsna icomplex phenomenon, which should
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be investigated with a rigorous theory that take® iaccount all possible relaxation

mechanisms. At the moment | am trying to develaghsan approach.

5.5 Conclusions

Different morphologies of microgel systems basedRMCL were characterized. PVCL-

PNIPAAM and PVCL-PNIPMAAmM copolymers with differemiolar ratios of monomers

were investigated using DLS, DSC, NMR and TEM, mating methods of controlling the

size, the temperature transition behaviour andrther structure of the particles. Core-shell
PVCL/PNIPAAmM and PNIPMAAmM microgels with differersthell monomer content were
also synthesized and analysed using DLS, DSC arid. Afhe purpose of the study was to
control the shell thickness of different morphotadi particles and the influence on the
transition temperature, by obtaining a double tenatjpee transition curve.

The cononsolvency effect was highlighted for PV&id PNIPMAAmM homopolymers
and for copolymers based on them. The influencéhefalcohol content in water/alcohol
mixtures on the temperature transition of homop@hssnwas investigated by DLS. The
influence of the monomer ratio on the cononsolvetrapsition point was investigated by
DLS and'H NMR spectroscopy.

The temperature transition of microgels can als® ibvestigated by NMR
spectroscopy. The advantage is that the contributb different functional groups or
structural components can be separated and follanaigidually. The complexity of the
temperature transition observed by NMR spectrosadpyicrogels is discussed. New ideas
were introduced regarding the temperature depemrdeficthe relaxation times that are

responsible for the disappearance of the NMR speclines.
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6 General conclusions

The studies presented in this thesis contain npediments related to the synthesis of new

microgel systems, new experiments designed to ctaise the samples and new theoretical

description of the phase transition theory.

v' Combinations ofN-vinylcaprolactam andN-isoproplyacrylamides monomers were used

v

for the first time to form different morphologie$ microgels, such as random copolymer
and core-shell structures. The differences in maremonomer and monomer-solvent
interactions that provide the temperature and sbhemposition sensitivity of the
polymers give the microgel systems formed versgiii possible applications.

The Flory-Rehner swelling theory was for the fitishe extended to include crosslink
heterogeneous morphology of the microgel partiflee NMR transverse relaxation
results that provide information on the crosslirdasity heterogeneity were for the first
time used as a fitting condition for the Flory tesrgture transition state equation of
microgels. The crosslink heterogeneity introduced the Flory swelling theory was used
to describe homopolymer and copolymer microgelesyst The core-shell morphology of
microgels was also described using a generalisey Bivelling theory for the first time.
This approach provides access to parameters degrribe internal structure of the
microgel particle and the correlations in the terapee transition of the core and shell
structural components.

Copolymer microgels were for the first time anaty$s/ high resolution selective NMR
relaxometry in oder to determine the morphologythaf particles. The results showed a
random distribution of the monomers in the micrqagetticles.

The monomer-monomer and monomer-solvent interaxtegre studied for the first time

using homopolymer and copolymer microgels in wateohol mixtures. Differences in
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the behaviour of the different homopolymer micregahd in the copolymer microgels
with different monomer molar ratios in differentahol mixtures show the complexity of
the interplay of interactions.

v' A closer look at the explanation behind the obs@maof the microgel volume phase
temperature transition itH NMR spectra was attempted. Possible theoretidatiples
behind the disappearance of the spectrum lines deseribed and debated for the first

time.
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