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ABSTRACT AND KEY WORDS

Polymer nanocomposites (PNCs) are materials condpoa polymeric host in
which particles of nanoscale dimensions e.g. buakypnanotubes, semiconductor of
metallic nanocrystals, and clays are incorpora®Cs, often termed organic-inorganic
hybrids, are materials of rapidly growing inter&stpolymer scientists and engineers as
they have properties of both the inorganic and migagomponents. PNCs are currently
being used in a number of fields and new applicatiare continuously being developed
including thin-film capacitors for computer chigslid polymer electrolytes for batteries,
biomaterials for bone cements and a variety ofaevin solar and fuel cells.

Due to their small dimensions, nanoparticles teadstrongly agglomerate,
hindering the physical and mechanical propertieshef nanocomposite materials. In
order to circumvent the inherent limitations asateml with the agglomeration of
nanoparticles in solution, the ultimate goal ofstkiesis is to develop an approach for
growing polymer chains from the surfaces of inorganxides. In order to grow polymer
chains, the living radical polymerization methodplpreversible addition fragmentation
chain-transfér was investigated. The kinetics of polymerizatiogaations, both in
solution and in heterogeneous media was investig&yg synthesizing PNCs in organic
solvents and in the green solvent, supercriticedaa dioxide (scCg), the kinetics were
tested in various media. In addition, this thesiamined preparing new materials using
the reversible addition fragmentation chain-tranfRAFT) process, such as amphiphilic
diblock copolymers used as templates to preparepoesus TiQ.

For the methodology of growing polymers from inarigasurfaces, the inorganic

oxide, titania, TiQ was focused on. As TiOhas an ability to coordinate with a



carboxylic group, in this research RAFT agents h@an available carboxyl group were
chosen to anchor onto Tihanoparticles and then grow chains of PAA, PMMAd a
PMMA-b-PAA from these modified surfaces. The fupao@lization of n-TiQ was
determined by FTIR, XPS, and partitioning studiés, livingness of the polymerization
was verified using GPC and NMR, while the dispersad the inorganic filler in the
polymer was studied using electron microscopy aedmal analysis.

Methyl methacrylate was selected as the investigatenomer for the kinetic
study of polymerization reactions, both in solutemd in heterogeneous media:situ
ATR-FTIR was employed to monitor the conversion of the mogors. time during
polymerization. The monomer conversion and molecwiaight kinetics were explored
for the living RAFT polymerization, both in soluticand grafted from n-Tig) with first-
order kinetics being observed. It was found thatdased graft density on n-Ti(@d to a
lower rate of polymerization, attributed to higleddized concentration of RAFT agent.

The potential of supercritical carbon dioxide (s¢f@s a green solvent was
further examined to synthesize n-BHIPMMA via the RAFT process and the rate of
polymerization at different pressures and alsténdrganic solvent THF were compared.
The rate of reaction in scG@vas found higher than that in the organic solvents

Amphiphilic brush copolymers of PMMA-b-PAA were pleced and used as a
template to prepare mesoporous ZiOBy using different chain lengths of the PAA
block, the morphology of the resulting TiQvas investigated. These amphiphilic
copolymer brushes were also grafted from nzli®@form NiO/TiG, particles; which can

be used as nanocatalysts.



Key Words: nanocomposites, RAFT polymerization, Bj@rafting from, poly acrylic
acid, poly methyl methacrylate, kinetics, rateedation, supercritical C{Qamphiphilic

copolymers, mesoporous Ti0



STATEMENT OF CO-AUTHORSHIP

Chapters 4, 5, 6, 7, and 8 encompass researclestidit have been published or
are in preparation for publication. Individual cobtitions of the author of each journal
article are stated below.

Chapter 4:The original draft of this chapter was preparedttiy author. It was
reviewed by Prof. Paul A. Charpentier, who alsovjated a series of revision steps for
improvement. The recommendations were incorporaiedthe chapter by the author. A
version of this chapter has been published indhewing journal:

« Behnaz HojjatiRuohong Sui., Paul A. Charpentie,. (2007), “Fun@iation of

TiO, Nanocomposites by Reversible Addition Fragmentat@©hain-Transfer
Polymerization.” Polymer, 48, 5850-5858
The experimental work in Chapter 4 was achievectdpperation with Dr. Ruohong
Sui, a previous Ph.D. student in Prof. Charpergtigroup in Chemical and Biochemical

Engineering Department, the University of Westentado.

Chapter 5:The experimental work, analysis of data, and maipisavere
prepared by the author. It was reviewed by Profil Ra Charpentier, who also provided
a series of revision steps for improvement. Themenendations were incorporated into
the chapter by the author. A version of this chaptes been published by the following
journal:

- Behnaz Hojjati,Paul A. Charpentier, (2008), “Synthesis and Kiretsf RAFT-

Mediated Graft Polymerization of Methyl methacrglain a Surface of n-TiJ

Polymer Science Part A: Polymer Chemistry, 46, 33287

Vi



Chapter 6:The original draft of this chapter was preparedttiy author. It was
reviewed by Prof. Paul A. Charpentier, who alsovpgled a series of revision steps for
improvement. The recommendations were incorporaiedthe chapter by the author. A
version of this chapter has been published bydheviing journal:

« Behnaz Hojjati,Paul A. Charpentier, (2008) “Synthesis of ZHRolymer Nano-

Composite in Supercritical G@ia RAFT Polymerization” Submitted to Polymer

Journal.

Chapter 7The author conducted the experimental work, andlyze data, and
wrote the manuscript. Various drafts of the manpsevere reviewed by Prof. Paul A.
Charpentier. This work was supervised by Prof. Ra@harpentier.

- Behnaz Hojjati, Paul A. Charpentier, (2009) “Synthesis of NiO/7i@Qsing

Amphiphilic Diblock Copolymer brushes (PMMA-b-PAA)by RAFT
Polymerization” Submitted to Langmuir Journal.
The experimental work in Chapter 7 was achieved cbyoperation with Mr.
Muhammad B. I. Chowdhury, a Ph.D. student in Pi©harpentier's group in
Chemical and Biochemical Engineering Departmeng University of Western

Ontario.

Chapter 8:The author conducted the experimental work, andlyze data, and
wrote the manuscript. Various drafts of the manpsevere reviewed by P. Charpentier.

This work was supervised by P. Charpentier.

Vil



Behnaz Hojjati,Paul A. Charpentier, “Synthesis of Mesoporous ,Ti3ing

Amphiphilic Diblock Copolymer (PMMA-b-PAA) as a Seé\ssembly by RAFT
Polymerization” Submitted to Chemistry of Materidtsurnal.

The experimental work in Chapter 8 was achievectdpperation with Dr. Ruohong
Sui, a previous Ph.D. student in Prof. Charpergtigroup in Chemical and Biochemical

Engineering Department, the University of Westentado.

viii



To my husband, Hossein
for his love and encouragement
to my sons, Ali and Reza,
for their patience
and to my mom, brother, and sister

for their steady support



ACKNOLEDGMENT

| would like to extend my heartfelt gratitude to nagvisor, Dr. Paul A.
Charpentier, for his supervision, insight, adviaad guidance throughout all stages of
this research. He provided me enthusiastic suggattencouragement in various ways. |
am very proud to have had the opportunity to wortk \im.

Many thanks to Prof. Sohrab Rohani and Prof. Kibfegjuanint, members of the
Advisory committee, for their important guidancelauggestions.

| would like to express my sincere gratitude to Mired Pearson of the
Brockhouse Institute for Materials Research, McMasiniversity, Mr. Battista Calvieri
of the Medicine department, University of Torondmd Mr. Ron Smith and Dr. Richard
B. Gardiner of the Biology Department, UWO, for TEMany thanks go to Dr. Todd
Simpson of the Nanotech Laboratory, and Mr. MohachiRahbari of the department of
Chemical and Biochemical Engineering, UWO for SEMI &DX elemental analysis,
and to Becky Howard and Mark C. Biesinger of Swf&cience Western for FTIR and
XPS, and to Dr. Roberta L. Flemming for XRD anadysi

In addition, | wish to thank the government of Qmtaand the University of
Western Ontario for OGSST scholarship and the @r@rfunding from the Canadian
Natural Science and Engineering Research Coun8ERLC), the Ontario Centre’s of
Excellence (OCE) (through the EMK program), and tBanadian Foundation for
Innovation (CFI).

| am also very grateful to fellow colleagues antbrfds for their continuous

support, and advices.



Words fail me to express my appreciation to my hnsh Hossein, whose
dedication, love, emotional support, and compassiane taken the load off my shoulder
to focus on my academic pursuits. | also owe mysaih and Reza, for their support and
patience.

Finally, I like to thanks my mother, Parvaneh, mgther, Behzad, and my sister,

Behnoosh, for their endless love and unconditiomadal support.

Xi



CONTENTS

CERTIFICATE OF EXAMINATIONS ..ottt ettt ii.
ABSTRACT AND KEY WORDS .....ooiiiiiiiiiiiiiieee e e e e e e e e e e e e e e n e lii
STATEMENT OF CO-AUTHORSHIP .......ociiiiiiiiiiiceeee e VL
ACKNOLEDGMENT ..ttt e et e e e e e e e e e e s s s nnnnes X
(O A I =1\ 1 T PP Xii
CHAPTER 1. INTRODUCTION ....ciiiiiiiiiiieiis s e e e ssssiiievnsveeeeeeeeeeanennenns 1
1.1 Polymer NanOCOMPOSITES ......ciiiiiieeeeieiieeeeeieeiiieiiss s s s s e e e e e e e e e e eeeeeessrenenneeeennnens 2
CHAPTER 2. THEORETICAL BACKGROUND.......cttiiiiiiiiiiieeeeeeeeeeeeiiiieeeee 12
2.1. Methods in Living Radical/Controlled Polymetion (LCP).........ccceviivieneieieninnne. 18
2.1.1. Stable Free-Radical Polymerization (SFRP) ccee.....uuiiiiiiiiiiiiiiiiiiciiiiiiis 19
2.1.2. Atom Transfer Radical Polymerization (ATRE)..........ccccoveiiiiiiiiiieeeeeeeeeeee, 20
2.1.3. Reversible Fragmentation Chain-Transfer iAelyzation (RAFT) ................ 21
2.1.4. Mechanism of RAFT polymerization ..o 23
2.1.5. Choice Of RAFT AQENLS ...coiiiiiiiiiiieeeeeeiiiises e e e eeeeeeeeeeen e 25
2.1.6. Side reactions in RAFT polymerization ..............cccceeeeeiiiiiieeeeeeesieeeeeniiines 30
2.1.7. BIloCk COpOlYyMErizZatiOn ..........ceuvviimmmmmeeeeeeeeeeeeeee e e e eeeee e 31
2.1.8. Block Copolymer Self-AsSSembly ... 34
2.2. Surface Modification via Living Radical/Conlteal Polymerization...................... 35
CHAPTER 3. EXPERIMENTAL AND CHARACTERIZATION METHOBS ............. 38
3.1. Gel Permeation Chromatography (GPC) ...cceeeeeivriiiiiiiiiiiiiee e eeeeeeeeeeeieeeees 39

Xii



3.1.1. Refractive Index (RI) DELECLON ........ccceeereeeeeeeiiiiiccee e 40

3.1.2. ViscOmeter DELECION .........coiiiiiieeeeees st e e e e 42
3.1.3. Light Scattering DeteCIOr........ccouieiiieeiieiieiiieee e 44
3.2. Infrared (IR) SPECIIOSCOPY ..evvrrrrnnnniiiiaaeee e e e e e e e e e eeeeeeeeetrren e 47
G0 T I 0T 0 F= LN g =Y ] RSP 49
3.3.1. Differential Scanning Calorimetry (DSC) mm.ccvvveereriiiiiiiiiiieiieeeeeeeaeeeenn 49
3.3.2. Thermogravimetric ANAIYSIS ........iiicor e 50
3.4, EIECLION MICTOSCOPY .. ceiieieeiieertness e eeeeessstsnnnaaassseeaaeeaaaseeseeesssnnnnnessssssnsnnnns 50
3.4.1. Transmission Electron Microscopy (TEM) .......oovvvvviiiiiiiiiiiieeeeeeeeceeeeeeeinns 51
3.4.2. Scanning Electron Microscopy (SEM) ...occooreoiveieieiiiiiciee e 53

CHAPTER 4. SYNTHESIS OF Ti&PAA NANOCOMPOSITES BY RAFT

POLYMERIZATION ..ottt eee et e e et e e e et e e e et e e e et s aeeeaneeees 56
0 R [ {0 To [ [ [0 U TP OO PP PP PPPPPPRP 58
A (o 1= 1 1= 01 - 61
A.2.0. MALEIIAIS ..evviiiiiii e e+ttt e e e e e e e e e e e e e e e eeeeaeeeeeeeeearnanna 61
4.2.2. Functionalization Of N=THD.......ccuiiiiiiiii e 62
4.2.3. Synthesis of TigPoly acrylic acid (PAA) Nanocomposite ........weeeeee... 62
4.2.4. Cleaving Grafted Polymer from PartiCleS. . .coouueeieieeeiiiiiiiiiiiiiiiinnn 63
4.2.5. RAFT Polymerization of ACrylic ACId......cccuuuuuiiiiiiiiiiiiii 63
G O O o F= = Yot (=] 2= L[ ] OSSR 64
4.4, ReSUItS and DISCUSSION ....ccuviiiiiiiiieeeeeeiiiiiiie et ettt e e e e e e e e e e e e s e s s nnnnne e e e e e e e e s 64
B.8.1. THNMR oo e 64
4.4.2. Molecular Weight Determination of PAA in 800N ...............oooeiiiiiiiiiiiiins 66
B.4.3. FTIR SIAY....ociiieieeee et s et st siet s s eesteesesseee s s seseeesseasseseeenenenas 68
4.4.4. Organic/water partitioning StUAY .......cccceeriiiieiiiiiiiiiie e eeeeeeee, 69
4.4.5. Molecular Weight Determination of Cleaved®RA.............cccccveeiiiiiiieeeeeeeenn. 70

Xiii



A.4.6. TGA ANGIYSIS . .coiiiiieieeeieiii s e e e e e e e e e e e e et e eeeas 71
V2 o = 1= Tor i £ I 1o o 1S oo ) 72

A S, CONCIUSIONS ... e et e e e e e 75

CHAPTER 5. SYNTHESIS AND KINETICS OF GRAFT POLYMERATION OF
METHYL METHACRYLATE FROM THE RAFT COORDINATED SURFRE OF n-

1 TSRO PPPPP 76
00 I [V 0 To [ Tod 1 o] o NP 78
5.2, EXPEIMENTAL......ccoiiiiiiiiiiiiiii e cemmmm ettt e e e e e eees 79
o T 1V = (T = £ 79
5.2.2. Functionalization Of N-THD........uuuuuiiiiiiiie e 80
5.2.3. Synthesis of n-Ti#Poly methyl methacrylate (PMMA) Nanocomposite..80
5.2.4. Cleaving Grafted Polymer from PartiCleS . ....uuueeiiiiiiiiiiieiiiiiieeeiiiiii 80
5.2.5. RAFT Polymerization of Methyl methacrylate...............ccccovvvvvvviccinnnnn. 81
IR TI O g - = T (=1 1 - | (o] o [ 81
5.4. ReSUItS and DISCUSSION .....cceeiiiiiiiieeeeeiee ettt e e e e e e e e e e eeeeeeeeeeeeeeeennees 82
B4 L. THINMR oo ettt en e 82
5.4.2. Kinetics of RAFT Polymerization of MMA in &tion.............coovvviiciennnnn. 84
5.4.3. Organic/Water partitioning StUdY .......ccceeueiiiiiiiieiieieiiieeeeeee e 89
544, FTIR @Nd XPS StUAY ....uuuuiiiiiiiiiiiimrecan e e e e ssiiiirreanreeeeeeeeaeeesnenns 90
5.4.5. EIeCtron MICrOSCOPY ....ceeiiiiiiiiiiiiiiieiiea e e 93
5.4.6. DSC and TGA ..ottt e e e e e ere e e e 94
5.4.7. Kinetics of Surface Graft PolymerizationMi¥1A on the n-TiG .................. 96
5.5, CONCIUSIONS......coiiiiiiiiiiiit ettt e e e e e e e e e e eeeeeeeaeeaeeeeeeenneees 101

CHAPTER 6. SYNTHESIS OF Ti®POLYMER NANOCOMPOSITES IN
SUPERCRITICAL CQ VIA RAFT POLYMERIZATION .......cooiiiiiiiiiiiiiimmm e 102

Xiv



(70 N [ (o Yo [ UTox 1o ] o F PR 103

6.2. EXPEIIMENTAL......cccce i ceeeee e e 105
G B |V = 1T = | 105
6.2.2. Functionalization Of N-THD........ccouiiiiiiii e 105
6.2.3. Synthesis of n-Ti¥imethyl methacrylate composites via RAFT in se@@d
Nigh Pressurized THE ... e 106
6.2.4. Cleaving Grafted Polymer from PartiCleSu .....ccooveviiiiiiiiiiiiiiiinieeneeenn 06L

6.3. CharaCteriZation ..........ooooiiiiiiii e ee e e e e eaee e 107

6.4. ReSUItS and DiSCUSSION .........uuuiiiiiiieeeeeeeeae s st e e e e e e e e e eeseeeeeereeees 107
6.4.1. FTIR @nd XPS STUAY .....ccoouiiiiiiiiii ittt 108
6.4.2. Solubility / Dispersity in SCGQ.....uuuuiiiiiiiieieeiieieeeeeeei s 108
6.4.3. EleCtron MICrOSCOPY ...cooeeieeeiiiiiiieeeieeeiiiee e eananenee 109
6.4.4. TGA AQNAIYSIS ...uiiiiii e eeeeee e e e e e —————— 110
6.4.5. Molecular Weight Determination of CleavedM.................ccccceeeeeeeennnn. 111
6.4.6. Dynamic Light Scattering (DLS)......coooo it 114
6.4.7. Kinetic Analysis of POlymMerization ...........coovviiiiiiiiiiiiiiii e, 115

B.5. CONCIUSIONS....cci it br e e e e e e e e e e e e e s e anaes 120

CHAPTER 7. SYNTHESIS OF NiO/TiQUSING AMPHIPHILIC DIBLOCK

COPOLYMER BRUSHES (PMMA-b-PAA) BY RAFT POLYMERIZATN........... 122

4% S 1 o To 11 11 (o o PRSPPI 124

7.2, EXPEIIMENTAL......cccee e eeeeem s e 126
A S |V = 1= = | 126
7.2.2. Functionalization Of N-THD........cccuuiiiiiiiiie e 127
7.2.3. Synthesis of N-THEIPMMA .......o e et 127
7.2.4. Synthesis of N-TEIPMMA-D-PAA ... 127
7.2.5. Cleaving Grafted Polymer from PartiCleSumm . ..cuvvveeeeriiriiiiiiiiiiiieeeeeeenn, 271
7.2.6. Synthesis of N-TEIPMMA-D-PAA-NIO........cccoiiiiiiiieieiees s e 127

XV



7.2.7. Conventional synthesis of NiO/BIQ.........ccceiiiiiiieiieiiieiieeeee i 128

7.3, CNAraCIerIZAtION ......uuiiiiiiiiiiiiiiiie e e ettt e et e e e e e e e e e e e s e e e e e e e aeeas 128

7.4. ReSUItS @and DISCUSSION ....uuuiiiiiei i ceeeeeeee et e a e e e ee e e e e e eees 129
7.4.1. FTIR and XPS Study of functionalized n-TiQ...........ccoooeiiiiiiiiiiiiiiie, 130
7.4.2. FTIR Study of Polymer NanOCOMPOSILES ..........cevvvvrvviviniiiiieeeeeeeeeeeeeeeee 130
7.4.3. Organic/Water Partitioning Study.............eceeiiiiiiniiieeeeeeeeeeeee e 131
744, TGA AQNAIYSIS ..o e 132
7.4.5. Molecular weight and PDI of cleaved PMMA @&dMA-b-PAA............... 134
7.4.6. EIECIrON MICIOSCOPY ...uuuuuuiiieeee e s etetsne s s aeeaeeaeseeaseeessssnssssnnnnnnssnnes 136
7.4.7. Dynamic Light Scattering (DLS)........cccceceeviiiieeieiiiiiiiieee e e e e e e e e e e 137
T.4.8. XPS STUAY ... e e e e e e e e e e eee e e e eeeeaee 138
7.4.9. EDX and XRD StUAY........oiiiiiiiiiii e e e eee e e e 140
7.4.10. Nitrogen Adsorption/Desorption ANalYSiS..cc...ccoveeeeeeiiiieieeeiiiiiieeee e 314

7.4.11. Temperature program reduction (TPR) . eeeeeeeereerireiiiiiiiineeeeeenennnn. 481

A T O o] 4 (63 (U130 ] ST P TP 147

CHAPTER 8. SYNTHESIS OF MESOPOROUS BiOSING AMPHIPHILIC
DIBLOCK COPOLYMER (PMMA-b-PAA) AS A SELF-ASSEMBLY &SENT BY

RAFT POLYMERIZATION ...ttt 148
IR I [0 (0 Jo [ Tex [0 o WU TR 150
8.2, EXPEIMENTAL......ccoii ittt ceremm et e 152
I B |V, = 1 (=] (= | 152
8.2.2. Synthesis of PMMA iN THF ......coi oo 153
8.2.3. Synthesis of PMMA-b-PAA IN THF ... 153
8.2.4. Synthesis of MeSOPOroUS TIQ.......cuuuuuuuumuiiiiiiiee e e eeeeeeeeeeeeeeeeeeeeeaeeens 154
SRR T O o - 1= 1ol (=] 2= L 1[0 o IFE ORI 155
8.4. RESUILS AN DiSCUSSIONS ... ..u.een e e e e e e e e et e e e et e et e e e eeeaeeeaeeeenns 156

XVi



8.4.1. Molecular Weight Determination ........ccocee.ceeeveeeeeeeiiiiiiiiiinnnneeeeeeeeeeeeen, 157

8.4.2. THINMR ...oviiiiiiieicet et eemem et 159
8.4.3. EIeCtron MIiCrOSCOPY ....coeeeiiiiiiiiiiiiiiieitiee e 161
8. 4.4, IN-SIUFTIR ..ot e e e e e e e e rennas 162
8.4.5. EIeCtron MIiCrOSCOPY ....cceeeeiiiiiiieieeieietiiee s s e e e e e e e e e e e e e ee e nnnnnsnnnes 164
LS S T Y o] )£ 1T 0] o] 1o ] o 1P 169
A7, XRD i 171
8.5, CONCIUSIONS......coiiiiiiiiiieit et e e e e e e e e e e e aeeeeeeaeeeeeeennnees 172
CHAPTER 9. CONCLUSION AND RECOMMENDATIONS ......ccocoiiiiiiiiiiiiiinee 174
BIBLIOGRAPHY ..ottt ettt e e e e e e e s s sanne 180
APPENDICES ... .o i e e e et e e et e e e eaa e e e eaaanaeantaneeeenaaaees 188
CURRICULUM VT AE . . e e e e e e e e e e e e e e e aaenas 205

XVil



LIST OF TABLES

Table 4. 1 Polymerization of AA at different [AAJRAFT agent] in methanol as a

solvent, at 6%C, and AIBN as an initiator, [RAFT agent])/[AIBN] £0, [AA] = 2.29

Table 4. 2 Molecular weight and PDIs (GPC) of cexh?PAA at different reaction times

and fraction of grafted PAA (WE 90). ....uuuuuuiiiaee e e e e e e 71

Table 5. 1 TGA and DSC Results of RAFT Polymerizadi at Different Reaction Times

Table 6. 1 Molecular weights, PDIs, and conversimindeaved PMMA at different
reaction times and different pressures. The spéstirer for all cases is 171 rpm except

I T H . e e e e 113

Table 7. 1 Molecular weights and PDIs of cleavedvand PMMA-b-PAA at
different polymerization tIMES. ........oooi i 134

Table 7. 2 Physical properties of synthesized saspl.............cccvvviiiiiiiiiiiiinn o, 144

Table 8. 1 Molecular weight, PDIs, and conversiohnBMMA and PMMA-b-PAA at
different reaCtion tIMES. ......iiiiiiiiii et e e et e e e e e e e e e e e eaaaaas 158
Table 8. 2 Surface area, pore volume, pore diana@gmorphology of the calcined TiO

using different teMPIALES. ........uueuiiii e 171

XVili



LIST OF FIGURES

Figure 1. 1 Three interaction potentials actingaguarticle in contact with a grafted layer
(dashed lines) and the total interaction poteiisialid line) as a function of the distance
DEIWEEN TNEMC ... ..ottt ettt ettt n et eeseenane e, 3
Figure 1. 2 Schematics of: (a) agglomerated narniofes in the matrix polymer in the

case without grafting polymer and (b) separatiopasticles due to the grafting

Figure 1. 3 Examples of branched polymers: (a) ga&mer, (b) Graft polymer, (c)

Comb polymer, (d) DendritiC POIYMET. ........iceeeeieeee e 6
Figure 1. 4 Mechanism of “grafting t0”. .......oceee i 7
Figure 1. 5 Mechanism of “grafting from”. ..... e 7
Figure 2.1 Conventional Free Radical Polymerizatfon..............ccccooeovvicoieeeceenee 15
Figure 2. 2 Reversible deactivatiBh................ccoievieeeioeeeeee e 17
Figure 2. 3 Reversible chain transter.............ccooiiiicceeee e 17

Figure 2. 4 Typical molecular weight and PDI vsawersion for a living radical
POIYMENZALION . ...ttt 17

Figure 2. 5 SFRP polymerization mechanism. ....ccccouviiiiiiiiiiiinnneeiieiiiene. 19

Figure 2. 6 Schematic of 2,2,6,6-tetramethyl-1-pgryloxy (TEMPO). ..................... 20
Figure 2.7 ATRP polymerization mechaniSm. ... 21
Figure 2.8 Overall reaction in RAFT polymerizatiofi.............cccooeeievieeeeieieeennns 32
Figure 2.9 Mechanism of RAFT polymerizatin............c.ccooevevieieeeeeee e, 25
Figure 2. 10 Schematic of general RAFT polymer@ati................eeeiiiiiinneeneinnnennn! 6. 2

Figure 2. 11 Structure of different classes of ezag currently used as RAFT agents... 27

XixX



Figure 2. 12 Canonical form of (a) xanthates d)dl{thiocarbamates. ........................ 28
Figure 2. 13 Structure of some R groups and Dignaioates. ............ccceeeeieeiieeneeeeeieeenne. 29
Figure 2. 14 Guideline for selection of RAFT agefits.........cccooviveveeccereeereenee, 30
Figure 2. 15 Schematic of (a) cross-terminationveenh propagating and intermediate
radicals of the pre-equilibrium, (b) the core-etpibm, and (c) self-termination reaction
between intermediate radicals of the core-equUMLL...............coooiiiiiiiiiiiiiiiiiiiieees 31
Figure 2. 16 Schematic of linear diblock copolyrmation via RAFT.........ccoooeeiiiiineee. 33

Figure 2. 17 Scheme of a micelle formed by an aptph¢ copolymer in (a) aqueous

Figure 2. 18 Schematic of a supramolecular Stractur...............ccoooeeiiiiiiiiinnns e 35

Figure 2. 19 Chain transfer reaction for the radi¢a) in solution and (b) on the particle

SUITAICE. e ettt ettt et e e e e e e e e e e e et e e e e e e e e e e e e e e e a s 37
Figure 3. 1 Schematic diagram of GPC. ... 40
Figure 3. 2 Schematic of deflection type refractame................ouveiiiiiiiiinneeniiiiieenn 41
Figure 3. 3 Principle of conventional calibrati@h...............cccoovvieoieieeieeee e, 42
Figure 3. 4 Schematic of Differential ViSCOMetBE. ............ccovevieieeieeeeesee e 43
Figure 3.5 Universal calibration cUr...............c.ooeoiiiiieeeieeee e eeeeee s 44
Figure 3. 6 Schematic of Light Scattering DetecCtar..............uuvvviiiiiiiiiiieeeeeeeeeeeeee. 45

Figure 3. 7 Schematic of FT-IR: autoclave with nalFTIR and GC-MS. (A) computer;
(B) FTIR; (C) temperature and RPM controller witlegsure display; (D) 100 ml
autoclave equipped with diamond IR probe; (E) needlves; (F) check valves; (G)
syringe pump; (H) container for carboxylic acid; @O, cylinder..............oecovevvvvvvinnnnene 48

Figure 3. 8 Schematic of ATR-FTIR Operation. .........cccuuviiiiiiiiiiiiiiiieeeeeeeeeee s 49

XX



Figure 3. 9 Schematic diagram of a TEM instrument...............ccccocviiieeiinnnnnnninnns 53
Figure 3. 10 Schematic diagram of a SEM INStrument............ccccceeeeiininniinniiiinnnes 54
Figure 4. 1 Coordination modes of RCO®ith titania surfac&?.............c.cccccovevrveuennne. 59

Figure 4. 2 Schematic diagram of RAFT polymerizafi@m a trithiocarbonate RAFT

Figure 4. 3 Structures of RAFT agents (1) and {2).a.....cuueeiiiiiiiinnieeieiieeeeeeeeiiieeeee 61
Figure 4. 4 Functionalization of Tg&nd formation of n-TiIQZPAA nanocomposite..... 63
Figure 4. 5'H NMR spectra of (a) RAFT agent (1), 2-{[(butylsatfyl) carbonothioyl]
sulfanyl} propanoic acid, and (D) PAA. ... 65
Figure 4. 6 Canonical form of xanthates and dithibamates?...................cccocovvevenee 66
Figure 4. 7 GPC elution profiles for RAFT polymetion of acrylic acid using RAFT
agent (1) at 65C, for 2 h (Mi=2900 g/mol, PDI= 1.10), 5 h (M 3980 g/mol, PDI=

1.12), 19 h (M= 8000 g/mol, PDI= 1.13), 30 h (M10000 g/mol, PDI= 1.14). ............ 68
Figure 4. 8 FT-IR Spectra of (a) the RAFT agent (i) the functionalized n-Ti©and

(C) the N-TIQ/PAA COMPOSITE.....uuiiiieiiiiiiie e e et st e e e e e et e e e e eeaa e e e e eenaaans 69
Figure 4. 9 In the vials, the upper layer is etiggtate and the lower layer is water phase.
(a) The non-functionalized n-Tids well dispersed in the water phase, (b) whige th
functionalized n-TiQis suspended in the organic phase, and (c) RfPEA composite
StayS IN WaLer PRASE. .....cooiiiiiie e 70
Figure 4. 10 TGA curves of the (a) functionalizedi®,, and (b) n-TIQ/PAA at

IffErENT TIMES. ... e e e e e e e e 72
Figure 4. 11 (a) SEM of the non-functionalized ®7i(b-c) SEM and EDX sulfur

mapping of RAFT functionalized n-TiQand (d) SEM of n-TiIggPAA composite. ...... 73

XXi



Figure 4. 12 (a-c) TEM of the n-TYOPAA at different magnification, and (d-e) STEM
of n-TiO,/ PAA at high magnification with bright and dark field...............ccccccceeenn. 74

Figure 5. 1 Functionalization of n-Tj@nd formation of n-Tigg PMMA nanocomposite.

................................................................................................................................. 80
Figure 5. 2 Synthesis route of the RAFT polymerarabf methyl methacrylate in

{01 (UL T U £ [ Vo I (S ) PR 81
Figure 5. 3HNMR spectra of (a) 4-cyano-4-(dodecylsulfanylti@dmonyl) sulfanyl
pentanoic acid, and (D) PMMA . ... 83

Figure 5. 4 (a) Molecular weight and PDI/conversiiata for RAFT polymerization of
MMA using RAFT agent (3) (0.0061 M); Mn calculatetth Eq. 5.7 (----),and (b) GPC
elulion profiles for RAFT polymerization of MMA (&M in THF) with AIBN (0.0018
M) as initiator and RAFT agent (3) (0.0061 M) at°r® for 1 h (M=42,800 g/mol, PDI=
1.48), 2 h (M= 75,000 g/mol, PDI= 1.31), 3 h (M 85,100 g/mol, PDI= 1.19), 5 h (M
=88,700 g/mol, PDI= 1.20), 10 h (¥ 91,600 g/mol, PDI= 1.34), 15h(M™ 101,300
/MO, PDI=1.09). . a e e e e aeees 87
Figure 5. 5 (a) Conversion-time and (b) First-orkieetic plots for the RAFT
polymerization of MMA (6.55 M in THF) at 75°C witRIBN initiator at different
concentration Of RAFT agent (3)...ccceeee i e eeeeeeeeeeeeeeeees 89
Figure 5. 6 In the vials, the upper layer is Metimdthacrylate and the lower layer is
water phase. (a) The non-functionalized n-Ii©well dispersed in the water phase, (b)
while the functionalized n-Ti@is suspended in the organic phase. ........ccceeoe........ 90

Figure 5. 7 FT-IR spectra of (a) the RAFT agent &8 (b) the functionalized n-Ty®1

XXil



Figure 5. 8 (a) XPS full scan spectrum of the RA&fIctionalized TiQ, high resolution
spectrum of (D) O, @Nd (C) C. ..oeeiiiiiiiiee e eeeeee e eaeeenaanes 92

Figure 5. 9 SEM of the (a) non-functionalized n-Tji(®) n-TiG/PMMA composite, and

(c-d) TEM of the n-TIQ/PMMA at different magnification..............ccccceeeeeieiiiiiins 94
Figure 5. 10 TGA curves of the n-TiBPMMA at different polymerization times. ........ 96
Figure 5. 11 High and Low surface density schematiC..............cccoooeeiiiiiiiiiiiiininnsd 97

Figure 5. 12 (a) Conversion-time, and (b) Firstesrkinetic plots for the graft
polymerization of MMA (655 M in THF) at 80°C withIBN initiator mediated with
functionalized n-Ti@; low surface density (102 mol/g) and high surface

denSity(I34L MOI/Q). ..oeeeeeeceee e 98
Figure 5. 13 (a) Molecular weight and PDI/convensiiata for graft polymerization of
MMA from n-TiO,; Mn calculated with Eq. 5.7 (----), and (b) GPQtadn profiles for
graft polymerization of PMMA from n-Ti@surface for 1.5h (Mn = 7,629 g/mol, PDI=
2.1),9 h (Mn = 15,471 g/mol, PDI= 1.9), 15h{M 22,320 g/mol, PDI = 1.62), via
RAFT at 75-78°C and using low surface density (A0201/Q). ...........ccceeeeiiiiireeeeeeennn. 100
Figure 6. 1 Functionalization of n-Ti@sing RAFT agent (3) and formation of n-%iO
PMMA nanocomposite iN SCGO.......uuiiiiiiiiiiiie e e 108
Figure 6. 2 Photographs following the reactionhia view cell: (a) RAFT agent (3); (b)
n-TiO,/ PMMA formation at 70C and 3600 psi in SCGO..........ccouveivrieiiireiireeeereenn, 109
Figure 6. 3 SEM of (a) non-functionalized n-Ej@nd of n-TiQ/PMMA composite at 70
°C and 3600 psi in scGQfter (b) 5, (c) 15, and (d) 24 hour. .......ccceeeeeveecreeennnnnne. 110
Figure 6. 4 TGA curves of the n-TH#®MMA nanocomposites formed at 70 and 3600

psi in scCQ at different polymerization times. ... 111

XXili



Figure 6. 9n-situ FTIR measurement of RAFT polymerization of the @JPMMA
composites synthesized at T and 3600 psi in scGOReaction time: (a) 5 min; (b) 30
min; (c) 300 min; (d) 900 MIN; (€) 1440 MIN. . cccaaeiriiiiiiiaiaeee e 112
Figure 6. 6 Particle size distribution of the IOFPMMA composites synthesized at 70
°C and 3600 psi in scGQ@fter (a) 1 hour (Rear= 74 Nm, Pl =0.31), (b) 5 hour {ox+

165 nm, Pl = 0.40), (c) 15 hour (&x+ 266 nm, Pl = 0.32), and (d) 24 hour{Q+ 338
nm, Pl =0.39) by DLS in THF and at room tempemtur..............ccoovvreeeiiiiininnnnnnnnn. 115
Figure 6. 7 First-order kinetic plot for the grpfilymerization of MMA at 78C with

AIBN initiator mediated with functionalized n-Tit different pressures of scgénd

in high pressurized and ambient pressure of THBQ31). .......cvvvveiiiiiiiiiiiniiieeeieeee 119
Figure 6. 8 Molecular weight vs. time data for gadlymerization of MMA from n-TiQ
via RAFT at 7°C and 3600 psi and 4200 psi in s¢CGd in high pressurized THF at 70
°C and 3600 psi; Mtheory calculated with Eq. 5.7 (====). .eevecceemeeeeece e 120
Figure 7. 1 Synthesis of NiO/Tg&dvanced materialS. ...........cccooeeeeiiiiiieeeeeeieeeeeenns 130
Figure 7. 2 FTIR Spectra of (a) functionalized ©7i(b) n-TiG/PMMA, and (c) n-
TIOAPMMA-D-PAA . e e e e e enneeaeee 131
Figure 7. 3 In the vials, the upper layer is etied the lower layer is the water phase. (A)
The n-TiIQ/PMMA is well dispersed in both phases; (B) n-TRMMA-b-PAA is
suspended in the water PRASE. ........ . 132
Figure 7. 4 TGA curves of (a) the functionalizedi®-, (b) n-TiG/PMMA, and (c) n-

TIOAPMMA-D-PAA. .. n e e 133

XXIV



Figure 7. 5 GPC elution profiles for RAFT polymeton of PMMA-b-PAA from n-

TiO, surface for 5 h (Mn = 14,400 g/ mol, PDI = 1.3,H(Mn =17,500 g/mol, PDI
=1.2), 24 h (Mn = 19,600 g/ MO, PDI Z1.4). .. eeereeeeeeeeeeeeeeeeeeeeeeee e 135
Figure 7. 6 TEM images of (a) n-T#®PMMA, (b) n-TiO,/PMMA-b-PAA, (c) SEM
images of n-TIIPMMA, and (d) n-TIQ/PMMA-b-PAA composites. ............cceeeeeeee. 137
Figure 7. 7 Particle size distribution of the fa)iO./PMMA after 24 h (Bea= 140 Nm,
Pl=0.3), and n-TiIgPMMA-b-PAA after (b) 5h (ear 226 nm, PI=0.33), (c) 16 h
(Dmear 350 nm, PI=0.34), and (d) 24 hyfa+= 460 nm, PI= 0.4) by DLS in THF and at
FOOM LEMPEIATUIE. ... iiiti ittt eet et e e et e e et e e e et e e e et e e e e s e eeeann e eeennnaaees 138
Figure 7. 8. XPS full-scan spectrum of the (a) @JIPMMA-b-PAA-Ni, and high
resolution spectrum of (b) Ni, and (C) O.....cooiiiiiiiiiiiii s 140
Figure 7. 9 EDX Ni mapping of NiO/Ti£using (a) n-TIQ/PAA, (b) n-TiG/PMMA-b-
PAA (5 h), (c) n-TiQ/IPMMA-b-PAA (24 h) as templates, and (d) spectr&li®d/TiO,
(using n-TIQ/PMMA-b-PAA (24 h) as a template)............comeeeeeeeeeeeeeeeeeeeiiiiiiines 142
Figure 7. 10 XRD patterns of NiO/Tyising n-TiQ/PMMA-b-PAA after 24 hours.. 143
Figure 7. 11 Madsorption and desorption isotherm. ..o, 145

Figure 7. 12 TPR spectra of NiO loaded T{@epared using (a) amphiphilic polymer

brush and (b) conventional approaches............ooooiiiiiiiiiiiii e 146
Figure 8. 1 Preparation scheme for PMMA-b-PAA viaH polymerization............. 154
Figure 8. 2 Preparation scheme for mesoporousg Ay@ol-gel process. .........cccceeen.... 155
Figure 8. 3 Synthesis of PMMA-D-PAA. ... e 157

XXV



Figure 8. 4 GPC elution profiles of PMMA-b-PAA fah (Mn = 10,200 g/mol, PDI=
1.5), 2 h (Mn = 14,000 g/mol, PDI= 1.4), 3h{M 16,000 g/mol, PDI = 1.3), 4h (M
17,600 g/mol, PDI = 1.4), and 6h (M 22,900 g/mol, PDI =1.4).........c..ccccr s 158
Figure 8. 5'H NMR spectra of (a) PMMA, and (b) PMMA-b-PAA. ccc..cocvvnen... 160
Figure 8. 6 TEM images of (a) PMMA-b-PAA(b) PMMA-b-PAA;, (¢c) PMMA-b-

PAAz, and (0) PMMA-D-PAR. ...ttt 162
Figure 8. 7 In situ FTIR spectra of polymerizatafiT TIP with PMMA-b-PAA (Ty) in

isopropanol at 60 °C. Reaction time: (a) 60 mir);300 min; (c) 900 min; (d) 4320 min.

Figure 8. 8 SEM images of mesoporous JiGing TTIP (0.68 M) and (a).T(b) T, (c-

d) T3, and (e-f) T and T as temPIates...........oooeviiiiiiiiiiiiie e 165
Figure 8. 9 TEM images Tiusing polycondensation of TTIP on templates oflg@nd

To, (b) Tz and Ty, (c-d) Ts, and (e-f) HRTEM images of Tghanotubes followed by
calcination at 600 °C......oooiiiiii it cereer e e e e e 167
Figure 8. 10. Schematic formation of Li@ollow spheres and nanotubes. .................. 168
Figure 8. 11 (a) Isotherm plots and (b) pore sig&ibdutions of the mesoporous TiO
prepared using different templates. ..o 170
Figure 8. 12 X-ray diffraction (XRD) patterns of @s-prepared Tig) and (b) after

CalCINALION A BOE . ...t e e e e e e e et e e e e e e eeeaeeaeeeeeeseeenessnnnsnnns 172

XXVi



LIST OF APPENDICES

Appendix 1. Synthesis of 2-{[(butylsulfanyl)carbdhmyl]sulfanyl}propanoic acidX)

Appendix 3. 4-cyano-4-(dodecylsulfanylthiocarbgrstlfanyl pentanoic acid)®.. 191
Appendix 4. Calculation of the amount of RAFT aigamchored to nanoparticles...... 193

Appendix 5. EDX spectrum of NiO/Tigxomponents using n-T{PAA and n-

TIOAPMMA-D-PAA . .. 195

Appendix 6. XPS spectrum of NiO/Ti@ynthesized via template and conventional

METNOUS ... e e e e e e e et e e e e e e e e e e e trraaba s 196
Appendix 7. Powder XRD Analysis CONAItIONS. .. .ccceeiriiriiriiiiiiiiaieeeeeeeeeeeeeeeeiiiins 197
Appendix 8. License Agreement with Elsevier Limited.............cccooviiiiiiiiiiciinnnnnn. 819

XXVil



LIST OF ABBREVIATIONS, SYMBOLS, NOMENCLATURE

Abbreviations:

AA acrylic acid

Abs absorbance

AIBN 2, 2azo Azobis (2-methylpropionitrile)
ATR-FTIR attenuate total reflection fourteansform infrared spectroscopy
ATRP atom transfer radical polymatian
BET brunauer-emmett-teller

BHT 2, 6-di-tert-butyl-4-methylphol

BJH Barrett-Joyer-Halenda

CRP controlled radical polymetiaa

DLS dynamic light scattering

DMSO dimethyl sulfoxide

DSC differential scanning calortere

EDX energy dispersive X-Ray spestopy
ESR electron spin resonance

FRP free radical polymerization

FTIR fourier transform infraredesproscopy
GPC gel permeation chromatography

IR infrared

LALS low angle light scattering

MMA methyl methacrylate

Ni(NO3)2 nickel nitrate

XXVili



NMP
NMR
Ni
NiO
NiTiO3
PPA
PDI

Pl
PMMA
RAFT
RALS
scCQ
SEC
SEM
SFRP
SiO,
TCD
TGA
THF
TiO,
TTIP
TPR

XRD

nitroxide mediated polymeripat
nuclear magnetic resonance tspscopy
nickel
nickel (Il) oxide
nickel-titanium oxide
poly acrylic acid
polydispersity index =/,
polydispersity index in particle size distribarti
poly (methyl methacrylate)
reversible addition fragmeratichain-transfer
right angle light scattering
supercritical carbon dioxide
size exclusion chromatography
scanning electron microscope
stable free-radical polymédrara
silica
thermal conductivity detector
thermogravimetric analysis
tetrahydrofuran
titania
titanium tetraisopropoxide
temperature program reductio

x-ray diffraction

XXIX



Symbols:

A, second virial coefficient

C concentratiom¢pl[L™)

CTA chain transfer agent

d number of radicals forniemn the initiator
Dpore adsorption average pore diam@tey

f initiator efficiency

Ep binding energy of the core eleat

Ex kinetic energy of photod¢ten

hw photon energydV)

Mo initial concentration of iiitor (mol L ™)
[N concentration of initiatomol [L™)

K optical constant

Kqg decomposition rate constarij (

Kp propagation rate constano((L™ [$™)
K.q addition rate coefficients

Ky fragmentation rate coefficients

M monomer

[M] o initial concentration of monon{enol L.™)
[M] concentration of monomen¢l1L™)

M number average molecular Wwe{g/mol)
My weight average molecular weigfimol)

XXX



n refractive index of a polgr solution

No refractive index of a solten

P pressure

Pn concentration of active giogvpolymer chainsriol (L)
Py static structure factor

R gas constant (8.31XK ~* [mol™)

Rn hydrodynamic radius

Rp rate of reaction

Rg Raleigh ratio

Shet Brunauer-Emmett-Teller (BET)faice area
T temperature€(or K)

Tg glass transition tempemt{C)

Vh hydrodynamic volume

W1t% weight percent

X conversion (%)

Greek letters:

M viscosity €p)

T torqueN [M)

[7] intrinsic viscosityl(/g)
6 incident angle

n layer of planes

A wave lengtim)

¢ work functiorey)

XXXi



CHAPTER 1

INTRODUCTION

XXXil



1.1 Polymer Nanocomposites

Nanotechnology is the study of the science andni@ogy of nanostructured
materials at the dimensions from roughly 1 to 1@@ameters (18). Due to their small
dimensions, the physical properties of nano stredtumaterials differ fundamentally
from those of the corresponding bulk materials. @hehe main reasons for using
nanomaterials is the large surface to volume ralioe resulting large surface area
increases the number of particle-matrix interacjaius increasing the effects on the
overall material properties. These dispersed partigstems are mainly used to enhance
or improve the properties of the composite matealch as conductivity, strength,
energetics, wear resistance, and optical propétties

Nanoscale metal oxides, such as Ji80,, are materials with high surface areas
that exhibit exceptional chemical reactivity congzhrwith commercial metal oxides.
Metal oxide nanoparticles may potentially be inexgpee alternatives to carbon
nanotubes with superior properties for many appboa including catalysis, separation,
gas storage, energy conversion, drug release,ngeasd environmental protection, and
biocompatible nanocomposit&s.Among these, nanotitania (n-TiDis of significant
scientific and industrial interest for several aggtions, such as semiconductor
electrodes in photo electrochemical céls, photoconductive agent, and
photocatalysts? As an example, Ti@polyelectrolyte composites such as Ti@oly
(ethyleneimine) /poly(acrylic acid) (PAA) are madds of interest for their potential
application for the solid electrolytes in dye-sémedd solar cell$® TiO, powder is

chemically inert, stable under sunlight, and isp@paque-*



However, there are several limitations for usingsth materials such as the
difficult handling of these incredibly small object(1-100 nm), which tend to
agglomerate due to their high surface free enekgyshown in Figure 1.1, the attractive
force between two particles is a function of thstaiice between them, whelE is the
difference in energy of a solvent with particlesngared with that in pure solvent, ahd
is the free energy per unit area. As the distamtevden the two particles decreases, the
attraction force between them increases, whichreault in agglomeration. Conversely,
as the distance between the two particles incredlsesparticles experience lower and
lower attraction for one another. Therefore, if gagticles can be prevented from getting
close enough to one another, agglomeration carctefdy be prevented. The overall
result is an energy barrier which must be overcame¢he two particles are to

agglomerate, as depicted by the solid line in Fgur'

\ steric repulsion

osmotic repulsion

N total potential

—
——
-

Figure 1. 1 Three interaction potentials acting ora particle in contact with a grafted layer (dashed

lines) and the total interaction potential (solid ine) as a function of the distance between theffi.



Many efforts have been undertaken in order to @reec this aggregation
problem and to enhance the filler-matrix interacsioOne approach is breaking down the
agglomerated nanoparticles using a mechanical rdesluch as ultrasonic irradiation
which has been used for dispersion of $i®iO,, and AbOs; nanoparticles during
synthesizing inorganic/polymer nanocomposite malet However, this approach is
restricted due to the limited interaction betwehka tnorganic fillers and the organic
matrix, compared with the very strong interactie@ivween individual nanoparticles, as
demonstrated by Figure 1.1.

An improved approach is modifying the surface oé timorganic filler and
covalent attachment of stabilizing polymer liganals either the “grafting from” or
“grafting to” methods. The “grafting from” techniguinvolves growing the polymer
chains from the inorganic backbone, while the “@ngf to” technique involves the
attachment of preformed polymer chains to the bawckb minimizing agglomeration
while strengthening the interaction between theofider and polymer matrix, as

illustrated schematically in Figure 1:21°-2°



Matrix Polymer Grafting Polymer Matrix Polymer

Nanoparticle )fj |L“7_’ Mmmjfrr

Nanoparticle

(@) (b)

Figure 1. 2 Schematics of: (a) agglomerated nanopi#gsles in the matrix polymer in the case without

grafting polymer and (b) separation of particles de to the grafting polymer® %°

The simplest method of grafting involves the chethattachment of preformed
polymer chains to the surface and is a common rdeftrothe creation of brushéSself
assembled monolayefsand similar graft systems (Figure 1.3). This téghe is based
on the reaction of an appropriate polymer end greilip an appropriate substrate such as
carbon black, graphite, gold and silicon or reacBubstrates as well as some polymeric
substrates. Currently “click” chemistry is a populapproach to polymer chain

attachment?
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Figure 1. 3 Examples of branched polymers: (a) Stagvolymer, (b) Graft polymer, (c) Comb polymer,
(d) Dendritic polymer.

In the “grafting to” method, the surface is firstnttionalized with an organic
component, labeled “A” in Figure 1.4. Then, theypoér chains synthesized by any of a
number of standard polymerization methods are gplato the surface using one end
group of the chain such as “B”. Using this apprgabke number of polymer chains that
one can grafto the surface is generally small because theviobeme occupied by each
grafted chain acts asbarrier to the attachment of subsequent chaims.means that the
“grafting to” approach is increasingtlifficult as more chains are added to the surface,

limiting the degree of control over the moleculagights and polydispersity.



Nanoparticle surface A '|A r‘ rT |A '|°‘ ‘712'78 r\ r\ r

—EEasssss———

Figure 1. 4 Mechanism of “grafting to”".

On the other hand, using the “grafting from” apmloahat uses initiators
anchored to the surface, labeled “I”, this approalbdws chain growth from the surface
of a substrate with the chains propagating outwatal the solution (Figure 1.5). Low
molar mass monomer molecules can easily diffusbecsurface, allowing chain growth
to occur. As in solution or bulk polymerizationsetinitiator is able to polymerize any of
a broad array of vinyl monomers. Using the “graftfrom” approach, the surface density
can be controlled by varying the amount of inittabmmobilized on the surface. For
these reasons, “grafting from” has emerged in iteeature as the most promising route
to synthesize polymer brushes in a controlled mararel is the general strategy utilized

in this thesis.

' ||||||M0nomer||||||

f

Figure 1. 5 Mechanism of “grafting from”.

Very late in the twentieth century several new radthwere discovered which
allowed the development of living polymerizationings free radical chemistry.
Reversible addition fragmentation chain transfeAER) technique is a new type of
living radical polymerization which allows the skiesis of well-defined macromolecular

architectures with relatively low polydispersitydines. RAFT polymerizations achieve



their controlled character due to a reversible haansfer to reduce the amount of
radicals and thus to reduce the occurrence of tetioin reactions. The main advantage
of this controlled radical polymerization techniggats compatibility with a wide range
of monomers®

In the last decade, the synthesis of polymer namposite materials has been
intensely studied due to their extraordinary prapsr and wide-spread potential
applications. A wide variety of polymers have beexplored for the matrices of
nanocomposites, while a diversity of crystallinetenals, i.e., three-dimensional nano
metal oxide$® two-dimensional layered silicates such as nanséfayand one-
dimensional carbon nanotubéshave been used for reinforcement of the polymer
matrices’>*

The ultimate goal of this thesis is to develop anly radical polymerization
methodology that can circumvent the inherent littotss associated with the
agglomeration of nanoparticles in solution, and biging so, to synthesize
nanocomposites of controlled dimensions and pragserfs well, in order to understand
the role of the solvent and mechanism of polyménna the kinetics of polymerization
will be investigated, both in solution and in hegeneous media. This knowledge will be
used to synthesize block copolymers for use as le&dagpto prepare novel mesoporous
TiO, nanostructures.

To achieve these goals, the following specific otiyes are sought in various

chapters of the thesis:

+ Chapter 1 : Introduction

This chapter provides an outline of the objectiaed the layout of the thesis.



« Chapter 2: Theoretical background

This chapter presents a general review of livirdjaa polymerization techniques

and polymer nanocomposites.

« Chapter 3: Experimental and Characterization method

In this chapter, the experimental setup and theometaracterization methods

employed in this research are introduced.

« Chapter 4: Synthesis of n-T#®PAA Nanocomposite by RAFT Polymerization

In this chapter, a new method for synthesizing @-fpolymer nanocomposites is
presented with a good dispersion of the nanofiltlsrsising the bifunctional RAFT agent,
2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoicacid. This RAFT agent has an
available carboxyl group to anchor onto Fikanoparticles, and an S=C (§{5) moiety
for subsequent RAFT polymerization of acrylic adidA) to form n-TiO/PAA

nanocomposites.

« Chapter 5: Synthesis and Kinetics of Graft Polymagion of Methyl methacrylate

from the RAFT Coordinated Surface of n-$iO

Polymer chains of PMMA are grown from n-Ti®y the RAFT polymerization
process. The mechanism and kinetics of MMA polyaaion from both solution and
“grafted from” n-TiO, are studied in this chapter. The RAFT agent, 4oy
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoiadaavith an available carboxyl group
is used to anchor onto the n-TLiQurface, with the S=C (S&,5) moiety used for
subsequent RAFT polymerization of MMA to form n-LiIBMMA nanocomposites. The

monomer conversion and molecular weight kineties explored for the living RAFT



polymerization, both in solution and grafted froATi®,, with first-order kinetics being

observed.

« Chapter 6: Synthesis of n-TidPolymer Nanocomposite in Supercritical £¢a

RAFT Polymerization

In this chapter, PMMA chains are grown from n-Tilby the RAFT
polymerization process using supercritical carbarxide (scCQ) as a green solvent.
The rates of polymerization at different presswaed also in organic solvent (THF) are

compared.

« Chapter 7;_ Synthesis of NiO/Ti@sing Amphiphilic Diblock Copolymer Brushes

(PMMA-b-PAA) by RAFT Polymerization

In this chapter, amphiphilic diblock polymer brusité PMMA-b-PAA are grown
from n-TiO, by the RAFT polymerization process. In the nangoeosite, NiO particles
are attached to the surface of Tikanoparticles using n-THIPMMA-b-PAA as PAA is
hydrophilic allowing Nf* ions to be attached to TiGhanocomposites. After removing
the copolymer chains by heat treatment, NiOAT8DIl remains which can be used as a

nanocatalyst.

« Chapter 8: Synthesis of Mesoporous Fi8ing Amphiphilic Diblock Copolymer

(PMMA-b-PAA) as a Self-Assembling Agent by RAFT Pmlerization

The synthesis of mesoporous FiGsing a template method is presented in this
chapter. Amphiphilic diblock copolymer (PMMA-b-PAAyroduced via RAFT

polymerization and titanium (IV) isopropoxide (TTIBre used as the template and the

10



starting material, respectively. The effect of #iein length of PAA in the diblock

copolymer template on the morphology of the mesmp®synthesized TiQs studied.

« Chapter 9: Summery and Conclusions

This chapter provides a general conclusion of thHsvea studies and
recommendations for future work on the synthesis tlé nanocomposites and

mesoporous materials via the RAFT technique.
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CHAPTER 2

THEORETICAL BACKGROUND
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Polymer is a composite Greek word fmdly and meros meaning “many parts”.
Polymers are generally considered to be substance&ining a large number of
structural units joined by the same type of covalekage. These substances often form
into 1-dimensional chain-like structures. Naturalymers are found in many forms such
as horns of animals, tortoise shells, rosin (fromeptrees), and asphaft.Man-made
polymers have been studied since 1832, with thedtion of vulcanized rubber. Today,
the polymer industry has grown to be larger thae #huminum, copper and steel
industries combinet: Polymers have found numerous applications as iakteand
plastics, in the construction, automobile, and pgokg industries by virtue of their
mechanical and thermal properties, their easy gsatslity, and low cost.

Depending on the particular needs for a given appbn, new polymeric
materials must satisfy certain requirements in seof resistance to the environment,
cost, and specific performance aspects, such akaneal, optical, surface, electrical,
and thermal properties. Therefore, increasingly aleing new technologies are
requiring new polymerization tools to prepare aaesh polymeric structures and
architectures. Particularly, the ability to contiieé macromolecular architecture becomes
increasingly important, by controlling the molar ssas, polydispersities, tacticities, and
terminal functional groups of the polymer.

One of the classifications of polymers is based tbeir polymerization
mechanisms; step-growth (condensation) and chawibr(free radical) polymerization.
Chain-growth polymerization requires the presenicarpinitiating molecule, such as a

free radical, that can be used to add a monomeecul@ to form a growing polymer
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chain. The generation of the radical usually tglase by the homolytic dissociation of a
thermally unstable compound (azo-compound, peroxtie).

Free radical polymerization (FRP) is one of the meglely used industrial
processes for the commercial production of highemaar weight polymers because of
its wide ranging applicability and versatilit§.Firstly, it can polymerize a very wide
range of monomers under a wide variety of expertalezonditions compared to other
chain growth polymerization techniques such as ragi@r cationic polymerization.
Secondly, it does not require expensive catalystd aperates at relatively mild
conditions, such as near ambient temperaturespacause of the lack of highly active
catalysts in the system, it is generally less $esio impurities and contaminants. It can
either be performed in a homogeneous system, suuttul& or solution polymerization,
or in a heterogeneous system such as emulsiorspession polymerizatiof.

Free radical polymerization is a chain growth padyiration technique that can
be roughly broken down into 4 steps: (Figure 2.1)

* Initiation: Radicals are formed.

» Propagation: The formed radicals react with tbelkde bonds in the vinyl monomer

effectively growing the polymer chains.

» Termination: The radical species are destroyedutih various means to make dead
polymer.

» Chain Transfer: The radical species is moved faome molecule to another without

terminating the radical. In this way the activeicaticoncentration remains constant, not

affecting the rate of polymerizatioR,.
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In FRP, the molecular weights of chains formed Ire tearly stages of
polymerization are relatively high, which subsedlierdecreases with increasing
monomer conversion. FRP gives relatively broad gispyersity indexes (PDI= MM, >
2, where M, is the weight average molecular weight and is! the number average
molecular weight). In addition, FRP techniques largted in their ability to synthesize
complex architecture polymers such as block copehgmn star copolymers or
dendrimers?

Initiation * Termination
Py » Polymer

)

Figure 2.1 Conventional Free Radical Polymerizatior{*

Monomer

p

Therefore, the academic and industrial interest feo-called living
polymerizations has shown tremendous growth. Theolgcular termination step is the
major limiting factor for the control of all chajpolymerization techniques, which if it
can be eliminated, would allow superior control tbeé polymerization system. The
concept of living polymerization was first descidbm 1956 by Szwarc for producing
low polydispersity index polymers: * The original living polymerization system was
used to produce rubber from styrene and 1,3- bemadthat is still used commercially
today>’ Living polymerization behavior has been defined®as

a) The polymerization proceeds to complete conversi@mg further monomer
addition leads to continued polymerization to prm@lhomopolymers with longer

chains, or when using a different monomer, blogkatgmers.
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b) The number average molecular weight JMdirectly increases with
conversion/time.

c) The polydispersity of the molecular weight disttiba is low (PDI~1.2).

d) Polymers with chain end functionality can be olediguantitatively.

lonic polymerization is the traditional exampleaoliving polymerization process,
which gives the possibility to synthesize compleacnomolecular architectures in a
controlled way. However, problems that have notnbeeercome with this technique
include the relatively limited range of monomersatttcan be used, the extreme
polymerization conditions that are required (ofegnund -30°C or even lower), and the
high sensitivity to impuritied’

In 1982, Otsiet al. extended the idea of living polymerization to thee radical
system by combining advantages of both free radeadl ionic polymerization
technique$® For a living polymerization, the termination réaos must be negligible
compared with the propagation and activation/deatitin steps™ **On the other hand,
the term “controlled” refers to whether the proceas be used to synthesize well-defined
architectures, such as block copolymf&rs.

In an ideal living polymerization, all chains aretiated at the beginning of the
polymerization, grow at the same rate, and haveéenmination step. To confer living
character on a radical polymerization, it is neagsgo eliminate all processes that
terminate chains irreversibly. Thus, living radigalymerization only becomes possible
in the presence of reagents that react with th@awating radicals (P by reversible
deactivation (Figure 2.2) or reversible chain tfangFigure 2.3) so that the majority of

chains are maintained in a dormant form (P—X).
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* *

UMonomer
Figure 2. 2 Reversible deactivatior{*
* *
P n + Pm X = P m + Pn—X

UMonomer UMonomer

Figure 2. 3 Reversible chain transfef?

A rapid equilibrium between the active and dormianins of the polymer chain
ensures that all chains will grow until all mononeeconsumed. Under these conditions,
the molecular weight increases linearly with tinser{version) and the molecular weight

distribution can be narrow (e.g..fMn, ~1.2) (Figure 2.4).

100000 + ) r22
/ .
F2
80000 - /
/ r 1.8
= 60000 -
o
£ / 5
> / F16 9
o
< 40000 - P
rl14
./ >
20000 - / 15
0 T T T T 1
(a) 0 0.2 0.4 0.6 0.8 1
Conversion

Figure 2. 4 Typical molecular weight and PDI vs. aaversion for a living radical polymerization.**

As described above, living behavior is achieved ryimizing the normal
bimolecular termination, and prolonging the lifeéirof propagating radicals into hours or

longer. This kind of polymerization has excellemnmenercial potential for material
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synthesis as many more monomers undergo radicgmgoization compared to ionic
polymerization. In addition, living radical polymeation techniques are used to produce
very well-defined polymers and also complex ardtitees and novel molecules.
However, the kinetics of these systems are slow, rermally not known when grown

from surfaces.

2.1. Methods in Living Radical/Controlled Polymerization (LCP)

As mentioned above, living radical/controlled pobmzation (LCP) is based on
two principles: reversible deactivation (Figure)2.&nd reversible chain transfer (Figure
2.3)3 The essence of this mechanism is that any radipaties can be rapidly
deactivated; maintaining a low radical concentratamd thus limiting the bimolecular
termination step which greatly affects normal fragical polymerizations.

Based on this principle, three controlled free callipolymerization techniques
have been investigated:

a) Stable Free-Radical Polymerization (SFRP)
a) Atom Transfer Radical Polymerization (ATRP)
b) Reversible Addition-Fragmentation Chain TransfeAH)

SFRP and ATRP polymerization techniques controirclggowth by reversible
deactivation in which deactivation is provided bgversible group transfer with
transition-metal complexes or coupling with aminloxgdicals. The RAFT technique
controls chain growth through reversible chain ¢fan As the dormant species is a stable
compound, it is a simple process to stop the potigaton and reinitiate it to produce
block copolymers and other more complicated strestisuch as stdrs comb4® and

graft’ polymers (Figure 1.3). The three LCP techniquesbaiefly described below.
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2.1.1. Stable Free-Radical Polymerization (SFRP)

In the 1990s the groups of Rizzardo and Georgesrteph a stable free radical
polymerization process (SFRP) allowing the prepamadf polystyrene with a narrow
polydispersity’®*° Later, the polymerization of acrylates was catatlyzby cobalt
porphyrin alkyl$® and more recently a wide range of monomers wetgnpized via
the preparation of monomer specific initiatotSFRP uses a stable radical to reversibly
terminate the polymerization, thus limiting the icadl concentration and the chance of
non-reversible termination reactions (Figure 2B)is reversible termination reaction
allows the polymer chains to grow incrementally hwvitonversion, producing a linear
relationship between molecular weight and convers®well as quite low polydispersity

indexes (~1.5).

R'—-ONRR’®

R'-[ONRR’

M

R'M_ O

n

+ ONRR®

\
R'M, -ONRR’

Figure 2. 5 SFRP polymerization mechanism.

SFRP requires high temperatures (125-140 °C) datively long reaction times
(1-3 days). Only a few initiators are commerciahailable, which normally need to be
synthesized. Various stable radicals such as nitepxXriazolinyl, and dithiocarbomate

have been used as the mediating agents for SFRétic Gytroxide radicals such as
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2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) has eelm studied for this technique

(Figure 2.6). SFRP with nitroxides is called nitidex mediated polymerization (NMP).

CHy

e

Figure 2. 6 Schematic of 2,2,6,6-tetramethyl-1-pipiglinyloxy (TEMPO).

2.1.2. Atom Transfer Radical Polymerization (ATRP)

ATRP was originally reported by Matyjaszewski i tHSA? and Sawamotob in
Japan® almost simultaneously. It has been used to polipaestyrenic* acrylamides,
acrylates, acrylonitrile, and diene monomers withtmlled molecular weights and low
polydispersities® Radical generation in ATRP involves an organiddealindergoing a
reversible redox process catalyzed by a transinetal compound, with Cu, Fe, and Ni
commonly used as the catalysts. Activation of thiator involves the CuBr metal center
undergoing an electron transfer with simultaneowdoden atom abstraction and
expansion of its coordination sphere (Figure 2R7)is the reactive radical that initiates
polymerization. CuBx(L) is called the deactivator and is the persistatdical that
reduces the steady-state concentration of propapatdicals and minimizes normal
termination of living polymerg® In ATRP, radicals are generated by the redox ieact
of alkyl halides (R-Br in Figure 2.7) with transiti-metal complexes. Radicals can then
propagate with monomer but are rapidly deactivabgdthe oxidized form of the

transition-metal catalyst (Cup(L) in Figure 2.7y’
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The main limitation of ATRP is the employment ofeatively high amount of
transition metal complex (0.1-1% in the reactiorxtomie) that has to be removed from

the final polymer.

R-Br +CuBrt - R +CuB,

M

RM;

|

RM, —Br +CuBr(L)

CuBr,(L)

Figure 2.7 ATRP polymerization mechanism.

ATRP is reversible and lies fairly heavily on thermhant side RM,-Br), thus
reducing the concentration of radicals and miningzbimolecular termination. The
advantage of ATRP is in its wide applicability filwe production of advanced and novel

polymeric structures.

2.1.3. Reversible Fragmentation Chain-Transfer Polymerizaion (RAFT)

Reversible Addition Fragmentation Chain TransfelyPerization or RAFT is a
recent living radical polymerization technique deped in Australia by Ezio Rizzardo’s
team at CSIRO in 1998.In recent years, RAFT polymerization has emerged sery
attractive method of living free radical polymetipa.>®*® RAFT has been found to
polymerize a wide range of monomers compared to A BRd SFRP, including styrenic,
acrylamides? acrylates, acrylonitrile, vinyl acetates, vinytftamide, vinyl chlorides as

well as a range of other vinyl monomé&tsand has been found to be highly versatile.
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RAFT has been shown to control molecular weight aradlecular weight distributions,
providing PDI's in the range of 1.03-1.25As mentioned above, in an ideal living
radical polymerization, the molecular weight dihgctincreases with monomer
conversion/timé?

Another advantage of the RAFT process is thatrt loa carried out in the same
conditions as a classical free radical polymeraatiexcept for the addition of a chain
transfer agent (CTA), which is also referred tatss RAFT agent. These RAFT agents

include macromonomef&allyl sulfides® allyl bromides®

allyl peroxide€® and
thionoester§’As a result, RAFT polymerizations have been cardietin bulk, aqueous
solutions®® organic solutions, suspensions, emulsions, midi \icro emulsions, and
ionic liquids®® As mentioned in Ch.1, complex macromolecular aechirres, (Figure
1.3), can be generated ranging from block to stgpolymers by using the RAFT
technique’® %97

RAFT living polymerizations control chain growthrélugh reversible chain
transfer. The RAFT polymerization achieves “livingtowth starting from the initial
chain transfer agent, dithioesters or trithiocadies, which are activated by radicals
generated from a traditional initiatoe.¢ AIBN).}” A chain-transfer agent such as
cumyldithiobenzoate reversibly transfers a labiled egroup to a propagating chain
(Figure 2.8). The R group initiates the growth otymeric chains, while the Z group

activates the thiocarbonyl bond toward radical addiand then stabilizes the resultant

adduct radicaf®
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Initiator

Polymeric RAFT agent
RAFT agent

Figure 2.8 Overall reaction in RAFT polymerization.®*

2.1.4. Mechanism of RAFT polymerization

The mechanism for achieving control in RAFT polyipation differs
significantly from that involved in SFRP and ATRRs they involve reversible
deactivation of propagating radicals by radical—+eadreaction (SFRP) or atom transfer
(ATRP). In RAFT polymerization, the deactivation—tigation equilibria are chain-
transfer reactions, as described below. Radicalsaither formed nor destroyed in these
steps, with an external source of free radicalsuired to initiate and maintain
polymerization®*

The mechanism of RAFT polymerization was suggebted/and*(Figure 2.9).
This kinetic scheme consists of the: (1) initiatiprocesses, (1) pre-equilibrium involving
the initial RAFT agent (CTAJ? (Ill) propagation and re-initiation processes, J(Bore-
equilibration (the core of the RAFT process), auil termination processes. In the early
stages of the polymerization, the initiating ratlisagenerated from degradation of an
initiator species (I). These radicals then readhwhe RAFT agentl) in a step of
initialization (step II). If appropriately selectedll RAFT agents are consumed in this
step before any propagation commences. This igaltiee highly reactive C=S bond of
the RAFT agent, which means that radical additsofavored over the addition to any of

the double bonds that are present on the mon8hiEme radical intermediate2) can
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fragment back to the original RAFT agef} &nd a polymer radical,P, or fragment to a
polymeric thiocarbonylthio compound(8C-(Z) =S) 8) and a reinitiating R radical. The
structure of R should be such that it is a gooditiating group, which can subsequently
initiate the monomefAfter re-initiating the monomer, a new propagatindical (R) is
produced that can be exchanged kyifPthe compound F5C-(Z) = S to produce a new
polymeric thiocarbonylthio compound &C (Z) =S). Rapid equilibrium between, P
and B and compound3) is the key to this living polymerization procesdigh allows
all chains to grow at approximately the same riacling to a linear evolution of the
molecular weight with conversion, and a low PDIntodead polymer chains will be
formed via termination events in the reaction. Thigy occur through either a

combination or disproportionation event dependingh® monomer.
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(1) Pre-Eqilibrium

(1  Propogation

N Monomer .
R——» P

ki
(V) Core-Equilibrium
* kad kﬁ
P, + Pm _S\/S — = Pr— . S P, - Py + Py,
‘ K- ad K-p |
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(V)  Termination

Py + Pn ——» Prim
Figure 2.9 Mechanism of RAFT polymerization’?

2.1.5. Choice of RAFT Agents

The key that makes RAFT a living polymerizationhieicue is the choice of the
RAFT agent (CTA). For an efficient RAFT polymeriiza (Figure 2.9)*

* The initial RAFT agentsl) and the polymer RAFT agen8)(should have a reactive

C=S double bond (higk,,)

* The intermediate radical®)(and @) should fragment rapidly (weak S—R bond in
intermediate) and give no side reactions.

* The intermediate2) should partition in favour of product&(, >k__,,).
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« The expelled radicals (Rmust efficiently re-initiate polymerization.

The effectiveness of the RAFT agent depends omibhr@omer being polymerized
and the properties of the free-radical leaving gréu and the group Z, which can be
chosen to activate or deactivate the reactivitthef C=S bond towards addition (Figure

2.10)"

Weak single bond

. |
R e W
= v

Reactive double bondz

New radical

|
)

/S + R

N
N

Z modifies addition and
fragmentation rates

Figure 2. 10 Schematic of general RAFT polymerizadin.

A wide variety of RAFT agents with different Z arl® groups have been
synthesized and evaluated for their effectivenessantrolling the polymerization of
vinyl monomers which are most commonly dithioesteush as benzyl phenylethane
(dithioate), or trithiocarbonates such as (2-{[fdstlfanyl) carbonothioyl] sulfanyl}-

propanoic acid) (Figure 2.11§."
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|
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Dithiocarbamate Trithiocarbonate
Figure 2. 11 Structure of different classes of regents currently used as RAFT agents.

The Z group is the functional group that remaittached to the RAFT agent
throughout the polymerization, and acts to stabitize radical intermediates. This group
should be chosen so that it will activate the Ce8dtoward radical addition and then
impart minimal stabilization of the adduct radidarmed. For example, the rate of
activation is higher when Z = aryl, alkyl (dithidess), or S-alkyl (trithiocarbonates), and
lower when Z =O-alkyl (xanthates) oN,N-dialkyl (dithiocarbamates). This is due to the
interaction between O or N lone pairs and the C=dibte bond, resulting in
delocalization of this bond; the phenomenon in Whatectrons in some molecules are
not fixed to specific atoms or bonds but are spreatlover several atoms or bonds

(Figure 2.12Y*
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Figure 2. 12 Canonical form of (a) xanthates andd] dithiocarbamates.

The R group or leaving group departs from the RA&Jent during the
fragmentation step to re-initiate polymer chaing] also must form a stable free radical.
Steric factors, radical stability, and polar eftedre significant in determining the
leaving/reinitiating ability of the R group. Increased radical stability enables the R
group to be a good leaving group; however, if tadiqal is too stabilized, it may not
effectively add monomer and reinitiate polymeriaatilncreased steric bulk is likely to
increase the leaving groups ability, but is al&elii to have a detrimental effect on the
reinitiating capability due to steric hindrancee&ton withdrawing substituents within
the R group affect the electrophilicity of the ded radical. For example, the RAFT
agent where R = CiPh (e.g. benzyl dithiobenzoate) functions as ablétchain-transfer
agent in polymerization with styryl and acrylyl pagating radicals, but not in those with
methacrylyl propagating radicals. This can be explh as the benzyl radical is a
reasonable leaving group with respect to the siymg acrylyl propagating radicals, but is
a poor leaving group with respect to the methatqytgpagating radicdl’ The ability of

the homolytic leaving group R is tertiary>> secanydigprimary (Figure 2.13°
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Figure 2. 13 Structure of some R groups and Dithiodnzoates.

Rizzardo et al. suggested guidelines based on thwomer structure, leaving
group R, and group Z in RSC-(Z) =S (Figure 2. ¥4yor Z, the addition rate decreases
and the fragmentation rates increase from lefigiotr In general, the stability of Z group
of the RAFT agents decreases in the order dithiohees > trithiocarbonates ~
dithioalkanoates > dithiocarbonates (xanthates)ithictarbamates which that can be
attributed to the electron-withdrawing Z substitiserHowever, the RAFT agents with
electrophilic Z substituent with lone pairs dirgatbnjugated to the C=S double bond (O-

, N-) have low stability (Figure 2.145.For R, the fragmentation rates decreases from left
to right. Dashed lines in the below figure indicapartial control of molecular weight but

poor polydispersity.
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Figure 2. 14 Guideline for selection of RAFT agent¥

2.1.6. Side reactions in RAFT polymerization

In many RAFT polymerizations, an inhibition periaogl obtained where no
polymerization activity is observed in the initighase of the polymerizatidh.As well,
rate retardation may occur i.e. whétgdecreases slightly with increasing concentration
of the RAFT agen? It has been found that the stability and thusaberage lifetime of
the intermediate RAFT radical®)(and @) (Figure 2.9)are of key importance for rate
retardation and inhibition effects in RAFT polyneiion. It was observed that when
using polymeric RAFT agent8)in RAFT polymerization, that an inhibition periakd
not occur, which means that inhibition effects barattributed to the individual reactions

of the pre-equilibriund® On the other hand, rate retardation may eitheexpgained by
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slow fragmentation of the intermediate radicéls4), or by additional side reactions,
such as cross-termination; irreversible terminatieactions of the intermediate RAFT
radical @), (4) with growing macroradicals, P (Figure 2.15a-b§? or self-termination;

irreversible termination of the intermediate RAREical @) with itself (Figure 2.15c}?

(a) ) "
P + Pm_SYS_ R o pe—S\ | ~S—R
z z
@)
b
(b) .
Pm + P S P, e op ‘ s—P
m m Y n m S\‘/ n
Z Z
)
z
(c)
P s—pP
* R ¢ m n
P . S—P, + Pm— . S Pn el > S\/
Pm_s\ /S_ Pn
Z Z
4) 4 z

Figure 2. 15 Schematic of (a) cross-termination beteen propagating and intermediate radicals of the
pre-equilibrium, (b) the core-equilibrium, and (c) self-termination reaction between intermediate

radicals of the core-equilibrium.
2.1.7. Block Copolymerization

When two different types of monomers are joinethie same polymer chain, the
polymer is called a copolymer. Copolymers can lassified based on how these units
are arranged along the chain.

-A-B-A-B-A-B-A-B-A-B-

v

Alternating copolymers

v

Random copolymers -A-A-B-B-B-A-B-A-A-B-B-A
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Block copolymers -A-A-A-A-A-A-A-A-B-B-B-B-B-B-

Block copolymers are polymeric materials consistifigsequences or blocks of
identical repeating units. Block copolymers witkithunique properties, are not only of
tremendous academic importance but also of comalertierest. The applications of
block copolymers range from surfactants, dispessaobatings, and adhesives to
materials for pharmaceuticals and microelectrofficEhe linear AB block copolymer is
the simplest block copolymer structure where twacck$ of different chemical structures
are linked together through a common junction point this method, the first monomer
is polymerized and after its complete consumptiba,second monomer is added and the
polymerization is allowed to proceed to completion.

It is generally impossible to produce block copotym by free radical
polymerization. Therefore, living radical polymeaion is used to synthesize block
copolymers of desired chemical composition and molass, with a narrow PDI. This
technique allows the preparation of functional podys with pre-determined molecular
weight and complex structures, such as block, geafi star polymer®.

Living radical/controlled polymerization (LCP) tauljues have been used for the
synthesis of block copolymers. As examples, Bual. synthesized poly (ethylene oxide-
b-styrene) via SFR® while Sunet al. synthesized poly (ethylene oxithemethyl
methacrylate) via ATRE® Chen et al. copolymerizedN-(2-Acetoxyethyl)maleimide
(AEMI) with styrene via ATRP? while styrene was copolymerized with maleimide via
SFRP by Ciangat al®

However, the RAFT polymerization technique is retdegd as one of the most

versatile methods for block copolymer synth&sf§. The obtained polymer initially
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polymerized (monomer A) in the presence of RAFTnageonsists of polymer chains

with the RAFT end group attached to its end. (Fégid 67

Monomer A H Monomer B H

— = (-A-AAA), — > (. A-A-A-A)~{-B-B-B-B-
Initiator \5/\2 Initiator CAA-AA)RE )m\S/\Z

Figure 2. 16 Schematic of linear diblock copolymeriation via RAFT.

This RAFT-functional polymer can further act as alymeric RAFT agent
(referred to as macro-CTA) in the presence of arebsnonomef’ A fresh amount of
initiator can be added to reinitiate the polymeta® leading to block copolymer
formation. As shown in Figure 2.16, the second mo#ois inserted between the
thiocarbonyl thio (S(S)C) moiety, and the last nesg monomer of the first block, while
the RAFT-functionality remains at the block copobmehain end during polymerization.
Potentially, this RAFT functionality can be used &tachment of the block copolymer to
surfaces.

In RAFT block copolymerization, the order of moremaddition is criticaf? It
is important that the starting block acts as agpdttaving group than the block formed in
the second stefd: ® For example, in the synthesis of poly(methacrysiyeene) diblock,
the methacrylate block should be prepared firsé 3tyrene propagating radicals are very
poor leaving groups compared to methacrylate prajiag radicals® Using this
technique, synthesis of AB, ABC, etc blocks arespius.

Among the block copolymers, there has been greatest in amphiphilic block
copolymers in academic and industrial researchhénpgast decade. Amphiphilic block

copolymers consist of at least one hydrophilic and hydrophobic polymer chain which
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are covalently linked” Amphiphilic block copolymers can self-assemblevist large

variety of micro and nano structures in selectio@ents that are good for one block and
poor for the other blociFigure 2.17)%%%
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Figure 2. 17 Scheme of a micelle formed by an ampgdiiilic copolymer in (a) aqueous solvent, (b)
organic solvent.*®

Amphiphilic copolymers find applications in variousdustrial fields, such as
detergents, personal care, paints, pharmaceutahigcovery, environmental protection,
agrochemicals, food industry, etc.

2.1.8. Block Copolymer Self-Assembly

Self-assembly is a supramolecular approach whiésren complementary non-

covalent interactions, such as electrostatic icteras, hydrogen bonds, van der Waals
forces, coordination interactions and solvopholffeats. In self-assembled structures,

these temporary intermolecular forces connect tbéecunlar scale building blocks in a
reversible, controllable and specific wiy.

The microphase separation which occurs in bloclolyopers upon self-assembly

is mainly due to the chemical incompatibilitiesveeen the different blocks forming the

copolymer molecules. The blocks of amphiphilic @gmers tend to separate in order to
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lower the enthalpy of mixing. As the blocks are aewtly bonded to one another, the
separation of blocks is restricted, giving rise &ovariety of unique microstructures
(Figure 2.18). The particular morphology is a fumctof the composition, interaction and

molecular weights of the constituent blocks.

Figure 2. 18 Schematic of a supramolecular structu.

2.2. Surface Modification via Living Radical/Controlled Polymerization

Surface modification has seen rapid expansion theepast two decades, due to a
surge in interest in nanotechnology, and becausthefgrowth and development of
reliable surface characterization techniques. Tiemical modification technique, such
as grafting of macromolecules onto a surface altbes physical behavior of the
composite in the system to more desired propeidiesnd-use applications.

To minimize the agglomeration of the nanopartickesl to enhance the filler—
matrix interactions, living techniques have beemleyed in which the grafting polymer

chains separate and bridge the nanoparticles atashgde with the polymer matrix. In
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order to have surface-initiating graft polymeripation nanomaterials, various polymers
such as PS, PMMA, and PnBuA have been succesgtdlyed from nanoparticles via
living/ radical controlled polymerization technicuié" % %’

By applying ATRP, Ejazt al®® grew polymer chains of methyl methacrylate
from solid surfaces including silicon wafers, sliparticles, and glass filters. Using
RAFT polymerization, Baunet al. and Nguyeret al. % **° polymerized St and MMA
from silica nanoparticles, Honet al. °* and Cuiet al. *** functionalized multi-walled
carbon nanotubes with poly(N-(2-hydroxypropyl)mettytamide) and polystyrene,
respectively, Cheret al!®® grafted PMMA and poly(poly(ethylene glycol) monom-
ethacrylate) (PPEGMA) from poly(vinylidene fluoridg®VDF) surfaces, while Barnet
al *® grafted copolymerization of styrene and m-isopmyper ,a -dimethylbenzyl
isocyanate®® from polypropylene (PP) by using-initiated RAFT polymerization. Core
(polyvinyl neodecanoate-ethylene glycol dimethaatg)-shell (polyvinyl alcohol)
microspheres were developed by seeded polymernizatfith the use of conventional free
radical and RAFT/MADIX mediated polymerizatioff.

Using RAFT to control grafting reactions adds sdeeel of complexity to the
polymerization kinetics and mechanism. In a radpdl/merization mediated with either
free RAFT agents or surface anchored RAFT agehts,chain propagation steps are
almost unaffected by the immobilized RAFT agenttioa surface. However, the chain
transfer reactions are more complicated as the Radgént is distributed homogenously
in solution polymerization, while in the case ofirge surface anchored, the local
concentration of RAFT agent on the nanoparticlefasas is very high due to

immobilization of the RAFT agent. Once a radical salution is transferred to the
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nanoparticle surface via a chain transfer react#ongew radical on the particle will be
created (Figure 2.19a), which can react either &itRAFT agent on another particle
surface or with a neighboring RAFT agent on the esgrarticle surface (Figure 2.19b).
The first mode could be very slow as it requirdsrpenetration of the polymer chains on
the two particles which will incur a large barridherefore, the radicals prefer to transfer
to a nearby RAFT agent rather than propagate, duthé¢ high local RAFT agent

concentration, therefore leading to polymerizatietardation:"’

CTA

v ap .
R, M‘?—»%VE\;

bLLL CTA

@) ()

Figure 2. 19 Chain transfer reaction for the radicés (a) in solution and (b) on the particle surface.
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CHAPTER 3

EXPERIMENTAL AND CHARACTERIZATION METHODS
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In this chapter, the experimental setup charac®or techniques and evaluation
procedures used to analyze the synthesized mateiadibwed for this thesis are
described. The synthesis of the nanocomposites caased out either in glassware
reactors or usingn-situ FT-IR. The glassware reactors were connected,torNargon,
while the high-pressure reactors were connectech V@O, along with having
temperature and pressure controllers.

Characterization methods of the synthesized médemalude: gel permeation
chromatography (GPC)n-situ attenuate total fourier transform infrared spesttopy
(ATR-FTIR), thermo gravimetric analysis (TGA), difential scanning calorimeter
(DSC), transmission electron microscopy (TEM), aswhnning electron microscopy

(SEM).

3.1. Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC), also known Sime Exclusion
Chromatography (SEC), is a popular analytical téml characterizing natural and
synthetic polymers and proteins. GPC is a chronmafduc technique that employs
specialized columns to separate natural and syathelymers on the basis of their size
(Figure 3.1). The polymer solution is injected irgocolumn which it is packed with
porous particles of fairly defined pore sizé®.(glass beads or polymer gels) that are
comparable to the size of the polymer moleculeg $EC mobile phaseg. the eluent,
is generally the same solvent as used to disshleepolymer. Furthermore, the eluent
should be strong enough to prevent any adsorptfothed polymer molecules on the

stationary phase. As the polymer elutes throughctilemn, the molecules that are too
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large to penetrate into the pores of the colummreeliust, while smaller molecules can
penetrate or diffuse into the larger pore volumas elute at a later elution volume.

As the sample is separated and elutes from the G®&IGmn, it can be
characterized by a single or series of detectdie. GPC analysis depends on the number
of detectors used in the experiment. The triplectet GPC system used for this thesis
employs the following three kinds of detectors: raefive index (RI) detector
(conventional calibration), viscometer detectorigarsal calibration), and light scattering

detector (triple detector GPC).

Solvent Pump
@ Degasser
— =0 =
| —
Autosampler
Columns

L ]
————
Detector Waste

Figure 3. 1 Schematic diagram of GPC.

3.1.1. Refractive Index (RI) Detector

The RI detector is based on the deflection of arbeé the light as it passes
through a dual compartment flow cell containing thérence solvent, with refractive

indexn, in one part, while the solution sample, with refnge indexn, in the other part.
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The beam is refracted at the liquid-glass inteaseparating the two compartments
(Figure 3.2). The area under the RI peak is propoat to ? the refractive index
c

increment, anc, the concentration of the sample (Eq. 3%).

dn

RI, .. 0C— 3.1

Area dC ( )

where:
dn_n-n (3.2)
dc C
RI Signal
N i
Zero Glass Beam Splitter

Cell (cross section)

Figure 3. 2 Schematic of deflection type refractoner.

One of the applications of this detector is conwmeral calibration. The
conventional method for calibration of the GPC oamhs uses commercially available
polymer standards with low polydispersity index&fie molecular weight is plotted
versus the elution volume (Figure 3.3). The molacweight of an unknown sample is
then calculated by dividing the area below the eunv small fractions (slices) and

projecting the retention volume of each slice andhlibration curve.
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Figure 3. 3 Principle of conventional calibration'®®

3.1.2. Viscometer Detector

The viscometer detector is based upon the measuatevha differential pressure
between the pure solvent and the polymer solutionthe early 1980s, Max Haney
proposed the Four-Capillary Bridge Viscometer (Fég8.4) °® Four capillary tubes R1—
R4 with internal diameters of approximately 0.25 rara arranged in a balanced bridge
configuration. Differential pressure transducersasuee the pressure differen@f
across the midpoint of the bridge and the presdiiference IP from inlet to outlet. A
delay volume is inserted in the circuit before dapy R4, in order to provide a reference

flow of solvent through R4 during elution of thelyroer sample.
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Figure 3. 4 Schematic of Differential Viscometer:°®

For many polymers where narrow standards are nailaiNe, a standard
calibration such as MMA or polystyrene can be uskds then assumed that the
calibration curve is universal and thus differentymers can be analyzed by using the
intrinsic viscosity/molecular weight relationshigferred to as the Mark-Houwink-

Sakurada equation (Eq. 3.3)
[7]=xk ™ ? (3.3)
This equation relates the intrinsic viscos[r)y] to the molecular weight of the

analyzed polymer through two constantsanda, which are specific to a polymer-
solvent system at a given temperature. Althoughtghnique is widely used, it has been
criticized for errors induced by the fact that tlark-Houwink-Sakurada relationship is

not strictly linear over a wide molecular weighhge. (Figure 3.5)
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Figure 3. 5 Universal calibration curve!®

3.1.3. Light Scattering Detector

Dynamic Light Scattering (DLS) is a batch technigimat provides a direct
measurement of molecular size or hydrodynamic g@Rh), as well as information on
polydispersity and molecular weight. Static lighatering detectors measure the average

intensity of light scattered by macromoleculesatuson (Figure 3.6).
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Scattered Signal

Laser Cell Lens Mirror

Figure 3. 6 Schematic of Light Scattering Detector.

The light scattering detector is used to deterntiveeweight average molecular
weight (M,) by GPC. The molecular weight is measured withthe need for a
calibration curve because of the direct proportibnaf the light scattering signal to the
molecular weight. The Rayleigh Equation (Eq. 3.d3dibes the relation of the scattered

light of the dissolved polymer molecules by thecatied Rayleigh ratidR,, the polymer

concentratiorC and the weight average molecular weidyhy,.

= +A, [T (3.4)

where K is an optical constantd, is the second virial coefficient and, is the static

structure factorAt normal GPC/SEC concentrations, the second vigc@afficient is

typically insignificant compared to the first teim the denominator, so Eq. 3.4 can be

simplified by neglecting theA, term. Also P, depends on the measuring angle, which is

exactly equal to unity for all molecules whénis zero, so to measure the right molecular

weight the scattered light & = 0° must be measured (Eq.3.5). This is experiaignt
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impossible because of the primary beam of the |&3ee way to solve this problem is to
measure the scattered light at an angle as clopesaible to 0°. This approach is called

low angle light scattering (LALS).
R(), ,OKCM,, (3.5)

The GPC used in this study is Triple Detection,chhemploys a Concentration
detector, Viscometer detector, and Low Angle Li§hattering detector acting in concert,
with each detector providing complementary butedtéht information.

- Concentration is measured with an RI detector, @dhecessary for the
determination of both molecular weight and Refractndex.

- The viscometer detector provides a direct measuremieintrinsic viscosity or
molecular density, and allows the determinatioomalecular size, conformation
and structure.

- The light scattering detector provides a direct sneement of molecular weight
and eliminates the need for column calibration.

The molecular weight can be calculated using theviing equations:

RI (sig 0 C (£" (3.6)
dc
Vislsig O Cl[n] (3.7)
. dn\’
LS[sigDCIK M, OCT-_| M, (3.8)

There are four unknown variables, however onlydhgquations can relate them
together. Knowing the accurate value of concemmaginables us to determine the other

unknown variables of Eq.3.6 to 3.8.
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In Triple detection, simply running a single narrostandard will enable
calibration of all three detectors as well as p@niag corrections for inter-detector shift

and inter-detector peak broadening effects.

3.2. Infrared (IR) Spectroscopy

Infrared (IR) spectroscopy is one of the most comrapectroscopic techniques
used for functional group characterization. Infcaveaves have wavelengths longer than
visible and shorter than microwaves, and have &rages which are lower than visible
and higher than microwaves. Infrared is broken thtee categories: far (4 ~ 400&n
mid (400 ~ 4,000ci), and near-infrared (4,000 ~ 14,0000m%° Near-infrared refers to
the part of the infrared spectrum which is closevisible light, while far-infrared refers
to the part that is closer to the microwave regidlid-infrared is the region between
these two regions which is the most useful pathefelectromagnetic spectrum useful for
measuring organic compounds. The basic concephthehis spectroscopic technique is
the absorption measurement of different IR freqienby a sample positioned in the
path of an IR beam to determine the chemical foneti groups in the sample. When an
infrared light interacts with the matter, chemibahds will stretch, contract and bend. As
a result, a chemical functional group tends to dulsofrared radiation in a specific
wavenumber range regardless of the structure afesteof the molecule. An IR spectrum
is produced by absorption of energy (400 ~ 4000)cdue to vibrations of polar covalent
bonds.

Fourier Transform Infrared Spectroscopy providescdf information about
chemical bonding and molecular structures, makingiseful for analyzing organic

materials and certain inorganic materials. FTIRnsmproved technique to make the IR
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measurements easier and faster, in which the IRmbé&a guided through an
interferometer. A FTIR spectrum is obtained fromf@ening a mathematical Fourier
Transform on the interferogram. Figure 3.7 shovesR-IR which was used in this study

for in-situ studies, under ambient and high pressoenditions.

()

Figure 3. 7 Schematic of FT-IR: autoclave with ontie FTIR and GC-MS. (A) computer; (B) FTIR;
(C) temperature and RPM controller with pressure dsplay; (D) 100 ml autoclave equipped with
diamond IR probe; (E) needle valves; (F) check vabs; (G) syringe pump; (H) container for
carboxylic acid; (I) CO, cylinder.

ATR-FTIR is a method for analyzing solid samplemgsnfrared spectroscopy. It
is also suitable for characterization of matenalsch are either too thick or too strongly
absorbing to be analyzed by transmission spectpysckhe basis of this method is that
an infrared beam is reflected off the sample, with absorption measured from the
reflected beam. Unfortunately the reflected radrathas a very low intensity. To get

around this limitation, the infrared beam is bouhti®ough a crystal such as ZnSe or Ge
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at an angle such that the beam is totally inteynaiflected. The solid sample sits on the

crystal, and the result is that the beam will Heeoted off the sample (Figure 3.8).

sample

W i

IR beam To detector

Figure 3. 8 Schematic of ATR-FTIR operation.

3.3. Thermal Analysis

Thermal analysis is a form of analytical technigqnest commonly used in the
branch of materials science where changes in tbpepties of materials are examined
with respect to the temperature, using differentetanning calorimetry and

thermogravimetric analysis.

3.3.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a tedure for measuring the energy
necessary to establish a nearly zero temperattferatice between a substance and an
inert reference material, as the two specimenssalgected to identical temperature
regimes in an environment heated or cooled at &ated rate. The main application of
DSC is in studying qualitative and quantitativeommhation about physical and chemical
changes that involve endothermic processes suchelisng, and exothermic processes
such as crystallization, or changes in heat capasiich as at the glass transition

temperaturé’®. These transitions involve energy changes or bapacity changes that
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can be detected by DSC with great sensitivity.his study, Mettler Toledo DSC822
was used to measurg ®f polymer and polymer nanocomposites, and it skasvn that
T4 of polymer nanocomposites is higher than that ofymper as there is a strong

interfacial bonding between the functionalized naarticles and polymer chains.

3.3.2. Thermogravimetric Analysis

Thermogravimetric analysis is an analytical techeiqused to determine a
material’s thermal stability and its fraction oflatle components by monitoring the
weight change that occurs as a specimen is heBbedmeasurement is normally carried
out in air or in an inert atmosphere, such as Helior Nitrogen, and the weight is
recorded as a function of increasing temperatuBA 1 widely used for characterization
of solid materials including polymer, organic, iganic, and composite materials.
Especially, TGA can be used to determine the péagen of inorganic fillers in
inorganic/polymer composites, as utilized in tHiedis. In this study, Mettler Toledo
TGA Q500 (at a heating rate of 10 °C/min under @ogen atmosphere from room
temperature to 800°C) was used to measure the rgagee of functionalized organic
materials and polymer in inorganic/polymer compessitNitrogen atmosphere was used

to prevent oxidation or other undesired reactions.

3.4. Electron Microscopy

Electron microscopes are scientific instrumentst thee an electron gun to
generate the beam of energetic electrons. Whehedsgght microscope uses glass lenses
to magnify and focus images, the electron microsaoges magnetic lenses to magnify

and focus images. Since electrons cannot travelyfi@ air, electron microscopes are
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built into airtight metal tubes or “columns” andeugacuum pumps to remove all the air
from within the microscope. The wavelength of elees is 100,000 times smaller than
that of light, so the resolution that they can jdevis much higher. There are two main
types of electron microscope: (1) the transmissientron microscope (TEM) and (2) the
scanning electron microscope (SEM). In general, &M image provides high-

resolution information on the internal structureao$pecimen while the SEM provides a

detailed image of the surface structure of a sample

3.4.1. Transmission Electron Microscopy (TEM)

TEM is a technique used to investigate the morgiglocrystallographic
structure, and composition of a specimen. Transamsslectron microscopy is similar to
optical microscopy, except that the photons ardacgp by electrons. By propelling
electrons at a thin sample, and detecting thossméted through it, one is able to obtain
a map of the local densities of the sample, as aseliiffraction information when there
are ordered structures such as crystals involved Ttilize very thin (0.5 um or less)
samples illuminated by an electron beam. Imagesem@ded by detecting the electrons
that pass though the sample to a system of eleatypetic lenses which focus and
enlarge the image on a fluorescent screen, phagibgréilm or digital camera. Figure 3.9
shows a schematic diagram of a TEM instrument. Blectron source" at the top of the
microscope emits the electrons that travel throwgleuum in the column of the
microscope. Instead of glass lenses focusing fig In the light microscope, the TEM
uses electromagnetic lenses to focus the electraasa very thin beam which travels
through the specimen. Depending on the densityhefrhaterial present, some of the

electrons are scattered and disappear from the.b&iatine bottom of the microscope the
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unscattered electrons hit a fluorescent screerightis generated, allowing the user to

see the image with camera.

STEM is a special TEM technique, in which an elatttransparent sample is
bombarded with a finely focused electron beam {ihy of a diameter of less than 10
nm) which can be scanned across the specimen kedoacross the optical axis and
transmitted. STEM (bright and dark field imaging traansmission modegssentially
provides high resolution imaging of the inner mstracture and the surface of a thin
sample (or small particles). In dark field (DF) pes, the direct beam is blocked by the
aperture while one or more diffracted beams am@@t to pass the objective aperture,
while in the bright field (BF) mode; an aperturepiaced in the back focal plane of the
objective lens which allows only the direct beanpsss. In this study, nanocomposites
were examined with TEM (Phillips CM 10 electron noscope at 80 kV) to investigate
the dispersion of nanoparticles in polymer mataixg to study the nanocrystalline phases
of synthesized Ti@ while the “grafting from” polymer surrounding thenoparticles
was shown by using STEM (Hitachi HD2000 at 200 kivf)poth bright and dark field

modes.
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Figure 3. 9 Schematic diagram of a TEM instrument.

3.4.2. Scanning Electron Microscopy (SEM)

The layout of the SEM is very different from a TERg shown schematically in
Figure 3.10. The SEM column consists of the elecgan and then several magnetic
lenses, which are used to focus the electron bedmaosmall spot on the sample surface.
Unlike the TEM, there are no lenses after the speriin a SEM. Scan coils are used to
deflect the finely focused electron beam to creaty rectangular grid of parallel lines
over the area of interest, while detectors measiee number of electrons that are
displaced from each point on the surface and redld the electrons scattered by the
object and the secondary electrons produced Bp#cimens for conventional SEM need

to be electrically conducting so that charge bupt in the surface from the incident

53



electron beam can be conducted away. Usually, thgnification range of the SEM is
between 10 to 222,000 times.

Energy Dispersive X-Ray Analysis (EDX), also regelto as EDS, is an X-ray
technique used to identify the elemental compasitad a specimen. EDX is the
measurement of X-rays emitted during electron bonrhant in an electron microscope
(SEM or TEM) to determine the chemical compositafhmaterials on the micro and
nano scale. By determining the energies of theys-eanitted from the area being excited
by the electron beam, the elements present in @ahgple are determined (qualitative
analysis). If the electron beam is rastered ovearaa of the sample, then EDX systems

can also acquire X-ray maps showing variation efrents in the sample.

Electron gun

g Scanning coil

Magnetic lens

Secondary
Electron

Specimen Detector

Figure 3. 10 Schematic diagram of a SEM instrument.
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In this study, Scanning electron microscopy (SEMages and energy dispersive
X-Ray (EDX) were recorded using either Hitachi @8 or LEO 1530 instrument
without gold coatingat 10 kV. SEM was employed to study the morpholady
nanoparticles before and after functionalizatiomg also after grafting polymer chains
from the surface of nanoparticles. EDX was usethéasure the percentage and also the
dispersion of the specific elements, such as sutfufunctionalized n-Ti@ or Ni in

NiO/TiO, composites.
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CHAPTER 4

SYNTHESIS OF n-TiO,/PAA NANOCOMPOSITES BY
RAFT POLYMERIZATION
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Due to the strong agglomeration tendency of narigpes such as metal oxides,
homogeneous dispersion of these materials throughgolymeric matrix is extremely
challenging. In order to overcome this problem d@ondenhance the filler polymer
interaction, this chapter focuses on living polyin&tion initialized from the surface of
titania nanofillers. A new method of synthesizingi®./polymer nanocomposites was
found with a good dispersion of the nanofillersusyng the bifunctional RAFT ageri)(
2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoicacid). This RAFT agent has an
available carboxyl group to anchor onto Ti@anoparticles, and the S=C (§{5) moiety
for subsequent RAFT polymerization of acrylic adidA) to form n-TiO,/PAA

nanocomposites.

/SC4H9
S=C{
S
/
H3C—C\H
C.
// OH
5T @) CH2=CHCO2H
|
O.1:.O
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4.1 Introduction

Due to their extremely large surface-area/voluntm raanoscale metal oxides,
such as Ti@ Si0, tend to strongly agglomerate, hence reducing rbsultant
mechanical properties of the nanocomposite mastiaMany efforts have been taken in
order to minimize agglomeration and to enhancefiftex-matrix interaction, such as
using a mechanical method (ultrasonic irradiatiam)chemical method (“grafting from”
or “grafting to” methods). Living radical/controtlepolymerization techniques (ATRP,
NMP, and RAFT) have been employed in order to haueface-initiating graft
polymerization on nanomaterials. RAFT polymerizatis of significant current interest,
because it enables the control of the final polymeduct with respect to molecular
weight, polydispersity, and macromolecular archite=’’ Immobilizing the RAFT agent
on a solid support e. g. silica or titania may élere be an attractive pathway for
designing inorganic-organic hybrids.

Nanotitania (n-TiQ) is of significant scientific and industrial inest for several
applications, such as semiconductor electrodeshotopelectrochemical cells and dye
sensitized solar cells (DSSCE)Titanium dioxide (TiQ) when irradiated with a light
whose energy is greater than the band gap of pi@duces reactive oxygen species such
as hydroxyl radical$'? hydrogen peroxid&'* and super oxide anions oxygen in watér.
Nanotitania (n-TiQ) can also be used as anticancer agents with takajdncreased
selectivity towards cancer tissugs.For this application the nanoparticles need to
disperse homogeneously. These dispersions reqolleidal stability and should be

resistant to high salt concentrations or proteisoggtion to avoid thrombus formatidtf:

117
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The isoelectric point of Ti®is close to neutral pH, making the practical use o
TiO, particles very difficult in aqueous solution. A geal approach for improvement of
particle dispersion is adsorption of hydrophilidymer dispersants such as polyethylene

| 118 polyacrylamid&™ and polyacrylic acid (PAA) on the n-TiGurface*?® *?*In

glyco
general, the Ti@ dispersion system in the presence of PAA, hydrogending and
chemical interactions occur at the n-Fi®urface and electrostatic repulsion of the
carboxylic acid groups of PAA on different partElprovides colloidal stabilization in an
aqueous mediurh® n-TiO,/PAA also is used in UV-Light-Induced Swelling aviisible-
Light-Induced Shrinking of a Ti@Containing Redox Géf?

Ti(IV) is known to be able to form carboxylate cdewes. In the complex, the
acetate can potentially coordinate with the mesabachelating, bridging bidentate or

monodentate formation (Figure 45.FTIR is an established technique for analyzing

the complexes of metal carboxylate spetfés.

| i i
C C

C
7N PN PN
O O @)

T o
T Ti Ti L
monodentate chelating bidentate bridging bidentate

Figure 4. 1 Coordination modes of RCOOwith titania surface.®

Our approach in selecting the RAFT initiator agento choose the R structure
with a free carboxylate group that can coordinateTt (IV) on the titania surface.

Anchoring of a RAFT agent to a surface can be aptished via either the Z or R
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groug? % (Figure 4.2) however most studies have choserRtgeoup approach, which
leads to a scenario more closely resembling “grgftfrom” polymerization. The

mechanism of attachment of the Z group to the narimte surface is similar to that of
the *“grafting to” approach. As described in Ch.the “grafting to” approach, is
inherently limited in its ability to create high rigty grafted polymer as crowding of
chains at the surface prevents further attachfff@dn the other hand, using the “grafting
from” approach, low molar mass monomer molecules easily diffuse to the
functionalized surface of the particles to startypwrization and grow the polymer

chains.

Z group approach

S—R S—R s
R
R group approach
* s—p S P
S n n
/ _PL Vi */ —_— — *
— 3 O
- '

Figure 4. 2 Schematic diagram of RAFT polymerizatia from a trithiocarbonate RAFT agent

anchored to the surface of nanoparticles via Z an& groups®?

In this study, two kinds of RAFT agentp @nd @) (Figure 4.3) were synthesized

to determine which one is appropriate for the acrgtid monomer.
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R = CH(CH;)COH R = C(CH)(CO,EY),

Figure 4. 3 Structures of RAFT agents (1) and (2).

Then the bifunctional RAFT agentl)( 2-{[(butylsulfanyl)carbonothioyl]
sulfanyl}- propanoic acid) is used to coordinatet®iO,, while the S=C(S¢Hg) moiety
is used for subsequent RAFT polymerization of acrgtid (AA). Coordination of the
RAFT agent onto the n-TiOsurface is confirmed using ATR-FTIR analysis, liyness
of the solution polymerization of AA is demonstitey solution polymerization using
(1) with subsequentd NMR and GPC analysis, while the resulting nanogosites are

characterized by electron microscopy, FTIR, andntiaé analysis.

4.2  Experimental
4.2.1. Materials

Titania nanospherical particles (n-B)O(99.5%, Sigma-Aldrich, avg. part.
size 25-70 nm), 2, 'Azo Azobis (2-methylpropionitrile) (AIBN) initiator (Toronto
Research Company), methanol (HPLC grade, Sigmaehyrhydrochloric acid (39%,
Sigma-Aldrich), and radical inhibitor BHT (2, 6-téft-butyl-4-methylphenol, 99%,
Sigma-Aldrich) were used as received. Acrylic a¢&A) monomer (99%, Sigma-
Aldrich, inhibited with 200 ppm BHT) was passedaiigh an inhibitor remover column
(Sigma-Aldrich) before use. The RAFT agents (24ffdsulfanyl) carbonothioyl]

sulfanyl}propanoic acid)1) and2-((Ethoxythiocarbonyl)-2-Methyl Malonat@)((Figure
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4.2)wereprepared as described elsewhere (for more detddedription see Appendices

1 and 2)t%

4.2.2. Functionalization of n-TiO»

0.5 g of the RAFT agentl) and 3.5 g of n-Ti@ were dispersed in 60 mL
methanol with the aid of ultrasound for 1 hour. Tdispersed solution was then
transferred to a 100 mL round bottom flask equippétth a condenser and a magnetic
stirrer under nitrogen. The solution temperature waintained at 65 °C under stirring
for 24 hours. The particles were recovered by degation at 7000 rpm for 10 min. The
particles were then re-dissolved in the solventraaprecipitated by centrifugation which
was repeated until the solution was clear. Thal qooduct was dried overnight under

vacuum at 50 °C.

4.2.3. Synthesis of n-TiQ/Poly acrylic acid (PAA) Nanocomposite

0.6 g of acrylic acid monomer, 0.06 g of functionatl TiG-RAFT agent 1)
(20:1 wt:wt), and 0.004 g of AIBN were dispersed6id mL methanol with the aid of
ultrasonication. Then the solution was transfetoed 100 mL three-neck flask equipped
with nitrogen supply, a thermometer, and a condenséer constant stirring for 24
hours. The particles were recovered by following 8ame procedure mentioned for

functionalization of n-TiQ (Figure 4.4).
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Figure 4. 4 Functionalization of TiO, and formation of n-TiO,/PAA nanocomposite.

4.2.4. Cleaving Grafted Polymer from Particles

30 mg of PAA “grafted from” Ti@ nanoparticles were dissolved in 1 mL of HCI
(2 M) and 30 mL of deionized water. The solutioaswallowed to stir at 8G under
reflux for 24 hours. After centrifuging at 2500 rgor 2 hours, the solution was poured
onto a glass plate and allowed to stand in a fumedhovernight. The recovered
polymers were dissolved in an aqueous buffer (NagiCO5 M, NaNQ 0.1 M, NaN

0.02 M) for subsequent GPC analysis.

4.2.5. RAFT Polymerization of Acrylic Acid

A 0.0229 mol/L solution of RAFT agent/@) and a 2.29 mol/L solution of acrylic
acid ([AA]/ [RAFT agent] = 100) were dissolved iBA mL methanol in a 250 mL three-
neck flask equipped by a line of nitrogen supplytharmometer, a stirrer for gentle
mixing, and a condenser (with silica gel at the flmpmoisture removing). The solution
was first heated to 6%C, then 0.00229 mol/L of AIBN was added, which dctes an

initiator ([RAFT agent]/ [AIBN] = 10). During theeaction at various time intervals,
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GPC samples were prepared by removing small sampflethe reaction mixture,
inhibiting polymerization by BHT as radical inhibit solvent stripping in vacuum at 40
°C, and then re-dissolving in an aqueous buffer (@@0.05 M,NaNQ 0.1 M, NaN

0.02 M) before molecular weight analysis.

4.3. Characterization

The molecular weight and PDIs of PAA were measupgdgel permeation
chromatography (GPC) with a Viscotek instrumenngsriple detectors (RI, LS, and V)
referenced to PS standards (1 ml/min, alGD'H NMR spectroscopy was operated on a
Varian Mercury 400 while FTIR spectra were collecfeom a KBr pellet on a Bruker
IFS 55 FTIR instrument attached with a MCT detectath a resolution of 2 cthand
128 scans for each sample. Scanning electron nocmpys(SEM) images and energy
dispersive X-Ray (EDX) were recorded using a Hit&2600N without gold coating at
10 kV, transmission electron microscopy (TEM) wasfprmed on a Phillips CM 10
electron microscope at 80 kV, and STEM was perfaregng a Hitachi HD2000 at 200
kV. Thermo gravimetric analysis was performed usan§GA Q500 at a heating rate of

10 °C/min under nitrogen.

4.4. Results and Discussion
4.4.1. "H NMR

As described in Ch.2, RAFT polymerization achielreisig growth starting from
the initial dithioester or trithiocarbonate RAFTeag, which is activated by the radicals
generated from a traditional initiatdf e.g. AIBN in this case. The synthesized RAFT

agent 1) and PAA in methanol d-4 were examined usiAgNMR (Figure 4.5). In Figure
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4.5a, the peaks B, C and E-H are assigned to tHeTR@yent:?’ and peaks 1, J in Figure
4.5b are attributed to the repeating unit of PAAPeak A is due to CfDH that is

generated through substitution of methanol-d4 artdaxylic acid, and peak D is from
the solvent. The NMR spectrum in Figure 4.5b shdved the functional groups of the

RAFT agent are retained in the polymer, which pilesi strong evidence for the RAFT

reaction occurring.

PPN
I:Hz \fh
CH]

D F H

. .
CPLLY ﬁY{E ,ﬁﬂkj\n

C+D

A+B
J
L I E+FG H

5.0 4.0 3.0 1.0 L0

Figure 4. 5'H NMR spectra of (a) RAFT agent (1), 2-{[(butylsulinyl) carbonothioyl] sulfanyl}
propanoic acid, and (b) PAA.
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4.4.2. Molecular Weight Determination of PAA in Solution

Living polymerization is characterized by a lingdacrease of the molecular
weight with conversion and reaction time, and agvamolecular weight distribution as
evidenced by a polydispersity index (PDIzM,) approaching 1(see section 2.3). Table
4.1 shows the Mof acrylic acid synthesized by using two kindsR&FT agents1) and
(2) at different concentration ratios. By usir), @fter one hour the Mof the polymer is
relatively unchanged with polymerization time ar tPDIs are broadwhich is in

contrast with the data obtained by Ladavieral'*

, where the M increased with time
and the PDIs were narrow. As mentioned earliez, dfiectiveness of the RAFT agent
depends on both the monomer structure, and thed”Z ajroups. Moatt al.** showed
that RAFT agents having O or N atoms.g O-alkyl xanthate and N, N-dialkyl
dithiocarbamate derivatives) are not very effectR&FT agents, because of the
interaction between O or N lone pairs and the C=gtibte bond, resulting in

delocalization of this bond (Figure 4.6). Thisgslto explain why RAFT agen)

controlled the molecular weight poorly.

n o

(-AS
\f‘ T T NG s "

Figure 4. 6 Canonical form of xanthates and dithioarbamates?*

On the other hand, the molecular weights of polacracid made by X)
increased linearly with time, and gave very narlPis. As well, the polymer obtained

with (2) was white, while that obtained froni)(had a yellow tinge, indicating the
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presence of the RAFT agent, which was also confirimethe’H NMR results. Figure

4.7 shows the GPC elution profiles of the PAA alal using solution polymerization

with RAFT agent 1), where additional experiments were carried outdoger periods of

time. The molecular weights of PAA increased dlyewith reaction time, and the PDIs

were in the range of 1.12 —1.06. These resultsirtoadl thatthe RAFT agent(1) was

involved in a living polymerization reaction.

Table 4. 1 Polymerization of AA at different [AA] / [RAFT agent] in methanol as a solvent, at 6&,
and AIBN as an initiator, [RAFT agent]/[AIBN] = 10, [AA] = 2.29 mol/L.

1 2
[AAY[ 1] [AA)[2]

Time

(h) 50 100 50 100
M,  PDI M, PDI M,  PDI M, PDI

1 1700 :z 3600 1.11 6000 1.82 6500 1.79
2 2900 1.10 4700 1.10 5600 1.68 6300.76 1
3 3200 1.07 6300 1.06 5000 2.18 6100 1.87
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Figure 4. 7 GPC elution profiles for RAFT polymerization of acrylic acid using RAFT agent (1) at 65
°C, for 2 h (M,=2900 g/mol, PDI=1.10), 5 h (M= 3980 g/mol, PDI=1.12), 19 h (I¥+ 8000 g/mol,
PDI= 1.13), 30 h (M=10000 g/mol, PDI=1.14).

4.4.3. FTIR Study

In order to verify the functionalization of n-Ti@s well as the formation of the
nanocomposite, FTIR analysis was carried out afRFA$lan established technique for
analyzing the complexes of metal carboxylate speéie®®* 13 3 he spectrum of the
RAFT agent {) in Figure 4.8a exhibits peaks at 1707 cearboxylic group), 1375 -
1450 cni (alkane groups), and no obvious peak in the reffiom 1475 to 1650 cih
The new peaks at 1547, 1568, and 1628 oifthe functionalized n-TiQare assigned to
the bridging or chelating bidentate coordinatiotwsen titanium atoms and the carboxyl
groups (Figure 4.8b). The weak peaks at 1708 ané tifi* are attributed to residual un-
coordinated RAFT agent and carboxylate monodentaspectively. In the spectrum of a

typical n-TiQ/PAA composite, the strong peaks at 1724"cand 1653 cr are
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attributed to the presence of the carboxylic grofiPAA,**? and the broad peaks in the
range of 1500 —1625 chshows the remaining of Ti-acetate bidentate (KiglBc). The
FTIR spectra confirm that the Tianoparticles were successfully functionalizechwit

the carboxylic group of the RAFT agent.

1707—|

1450—| 1418—|

17244

14527 1420413904

16534

L B o o e e B e e R s R R R R
1800 1750 1700 1650 1600 1550 1500 1450 1400 1350
Wavenumber (cm-1)

Figure 4. 8 FT-IR Spectra of (a) the RAFT agent (1)(b) the functionalized n-TiO, and (c) the n-
TiO,/PAA composite.

4.4.4. Organic/water partitioning study

In addition to FTIR, the resulting materials wetedsed by organic phase/water
partitioning experiments. As one would expect afiemctionalization by an organic
group, n-TiQ’'s hydrophilicity changes. Figure 4.9a shows th&i@, dispersed in ethyl
acetate/water bilayers, where the n-7i® suspended in the water phase (lower phase),

indicating that it is hydrophilic. The n-TiOfunctionalized with the RAFT agent,
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however, partitions into the organic phase (uppeug to the existence of the organic
moiety, mainly contributed by -Bu groups (Figur@i). Due to many carboxylic groups
and a few -Bu groups in the PAA molecules, the @,/JRAA composite is mainly

hydrophilic in nature, as evidenced by partitioningp the water phase (Figure 4.9c).

Figure 4. 9 In the vials, the upper layer is ethyhcetate and the lower layer is water phase. (a) The
non-functionalized n-TiO, is well dispersed in the water phase, (b) while eéhfunctionalized n-TiO, is

suspended in the organic phase, and (c) n-THIPAA composite stays in water phase.
4.4.5. Molecular Weight Determination of Cleaved PAA

In order to determine whether the polymerizatiors wall living when the RAFT
agent had been attached to the noJiBe PAA was cleaved after various polymerization
times using acidic conditions. As shown in Tabl2, 4he number average molecular
weight increased directly with reaction time, ahd PDIs were relatively low. For the n-
TiO./PAA composites, thermo gravimetric analysis shoaedncrease in PAA polymer
content with increased polymerization time. Thessults indicate that the anchored

RAFT agent participated in the living polymerizatiof acrylic acid.
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Table 4. 2 Molecular weight and PDIs (GPC) of cleaad PAA at different reaction times and fraction
of grafted PAA (wt %).

Time M, (GPC) PDI Fraction of grafted PAA (TGA)
(hour) (gmol™) (Wt %)

6 5000 1.23 9

19 10000 1.17 41.6

24 10800 1.50 47.8

4.4.6. TGA Analysis

The functionalized n-Ti@ and n-TiQ/PAA nanocomposites were dried and

subjected to TGA. The sample of RAFT agent compulexen-TiQ displayed a weight
loss of 4%, which was removed during heating inrdrege of 150-450C (Figure 4.10a).
Similarly for the n-TiQ/PAA at different polymerization times (Figure 40 the
weight loss occurred in the range of 150-460 Higher fractions of PAA were formed
as the polymerization time increased; indicating sluccessful graft polymerization of

AA from the RAFT functionalized n-Ti©
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Figure 4. 10 TGA curves of the (a) functionalized +TiO ,, and (b) n-TiO./PAA at different times.

4.4.7. Electron microscopy

In order to examine the microstructures and naeofiistribution in the polymer,
SEM equipped with EDX, and TEM electron microsceysre used.
SEM was used to study the morphology of n-Ii@fore and after functionalization, as
well as the polymer-nanocomposites. Figure 4.1lawshthe SEM image of the
commercial n-TiQ consisting of agglomerated spherical particlesgnes Figure 4.11b
shows the n-Ti@ after functionalization. No obvious morphology oba can be

observed from the functionalization step. FigurEl4 shows the EDX sulfur mapping of
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RAFT functionalized n-Ti@ showing well-distributed sulfur in the nanomadés)
indicating successful functionalization. Figure 31 shows the n-TiPAA
nanocomposite formed after “grafting from” polyneation with AA in which many
nanoparticles with a diameter of ca. 20-400 nmlmambserved. These are attributed to
the polymer chains that can only grow from the RA&Jent attached to the n-TiO
surface, resulting in the formation of n-LIBAA nanocomposite, which were also

characterized by TGA (above).

500nm

Figure 4. 11 (a) SEM of the non-functionalized n-T0,, (b-c) SEM and EDX sulfur mapping of RAFT
functionalized n-TiO,, and (d) SEM of n-TiO./PAA composite.

The n-TiQ/PAA composites were examined with TEM and STEMy(Fe 4.12a-

d). Figure 4.12a-b show the well-dispersed n.T& low magnification, while Figure
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4.12c shows the n-Ti¥at higher magnification. Under high magnificatiosing both
bright and dark field electron microscopy, the fgrey from” polymer surrounding the
n-TiO, can be clearly observed (Figure 4.12d-e). The |exteseparation of n-Ti®
particles in this work is attributed to the graftiof AA polymer, which separates the
previously agglomerated TpOnanoparticles. In addition, as PAA is known as a
polyelectrolyte, this may also contribute to thecadlent dispersion of the n-TyO

particlest3 132

Figure 4. 12 (a-c) TEM of the n-TiQ/PAA at different magnification, and (d-e) STEM of nTiO,/
PAA at high magnification with bright and dark field.
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45. Conclusions

For the first time, n-Ti@Q was functionalized with a RAFT agent, followed by
living grafting-from polymerization, with resultamt:-TiO./PAA hybrid materials being
synthesized. The RAFT agent, 2-{[(butylsulfanyl)rlmanothioyl] sulfanyl} propanoic
acid, was shown to be both a functionalization &wthg polymerization agent. The
FTIR analysis and organic phase/water phase auitij studies provided the evidence
of the functionalization of n-Ti@by the RAFT agent, while GPC results of cleaved
polymer after various reaction times showed thatgblymerization was still living, even
after the RAFT agent was coordinated to n-li@&lectron microscopy images revealed
the growth of the “grafted-from” polymers around’i®,, and the nanofillers were well
separated and distributed in the polymer matrixs Tasearch demonstrated that living
polymerization initialized from functional groupsh m-TiO, surfaces is promising to
synthesize hybrid materials with an excellent disjp; of the nanofillers

for the solid electrolytes in dye-sensitized saialis’
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CHAPTER 5

SYNTHESIS AND KINETICS OF GRAFT
POLYMERIZATION OF METHYL METHACRYLATE
FROM THE RAFT COORDINATED SURFACE OF n- TiO ,
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In this chapter polymer chains of PMMA were growonfi n-TiQG, by the RAFT
polymerization process. The mechanism and kinefid¢dMA polymerization from both
solution and *“grafted from” n-TiQ were studied. The RAFT agem)( 4-cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoidgdaavith an available carboxyl group
was used to anchor onto the n-FTi6urface, with the S=C(S&,5) moiety used for

subsequent RAFT polymerization of MMA to form n-LIBMMA nanocomposites.

. o /Sclezs
o / CioHas = %S
/Sclezs %S |
S:K | (CHZ-C[CH3COOC|—9-n
|S H3C—C|3—CN HC—G— N
HysC —GC—CN ((|:H2)2 (T: H,),
c
(CHy), o O/C\
| N P
Ti -
7~ \O\r o/c\ OH CH,=CCH,COOCH, y /Tl\o
Ti i > i — - :
\) )/ THF AIBN T'\ >“
75-78C, 24h THF
Ti 75-78€C, 24 H Ti
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5.1. Introduction

Living radical polymerization has received sigrdgiint attention in recent years, as
it allows production of polymers with controlled haoular weight, narrow
polydispersity, and complex macromolecular architexs’> As mentioned in Ch.2, three
main types of controlled radical polymerizationsdndeen investigated: NMP, ATRP,
and RAFT®? Among them, the RAFT process utilizes classicak fradical initiators,
monomers, and also includes the presence of a RA§dnt. The use of RAFT
polymerization methods has shown significant paand control grafting of polymers
from inert substrate¥: 134

TiO; is excellent in shielding ultraviolet radiationdahas been used as a pigment
to improve its thermal and photic stability (in thatile crystal phase’y® In addition,
some titania nanocomposites such as n/AMMA nanocomposites have potential
applications for dental and orthopedic use, fornepi@, as bone cements, where the n-
TiO, will provide both increased strength, and act aacéopacifier* It is well known
that n-TiQ particles typically possess a strong tendency dggremate, which is
detrimental for retaining their size dependent prtps. In nanocomposites, nanofillers
must be finely dispersed in polymers so that thierbgeneous nature of the material is
evident only when sampling on a nanometer scale tOuhe high reflecting ability of
these micrometer-sized agglomerates, the transpareh the polymeric material is
significantly decreasetf’ hence making it important to eliminate the agglmatien of n-
TiO, particles in PMMA. For this reason a critical deage in the design of these
inorganic—organic systems is to control the mixbeiween the two dissimilar phases,

with several approaches being utilized to overctimeproblem, as described in Ch.2.
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This chapter explores a living polymerization taglie using the bifunctional
RAFT agent, 4-cyano-4-(dodecylsulfanylthiocarborsdjfanyl pentanoic acid3) which
is used to directly coordinate to n-TLiOwhile the S=C(SGH»s) moiety is used for
subsequent RAFT polymerization of MMA.

Coordination of the RAFT agent onto the n-Ti€urface is confirmed using both
XPS and FTIR analysis, livingness of the solutiatymerization of MMA using J) is
demonstrated witiH NMR and GPC analysis, while the resulting nanogosites are
characterized by electron microscopy, FTIR, andntia analysis. The kinetics of the
RAFT polymerization using the direct attachment ceure is then investigated

comparing solution phase to surface growth.

5.2. Experimental
5.2.1. Materials

Titania nanospherical particles (99.5%, Sigma-Aldriavg. part. size D= 23.2
nm), 2, 2-azobis (2-methylpropionitrile) (AIBN) initiator @ronto Research Company),
THF (anhydrous>99.9%, inhibitor-free, Sigma-Aldrich), and radi¢ahibitor BHT (2,
6-di-tert-butyl-4-methylphenol, 99%, Sigma-Aldricejere used as received. Methyl
methacrylate monomer (MMA) (99%, Sigma-Aldrich, iloiked with 200 ppm BHT)
was passed through an inhibitor removal columnr(@ighldrich) before use. The RAFT
agent 4-cyano-4-(dodecylsulfanylthiocarbonyl) sajfigpentanoic acid3l) wasprepared

as described elsewhere (for more detailed desonite Appendix 3F°
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5.2.2. Functionalization of n-TiO»

n-TiO, was functionalized with RAFT ager)(based on the procedure described

in section 4.2.2.

5.2.3. Synthesis of n-TiQ/Poly methyl methacrylate (PMMA) Nanocomposite

45 mL of MMA monomer, 1.8 g of functionalized n-T*®AFT agent 8) (high
and/or low surface density), and 0.010 g of AIBNrevdispersed in 120 mL THF with
the aid of sonication. Then the solution was tramsfl to a 250 mL three-neck flask
equipped with nitrogen supply, a thermometer, armbradenser under constant stirring
for 24 hours at 75-78C. To ensure that no un-grafted polymer remaineithénproduct,
the particles were re-dissolved in THF and re-piéatied by centrifugation at 7000 rpm
for 10 min. The solid product was dried overnightler vacuum at 50 °C and the amount
of free (non-grafted) PMMA formed during the polymzation was obtained
gravimetrically by drying the supernatant in vacuain70°C overnight (Figure 5.1).

S

S
| |
CioHpsS— —S/~\/\COOH%> C12H25S—| _S/~\/\C<S>O
CN 75:78°C, 24 h CN
S
MMA ||
——— CppHpsS —— S——— (CH,C(CHs)COOCH); <Z>O
AIBN c< -
THF CN
75-78°C, 24 h

Figure 5. 1 Functionalization of n-TiO, and formation of n-TiO,/ PMMA nanocomposite.

5.2.4. Cleaving Grafted Polymer from Particles

Grafted PMMA from n-TiQ nanoparticles was cleaved based on the procedure

described in section 4.2.4.
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5.2.5. RAFT Polymerization of Methyl methacrylate

A solution consisting of RAFT agenB)( 0.24 g (0.0032 mol/L), and methyl
methacrylate, 60 g (6 mol/L), was dissolved in 100 degassed and dry THF in a 250
mL three-neck flask equipped by a line of argonpbypa thermometer, a stirrer for
gentle mixing, and a condenser (with silica gethat top for moisture removing). The
solution was first heated to 7@, then 0.0116 g of AIBN was added, which actedras
initiator ([RAFT agent]/[AIBN] = 4) (Figure 5.2). fAvarious time intervals during the
polymerization, GPC samples were prepared by itihthipolymerization by adding a
radical inhibitor (BHT), solvent stripping underctaim at 5C, and then re-dissolving

in THF before injection.

CHs,

S —» S
HOOG / BN HOOC\/\l
THF, 70°C
COMe
C12H25 C12H25

Figure 5. 2 Synthesis route of the RAFT polymerizabn of methyl methacrylate in solution using (3).

5.3. Characterization

The molecular weight and PDIs of PMMA were measupgdgel permeation
chromatography (GPC) with a Viscotek instrumenhggriple detectors (RI, LS, and V)
referenced to PS standards (1 ml/min, a{@0*H NMR spectroscopy was carried out on
a Varian Mercury 400 while FT-IR spectra were atkel using both KBr pellet on a
Bruker IFS 55 FTIR instrument attached with a MGletttor, and am-situ FT-IR (ASI
Mettler Toledo), with a resolution of 2 ¢hrand 128 scans for each sample. The X-ray

Photoelectron Spectroscopy (XPS) analysis wasechout with a Kratos Axis Ultra
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spectrometer using a monochromatic Al Ka sourcen@514kV). The instrument work
function was calibrated to give a binding energigBf 83.96 eV for the Au 4 line for
metallic gold and the spectrometer dispersion vdfisséed to give a BE of 932.62 eV for
the Cu 2py,; line of metallic copper. Scanning electron micogsc (SEM) images were
recorded using a LEO 1530 instrument without gadtingat 10 kV, and transmission
electron microscopy (TEM) was performed on a RislICM 10 electron microscope at
80 kV. Differential scanning calorimetry (DSC) atitermo gravimetric analysis were
performed using a Mettler Toledo DSC82thd TGA Q500, respectively, at a heating

rate of 10 °C/min under a nitrogen atmosphere.

5.4. Results and Discussion
5.4.1. '"H NMR

The synthesized RAFT ager8) (and PMMA in CDC4 were examined usingH
NMR (Figure 5.3). The spectra showed that the fonel groups of the RAFT agent
were retained in the purified polymer, providingosg evidence for the RAFT reaction

occurring.

1 H NMR: RAFT agent3) (* H, CDCE): 0.9 (3H, G13), 1.3-1.8 (20 H, €l,), 1.9 (3H,
SC (CN)-CH3), 2.5-2.7 (4H, CH(CN)-S-C-(H5)), 3.3 (2H, S-El>).

PMMA (* H, CDCE): 0.7, 0.9, 1.2 (3H, B3), 1.6 (2H, G15), 3.5 (3H, COOEl3)
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Figure 5. 3'HNMR spectra of (a) 4-cyano-4-(dodecylsulfanylthioarbonyl) sulfanyl pentanoic acid,
and (b) PMMA.
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5.4.2. Kinetics of RAFT Polymerization of MMA in Solution

In a radical polymerization, the growth of chainsaaldition of monomers to the

radicals P,) can be represented by reaction (5.1):
P +M OO0~ P, (5.1)

whereM is monomerpP, andPr, are propagating radicals, akg is the propagation rate

constant.

In living free radical polymerization, unlike conmwenal free radical
polymerization, the rate of initiation must be gezahan the rate of propagation for all
the polymer chains to grow in parallel. Due to lindted termination and chain-transfer

events, we can greatly simplify our reaction maated thusR, can be given by:

=AM geygm pe

where [Pn] is the concentration of active growing polymer inoka and [M]is the

concentration of monomer at time = t. This is agpmately equal to the initial initiator
concentration in an ideal case.

Integrating Eq. 5.2 we get:
[M],
£[ ]] k, R ] (5.3)
[m],

Where[M]O is the initial concentration of monomer at time 5 Be ratio [M] is linked

to the monomer conversion x as shown by Eq.5.4:

[M]O

[M]

_ 1
= (5.4)
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1.
In(ﬁj—ka[]F;]Et (5.5)

If we plot In (%) vs. time to give a straight line, we have evideoice
-X

constant concentration of active speciesand this also gives the apparent rate of
polymerizatiork, (JR] .

The number average molecular weight,, Kan be calculated by the concentration
of monomer converted to polymer divided by the conegioin of polymer chains and is
given by Eq. 5.6:

:[M]OD<EM

M [,

wherex is the monomer conversion and is the molecular weight of the

n,monomer

n,monomer (56)

monomer.
In RAFT polymerization, we assume that all the payrohains will be initiated
by the liberated R-groups from the RAFT agent to formstiaet of a polymer chain. The
initiator in this situation determines the concembratof active radicals in solution, not
the number of polymer chains. Hence, we need to mddd. 5.6 to take this into

consideration.

_[M]OD(D\/In, monomer 5.7
ne [RAFT] (®-7)

As described in Ch.2, the molecular weight increadesarly with
conversion/reaction time in a living polymerizationdaa narrow molecular weight
distribution is obtained® Figure 5.4a summarizes how, Nexperimental and calculated)

and the PDI's change with conversion, with the conwgaess being determined

85



gravimetrically. It is clear that Musing RAFT agent 3) increases directly with
conversion, along with having low PDIs, further provitige livingness of this
polymerization.

As shown in Figure 5.4a, model Eqg. 5.7 works ratherll wer our
plotted experimental data, in the studied experimemtgion. Figure 5.4b shows the
GPC elution profiles of the PMMA obtained using santpolymerization with RAFT
agent 8) for 1-15 hours of polymerization time. The moleculargheidistributions are
relatively unimodal, with low PDIs. At low conversiothe PDI has relatively high
values, and it gradually decreases asiMreases. It can be explained that in RAFT
polymerization PDI usually decrease with time becaotethe chain equilibration

process:>®
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Figure 5. 4 (a) Molecular weight and PDI/conversiomata for RAFT polymerization of MMA using
RAFT agent (3) (0.0061 M); Mn calculated with Eq. % (----),and (b) GPC elulion profiles for RAFT
polymerization of MMA (655 M in THF) with AIBN (0.0 018 M) as initiator and RAFT agent (3)
(0.0061 M) at 70 °C, for 1 h (M=42,800 g/mol, PDI= 1.48), 2 h (I 75,000 g/mol, PDI= 1.31), 3 h
(M= 85,100 g/mol, PDI=1.19), 5 h (=88,700 g/mol, PDI=1.20), 10 h (M 91,600 g/mol, PDI=
1.34), 15h(M,= 101,300 g/mol, PDI= 1.09).
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Figure 5.5a shows the conversion-time plots for vargioigcentrations of RAFT
agent B) in the solution polymerization of MMA, while Figui®5b shows that these
polymerizations follow first order kinetics in monomer centration. These plots show
that the rate of reaction decreases slightly witmeasing concentration of RAFT agent,
which is a well known occurrence in RAFT polymeripati’ This retardation effect can
be influenced by the structure/concentration of the WRARgent, or the
structure/concentration of monontét,although the retardation effect with the studied
trithiocarbonate is significantly lower than thoseds¢éd using dithiobenzoate RAFT
agents’* In the RAFT mechanism shown in Figure 2.9, therdetiion has been attributed

to either: (a) slow fragmentation of the intermediateaaldi @, 4),*°

or (b) irreversible
termination of these intermediate radicdfsThe intermediate® and/or4 have been
observed by electronic spin resonance spectroscopy)(lBSRever these intermediates

were not detectable during MMA polymerization or in lynoerizations with

trithiocarbonates as the RAFT agent, attributed tditgle rate of fragmentation (highgk
and low equilibrium constant, K=aitk ) and short lifetime of these intermediates

during polymerizatiori* Hence, it is likely that irreversible terminationresponsible for

the retardation rate.
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Figure 5. 5 (a) Conversion-time and (b) First-ordetkinetic plots for the RAFT polymerization of

MMA (6.55 M in THF) at 75°C with AIBN initiator at d ifferent concentration of RAFT agent (3).
5.4.3. Organic/Water partitioning study

The n-TiQ both before and after functionalization with the RA&JFent 8) was
studied by organic phase/water partitioning experisieAs one would expect after
functionalization by an organic group, n-Li®hydrophilicity changes. Figure 5.6 shows
two vials containing equal volumes of MMA and watand equal masses of non-
functionalized titania (Figure 5.6a) and functionalizéthnia (Figure 5.6b). The
functionalized titania exhibited good dispersion itMK, while the non-functionalized
one partitioned into the water phase, indicating ghecess of the incorporation of the

organic group to the titania surface.

89



Figure 5. 6 In the vials, the upper layer is Methymethacrylate and the lower layer is water phaseaj
The non-functionalized n-TiO, is well dispersed in the water phase, (b) while éfunctionalized n-

TiO, is suspended in the organic phase.

5.4.4. FTIR and XPS Study

In order to verify the functionalization of n-Ti@s well as the formation of the
nanocomposite, FTIR analysis is conducted. Thetgpacof the RAFT agent3] in
Figure 5.7a exhibits peaks at 1703 tiftarboxylic group), 1400 -1460 ¢h(alkane
groups), and no obvious peak in the region from 1470660 cn’. In Figure 5.7b for
the RAFT functionalized n-Ti§) new peaks at 1563 and 1646 tare assigned to the
bridging or chelating bidentate coordination betwea&mium atoms and the carboxyl
group of the RAFT agent. The absence of a peak at ¢T3ndicates that there is no
free RAFT agent after functionalization. The FTIR spectonfirm that the Ti@
nanoparticles were successfully functionalized with tlarboxylic group of the RAFT

agent.
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Figure 5. 7 FT-IR spectra of (a) the RAFT agent (3)and (b) the functionalized n-TiQ,.

In addition, the chemical composition of the RAFTeagfunctionalized onto the

n-TiO, surface was also examined using the XPS technidue XPS full spectrum of

the functionalized Ti@ illustrates the existence of S, N, C elements beSidand Ti

(Figure 5.8a). The content of S is about 0.2% with retsjoeTi.

High resolution XPS scan of O 1s region (Figure 5.8tows peaks at ~ 529.9

eV, 531.1 eV and 532 eV which are assigned to tteot in TiQ, the carbonyl group

and OH (hydroxyl) groups, respectivéfi?. XPS record of the C1ls region (Figure 5.8¢)
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represents three major sources of carbon peaks. The faktgie~284.8 eV binding
energy corresponds to the C-C bond (alkyl group) of t#&TR agent while the
appearance of the second peak at ~286.3 eV casslgnad to the CN bond of the RAFT

agent:*® The third peak at ~ 288.4 eV is attributed to thébaayl group of the RAFT

agent**
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Figure 5. 8 (a) XPS full scan spectrum of the RAFTunctionalized TiO,, high resolution spectrum of
(b) O, and (c) C.
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5.4.5. Electron microscopy

In order to examine the microstructures and nanofilletridigion within the
polymer, SEM and TEM electron microscopy were ustM was used to study the
morphology of n-TiQ before and after living polymerization. Figure 5.9a shdhe
SEM image of the commercial n-TiGonsisting of agglomerated spherical particles,
whereas Figure 5.9b shows the n-Tedter “grafting from” polymerization using MMA
monomer in which many patrticles with a diameter of1l&-1000 nm can be observed.
These are attributed to the polymer chains that cdy gnow from the RAFT agent
attached to the n-TiOsurface as the materials were re-dissolved in THF and re-
precipitated by centrifugation at 7000 rpm for 10 minuitasg in the formation of n-
TiO,/PMMA nanocomposite. These nanocomposites were esmnined with TEM
(Figure 5.9c-d), which show well-dispersed n-Ti@t high magnification. Some
agglomeration of n-Ti@still exists, although the generally excellent sapan of n-TiQ
particles is attributed to the growing of “grafting froPMMA polymer, which separates

the previously agglomerated Ti@anoparticles.
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Figure 5. 9 SEM of the (a) non-functionalized n-Ti@, (b) n-TiO,/PMMA composite, and (c-d) TEM
of the n-TiO,/PMMA at different magnification.

5.4.6. DSC and TGA

The functionalized n-Tig n-TiO,/PMMA nanocomposites, and cleaved n-Tilere
dried and subjected to dynamic scanning calorimetr$GPand thermal gravimetric
analysis. An enhanced thermal stability of the n-fRMMA nanocomposites was
observed using both DSC and TGA. As shown in Table &e unfiled PMMA
exhibited a glass transition temperature at 106 °C,lewhhe PMMA-titania
nanocomposites exhibited elevategv@lues ranging from 125-133 °C. Strong interfacial
bonding between the functionalized nanoparticles aotymer chains leads to an

increase of the glof composites by impeding the chain flexibilty). However, upon
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increasing the time of polymerization; the length leg polymer chains grown from the
nanoparticles increases, causing more flexible polyhains, and a decrease of thgoT

the nanocomposites.

Table 5. 1 TGA and DSC Results of RAFT Polymerizatins at Different Reaction Times Sample.

Fraction of Fraction of un-
Sample Time Tq grafted grafted polymer
(°C) (wt %) (Wt% )

PMMA _ 106 _ _
TiO,-RAFT agent _ _ 4.1 _
TiO,-RAFT agent PMMA | 1.5 133 13.9 28
TiO,-RAFT agent-PMMA 9 129 26.1 31
TiO,-RAFT agent-PMMA 15 125 58.7 35

In addition to DSC, the functionalized n-TiOand n-TiQ/PMMA
nanocomposites were dried and subjected to TGA (Ei§ut0). For the n-TigPMMA
sample, the first weight loss region below ~ZD@an be assigned to evaporation of the
entrapped water or solvent from the surface of nyTihile the second region (200-
600°C) can be attributed to the decomposition of PMMA grhftem n-TiQ, particles.
Higher fractions of PMMA were formed as the polymerizatione increased (shown
guantitatively in Table 5.1); indicating the sucdakgraft polymerization of MMA from
the RAFT functionalized n-Ti® After cleaving under acidic conditions for 24 hours,

TGA analysis of the n-Ti@fraction showed 1.5-2% weight loss, indicating thatren
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than 98% of the polymer chains were cleaved from thaéOs-Under the explored

experimental conditions.
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Figure 5. 10 TGA curves of the n-TIQ/PMMA at different polymerization times.

5.4.7. Kinetics of Surface Graft Polymerization of MMA on the n-TiO,

To investigate the kinetics of MMA polymerization frahe direct attachment of
RAFT agent B) to the n-TiQ surface, and to determine if the polymerizations wetke sti
“living”, two different surface densities of RAFT agenwere prepared by varying the
ratio of RAFT agent to n-TiQ(Figure 5.11). The amount of RAFT agent anchoredéo th
nanoparticles was determined by TGA (5.4% and 4.186,184umol/g and 10gmol/g,
which is equivalent to 1.4 and 1.0 #RAFT agent$/mespectively) using the procedure

| 107

of Li et a while assuming the density of RAFT agent/n-Ji® comparable with the

density of n-TiQ (4.26 g/cn) (for more detailed description see Appendix 4).
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Figure 5. 11 High and Low surface density schematic

The results of the kinetic studies for graft polymerizagiof MMA from n-TiG

with these two different surface densities of RAFT agestshown in Figure 5.12. As

described by EQ.5.3, if we pId’n(L[MM]fj vs. time to give a straight line we have

evidence of constant concentration of active spdtiemdicating that the polymerization

kinetics are first-order in regards to monomer concentration.

When comparing Figure 5.12 to Figure 5.5, it is cléaat the rates of
polymerization from n-TiQ were considerably lower than those found in solutian.
explanation, these lower rates can be attributed ¢o high local concentration of
functionalized RAFT agent on the surface of n-JiBor the 102umol/g and 134:mol/g
prepared samples of anchored RAFT agent, the contientraf RAFT agent in the
volume of the surface layer extending 1 nm from théaserof n-TiQ was calculated to
be 0.30 M and 0.41 M, respectively, which is sigmifity higher than the RAFT agent
concentration in solution (0.32 x $®). In the standard RAFT mechanism, radicals are
initiated by conventional initiators which attackettC=S bond of the RAFT agent
anchored to the surface, and homolytic cleavage ofCH& bond leaves the incoming

chain capped with the dithioester containing thedlg (see Figure 4.2). The radical on
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the surface can then propagate by transferring monomear &alution, with chain
transfer occurring with the polymeric RAFT agent. Inifdd, Figure 5.12 shows the
inhibition rate for both high and low surface densitg; pplymerization for almost 20
min. A similar phenomenon of rate retardation has bémereed with growing styrene,
methyl methacrylate, and n-butyl acrylate polymerimharom silica nanoparticles,

which was attributed to the high local density of RA&gent on the surface of silitH.
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Figure 5. 12 (a) Conversion-time, and (b) First-ordr kinetic plots for the graft polymerization of
MMA (655 M in THF) at 80°C with AIBN initiator media ted with functionalized n-TiO,; low surface
density (102 4 mol/g) and high surface density(134/ mol/g).
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Figure 5.13 shows the living character of the direcFRAttachment on growing
PMMA from the modified surface of n-T¥O Figure 5.13a summarizes how,M
(experimental and theoretical (Eq.5.7)) and the PDiiange with conversion, while
Figure 5.13b shows the GPC elution profiles of the PM&btained after cleaving from
the nanocomposite. It is clear that this direct coattbn method for attaching the
RAFT agent onto the n-Tidsurface provides a living polymerization with reasopabl
high molecular weights following first order kinetics. oiever, the PDIs were higher
than those obtained from solution, possibly due & hhbterogeneous surface of the n-

TiO,and incomplete separation of nanoparticles.
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Figure 5. 13 (a) Molecular weight and PDI/conversio data for graft polymerization of MMA from n-
TiO,; Mn calculated with Eq. 5.7 (----), and (b) GPC altion profiles for graft polymerization of
PMMA from n-TiO , surface for 1.5h (Mn = 7,629 g/mol, PDI= 2.1), 9 fMn = 15,471 g/mol, PDI=
1.9), 15h (M, = 22,320 g/mol, PDI = 1.62), via RAFT at 75-78°Cnd using low surface density
(102 1 mol/g).
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5.5. Conclusions

This research demonstrated that living polymerizaiiitialized by AIBN in the
solution and transferred to the functional groups on n-T8@faces is promising to
synthesize hybrid materials with an excellent dispargf the nanofillers in the matrix.
TiO, nanoparticles were functionalized by direct coordamatwith a RAFT agent,
followed by living “grafting-from” polymerization using ethyl methacrylate as the
monomer, with resulting n-TiZPMMA hybrid materials being synthesized. The
coordination of the carboxylic group of the RAFT agémtthe TiQ nanofiller was
confirmed by IR spectra, XPS, and partitioning expenitsén monomer-water bilayers.
Electron microscopy images revealed the growth of thaft:grom” polymers around n-
TiO,, and the nanofillers were well separated and digeibuhroughout the polymer
matrix. The effect of the concentration of RAFT agenttioe rate of polymerization of
MMA was investigated, with the experimental and tiedioal molecular weights of
PMMA from solution and graft polymerization compared. GGPesults of cleaved
polymer after various reaction times showed that thgnperization was still living, even
after the RAFT agent was directly coordinated to n-Ii®@he kinetics of graft
polymerization of MMA from the surface of n-TiOwvas studied with two different
surface densities, and it was found that the rate afticsadecreased with increasing

surface density of RAFT agent anchored to the nanofestic
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CHAPTER 6

SYNTHESIS OF TiO,/POLYMER NANOCOMPOSITES IN
SUPERCRITICAL CO , VIA RAFT POLYMERIZATION
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In this chapter polymer chains of PMMA were grown fromi@-sIby the RAFT
polymerization process using the green solvent, stipeat carbon dioxide (scC£). The
RAFT agent 8), 4-cyano-4-(dodecylsulf- anylthiocarbonyl) sulfanyl peoiaracid, with
an available carboxyl group was used to anchor onto TiO, surface, with the
S=C(SG2H2s5) moiety used for subsequent RAFT polymerization of MXAform n-
TiOo/PMMA nanocomposites. The mechanism and kineticsMMA polymerization
from both solution and “grafted from” n-TiQis investigated in scCO The rate of
polymerization and molecular weights at different puess in scC® and in high

pressurized organic solvent (THF) were compared.

6.1. Introduction

Recent progress in living radical/controlled polymatian (LCP) such as atom
transfer radical polymerization (ATRP), stable free-rddpmymerization (SFRP), and
reversible addition fragmentation chain-transfer (RAFTyparization has opened new
routes for the synthesis of polymers with controlled malkr weights, well-defined end-
groups, and narrow polydispersities. As mentioned atige 2.3, “livingness” in living
controlled polymerization is achieved by a balandsvben propagating and termination
that maintains low concentrations of free-radicals|uhtg rate of radical termination
becomes negligibly small compared to that of propagaflhe rate of reaction,,Rin a

living controlled polymerization can be calculateddn.5.2:
__d[M] _
Ry= =t = o IR]EM 52

where [P] is the concentration of propagating radicafdyl]is the monomer

concentration, anl, is the rate coefficient for the propagation.
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To increase the rate of reactid®, one of the three parameters on the right-hand

side of Eq.5.2 has to be increased. However, therecame $imitations for increasing

[M] and [R], such as the concentration of monomer is limited Hey liquid bulk

density, and in a living polymerizatior{,Pn] has to be kept low throughout the

polymerization to favor propagation vs. terminatiomo#her parameter for accelerating
the polymerization in Eq.5.2 is to increase the pgagian rate coefficients,, which is
influenced by the nature of the monomer, and the sblwaperties. As wellk, can also
be increased by increasing the temperature or presstire reaction medit®

Supercritical carbon dioxide (scGhas emerged as a viable “green” alternative
to organic solvents for several applications such asyngerizations;*® and
nanotechnology, as GQs abundant, inexpensive, non-flammable, and norct8%iAt
supercritical conditions ¢E 31.I°C, R.= 7.38MPa), C@has desirable properties of both
liquids and gases including a liquid-like densitygas-like diffusivity, and a “zero”
surface tensioh’® Its liquid-like solubility parameter and density @asily “tunable” by
varying the pressure and/or temperature accordinghéo particular polymerization
conditions required. Its zero surface tension and gas-liiscosity help facilitate
transport, limiting diffusion control of the polymerizatickinetics. In addition, the
separation of C@from the liquid or solid polymer product can be obtdisemply by
depressurizing

Previously, DeSimone and coworkers have shown thaOsd€ a promising
alternative medium for free-radical, cationic, and stepmh polymerizations, and
continuous processé¥ 14910 | jving radical polymerization has also been examiias

McHale et al. polymerized styrene in scGQvia NMP!®' Xia et al. polymerized
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fluorinated acrylates in scGQvia ATRP*? while recently Gregonget al. polymerized
methyl methacrylateia RAFT in scCQ.*** In addition, scC®has been already used in
many nanostructure processes, such as forming, ZnOdified TiG nanotubed®
polymer nanocomposités filling nanotubes® and functionalization of mesoporous
silical®’

In this chapter, we report the first example of n-JRMMA formation via RAFT
polymerization in scC®which provided significantly higher rates of polymeripati

(R,’s) and My's that increased with pressure and were significantidri over solution

polymerization, both at ambient and pressurized cmmdit The bifunctional RAFT
agent B), was used to directly coordinate to n-Zi@hile the S=C(SGH.s) moiety was

used for subsequent RAFT polymerization of MMA in segCO

6.2. Experimental

6.2.1. Materials

Titania nanospherical particles (99.5%, Sigma-Aldrichg. gpart. size D= 23.2
nm), 2,2-Azobis (2-methylpropionitrile) (AIBN) initiator (Toronto Rearch Company),
were used as received. Methyl methacrylate monomer AM®9%, Sigma-Aldrich,
inhibited with 200 ppm BHT) was passed through drnibitor removal column before
use. The RAFT agent 4-cyano-4-(dodecylsulfanylthiomayt) sulfanyl pentanoic acid
(3) wasprepared as described elsewh&r more detailed description see Appendix

3). High purity CQ (from BOC Gases, 99.99% with dip-tube) was used asvezte

6.2.2. Functionalization of n-TiO»

n-TiO, was functionalized with RAFT ager)(based on the procedure described

in section 4.2.2.
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6.2.3. Synthesis of n-TiQ/methyl methacrylate composites via RAFT in scC@and
high pressurized THF

Synthesis was conducted in a 100 mL high-pressuirdesta steel autoclave (Parr
4842) coupled with a digital pressure transducer. Tilengt speed was controlled at 171
rpm. In a typical polymerization, 1.2 g of functionalizn-TiQ and 0.006 g AIBN were
first dispersed in 25 mL methyl methacrylate with &g of sonication. Then the solution
was transferred into the reactor, purging with a flovaigfon, then pumping high purity
CO, (from BOC Gases, 99.99% with dip-tube) into the aateelby means of a syringe
pump (Isco 260D). The reactor was then heated 1€,78nd pressurized to the desired
pressure. In the case of using pressurized THF, 1.2 fgnationalized TiQ, 25 mL
methyl methacrylate, and 0.006 g AIBN were first dispd in 40 mL THF. After
transferring into the reactor, the solution was heatetiC and pressurized to 3600 psi
using high purity M. After the reaction, C®and/or N were carefully vented leaving the
formed nanocomposite sample in the autoclave.

As polymers may potentially grow in solution and natthe n-TiQ surface, the
products were dissolved in THF to remove any PMMA bpotymer and/or un-reacted
monomers using centrifugation at 7000 rpm for 10 mine $hlid product was dried

overnight under vacuum at 5G.

6.2.4. Cleaving Grafted Polymer from Particles

Grafted PMMA from n-TiQ nanoparticles was cleaved based on the procedure

described in section 4.2.4.
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6.3. Characterization

The molecular weight and PDIs of PMMA were measuredgély permeation
chromatography (GPC) with a Viscotek instrument usimgerdetectors (RI, LS, and V)
referenced to PMMA standards (1 ml/min, at°8). FT-IR spectra were collected using
both KBr pellet on a Bruker IFS 55 FTIR instrument eted with a MCT detector, and
an in-situ Fourier transform infrared monitoring of the solution caoriaion in the
stirred 100 mL high-pressure autoclave performed usinghagriessure immersion probe
(Sentinel-Mettler Toledo AutoChem). The DiComp ATR pratmsists of a diamond
wafer, a gold seal and a ZnSe support/focusing elenhenised in alloy C-276. The
probe was attached to an FT-IR spectrometer (MettlegdboAutoChem ReactIR 4000)
via a mirrored optical conduit, connected to a compuapported by ReactiR 2.21
software (MTAC). This system uses a 24-hour HgCdTe (MCTdtqdonductive
detector. The light source is a glow bar from which itterferometer analyzes the
spectral region from 650 to 4000 ¢mThe beam splitter inside the RIR4000 is ZnSe.
The polymerization at 3000 psi and 4200 psi were ahrdat similarly. Scanning
electron microscopy (SEM) images was recorded using a 153D instrument without
gold coating at 10 kV, and thermogravimetric analystse performed using a Mettler
TGA Q500 at a heating rate of 10 °C/min under a nitnoggnosphere. Dynamic light

scattering was performed using a Malvern Zeta Sizer 38@0&t room temperature.

6.4. Results and Discussion

The general synthesis route for synthesis of nZREIMA in scCQ via RAFT is

described in Figure 6.1.
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Figure 6. 1 Functionalization of n-TiO, using RAFT agent (3) and formation of n-TiG/ PMMA

nanocomposite in scCQ,
6.4.1. FTIR and XPS Study

Functionalization of n-TiQwith RAFT agent §) was verified by FTIR and XPS

analysis as reported in CH%.

6.4.2. Solubility / Dispersity in scCO,

In a typical experiment, RAFT ager8) (was placed in the view cell, followed by
addition of CQ up to the desired temperature and pressure. A magstetier system
was used for mixing the reaction mixture. The yellownsmarent homogeneous phase
formed at the specified temperature and pressure (Fig@ag, indicating that RAFT
agent B) is soluble in scC® To show the behavior of nanopatrticles in n-YERMMA in
scCQ media, the nanocomposite was also synthesizedviavacell reactor. As Figure
6.2b shows, a single opaque phase is observed ichvthe nanoparticles are dispersed

homogeneously in scGO
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Figure 6. 2Photographs following the reaction in the view cell(a) RAFT agent (3); (b) n-TiO,/
PMMA formation at 70 °C and 3600 psi in scC@

6.4.3. Electron microscopy

SEM was used to study the morphology of the n.Ti€@mposites after
polymerization in scC® Figure 6.3a presents non-functionalized n-Ji®hile Figure
6.3b-d shows the n-TiQafter “grafting from” polymerization with MMA at different
times in scCQ but at the same magnification. As one can sedjittmeter of particles is
increasing with time. These are attributed to the melychains that can only grow from
the RAFT agent attached to the n-}iGurface, resulting in the formation of n-

TiO,/PMMA nanocomposite.
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Figure 6. 3 SEM of (a) non-functionalized n-TiQ, and of n-TiO,/PMMA composite at 70°C and 3600
psi in scCG; after (b) 5, (c) 15, and (d) 24 hour.

6.4.4. TGA analysis

The n-TiG/PMMA nanocomposites were dried and subjected to TGure
6.4). To investigate the livingness of n-pIBMMA, the samples prepared at 3600 psig
were used. The TGA results show two obvious regiohenwthe temperature was
increased: the first region started from 30 °C and entd28&°C with a relatively small
slope (due to evaporation of the entrapped water or jwrhile the second region
started at 250 °C and ended at 450 °C with a laameshdicating more weight loss, and
decomposition of some organic groups of the PMMA and-RAagent components. It

becomes flat again after the temperature increasing 4@ °C. Higher fractions of
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PMMA were formed as the polymerization time increasedicating the successful graft
polymerization in scC®of MMA from the RAFT functionalized n-Ti® The weight
loss of n-TiIQ/PMMA at the region of 250-458C gives further evidence regarding the
content and species of polymer layers grafted onto n;Bi@ce the polymer and T3O

components have distinct thermal stabilifigfs*>®
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Figure 6. 4 TGA curves of the n-TIQ/PMMA nanocomposites formed at 70C and 3600 psi in scC@

at different polymerization times.
6.4.5. Molecular Weight Determination of Cleaved PMMA

As described previously, in an ideal living polymatian, all chains are initiated
at the beginning of the reaction, grow at the same eatd proceed with no termination
step. As a result, the molecular weights increasatinpavith conversion and the PDIs
can be very narrow In order to determine whether the ‘grafting from’ polymeitzat
was still living in scCQ when the RAFT agent had been attached to the n;Ti@
PMMA was cleaved after various polymerization timesigscidic conditions based on

the procedure described in Ch.4. The GPC results asergesl in Table 6.1, which show
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that the number average molecular weight increasedtljireith reaction time for all
experimental conditions. As the sc&@ressure increased, the,Mdirectly increased
with pressure and significantly higher,%l were obtained in scGQcompared to those
synthesized in solution in THF at ambient pressuckar8600 psi, pressurized using N
The PDls of the cleaved PMMA polymerized in s¢Cfe similar to those obtained in
THF (section 5.4.7). Table 6.1 also shows the monameyersions that were obtained
for the graft polymerizations of MMA from n-TiOat the different pressures in sc£0O
and high pressurized THF. The conversions were detedry following thein-situ
FTIR peaks (Figure 6.5). The decrease in height efpiak at 1638cth(due to C=C
stretching vibration) indicates the conversion of methgthacrylate monomer to poly

methyl methacrylate.

C:Cl
@
(b
(c
(d)
(e
1800 1600 1400 1200 1000 800

Wavenumber (cm ™)
Figure 6. 5In-situ FTIR measurement of RAFT polymerization of the n-TD,/PMMA composites

synthesized at 70C and 3600 psi in scC@ Reaction time: (a) 5 min; (b) 30 min; (c) 300 min(d) 900
min; (e) 1440 min.
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Table 6. 1 Molecular weights, PDIs, and conversiorns cleaved PMMA at different reaction times

and different pressures. The speed of stirrer for lhcases is 171 rpm except in THF.

Pressure Time (h) M, (g/mol) PDI Conversion

(psi) (%)

1 - - 3

3000

5 14,000 1.3 12

15 29,000 1.6 20

1 4,800 1.7 4

3600 5 25,000 1.5 17
15 34,000 1.4 30

24 80,000 1.5 60

1 5,800 1.5 7

4200 5 32,000 1.5 28
15 78,000 1.3 57

24 120,000 1.5 70

1.5 7,600 2.1 3

THF

9 17,500 1.9 8

15 23,500 1.6 14

THFE™ 5 16,000 1.6 7
24 40,000 1.7 22

*: Ambient pressure, speed of stirrer: 100 rpm

**: High pressurized THF to 3600 psi using N
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Based on the molecular weights summarized in Taldletlbe rate of addition for
each monomer of MMA to the chains of PMMA in the naoposite is ~ 1.5-2 per
minute. In explanation, this slow rate can be attaduo the high local concentration of
RAFT agent on the surface of n- Li@hich was determined by TGA (5.4%). In Ch.5,
the effect of the concentration was studied which stbwhat the rate of reaction
decreased when increasing the concentration of RAFfit&gelowever, the molecular
weights and PDIs in Table 6.1 are higher than thistained by Gregorgt al**® who
polymerized MMA in scC@ at 4000 psi and 65C via the RAFT technique using
dithiobenzoate compounds as RAFT agents. As median Ch.2, the RAFT agent
where R = CHPh (e.g. benzyl dithiobenzoate) does not function asitable chain-
transfer agent in polymerization with methacrylyl progiéng radicals, as the benzyl is a

poor leaving group with respect to the methacrylybaigating radical?

6.4.6. Dynamic Light Scattering (DLS)

To more clearly examine the size of the synthesizediO¥FPMMA
nanocomposites using sce@t 70°C and 3600 psi), dynamic light scattering (DLS) was
utilized. The samples of hanocomposites at differenesi were dispersed in THF with
the aid of sonication. Figure 6.6 shows the partgiie evolution of n-TIQPMMA
nanocomposites with respect to polymerization times t#e polymerization time
increased, the mean particle size of the nanocompositeo increases, which is
consistent with the SEM images. The polydispersitek (PI) as well as the intensity of
the mean particle size change only slightly, indingathe continuous growth of polymer
chains of PMMA with polymerization time, confirmingehivingness of polymerization.

Chenet al grafted four vinyl monomers, SStNa, NaVBA, DAM, and&M® from the
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surface of silica via ATRP and they also found that thameter of Si@in the

nanocomposites grew with the polymerization titffe.

35 - b d
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Figure 6. 6 Particle size distribution of the n-TD,/PMMA composites synthesized at 76C and 3600
psiin scCQ after (a) 1 hour (Dyea= 74 nm, Pl = 0.31), (b) 5 hour (Rea= 165 nm, PI = 0.40), (c) 15
hour (Dyea= 266 nm, Pl = 0.32), and (d) 24 hour (Ra= 338 nm, Pl = 0.39) by DLS in THF and at

room temperature.

6.4.7. Kinetic Analysis of Polymerization

Figure 6.7 plots the monomer conversion vs. time aaegrth Eq.5.5, showing
that the kinetics is first-order in regards to monomer @onpgion for polymerization in
scCQ. These plots also show that the rate of reaction ase directly with increasing
pressure of scC£ and that significantly higher conversions were olgdim scCQ

compared to high pressurized THF at constant temperatoittal RAFT agent
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concentration, and speed of stirrer. Since more tham mmse is present in this
heterogeneous media, the movement of monomer from ptasghase must be
considered. Th&, in general will incorporate mass transfer terms in @ftib the usual
chemical kinetic terms, in series. Thus the overalctiea rate can be affected by
changing both the mass transfer coefficient and thetign rate constants. If the two
terms are of the same order of magnitude, the massfdrasoefficient affects the overall
reaction rate. Referring to Table 6.1, the effect camfegred by comparing the results
obtained in THF at different pressure and speed of stir@€r (@m for ambient pressure
and 171 rpm for high pressurized), while the other vargablech as temperature and
initial RAFT agent concentration were set aside atdhme level for both experiments.
Increasing pressure as well as the speed of stirrer iR @khanced the conversion
slightly. In the liquid phase, however, pressure loas influence on the mass transfer
properties whereas the limitations can be reduce@jhehspeed of stirrer confirming the
contribution of mass transfer & in THF. In scCQ, however, it was found that th&
and conversions are higher than those in THF, which e attributed to the lower
viscosity and surface tension which could eliminat@ss transfer limitations. As
mentioned in section 6.4.5, the rate of addition fiwhemonomer of MMA to the chains
of polymer in n-TiQ/PMMA was calculated to be ~ 1.5-2 per minute; haheereaction
kinetics can be assumed to control iyen scCQ.

Without mass transfer limitations, the following Arrhestitype expression is

used to evaluate the rate constéings a function of pressure (at constant temperatiire).

#

k(T, p)=K(T, Q)ex;{—A\R/T( p- Q)j (6.1)
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wherepo, T, R, and AV*are the reference pressure , the absolute temperatuversati

gas constant, and the activation volume, respégtivd/* is the change in volume in
going from the reactants to the transition states détermexperimentally®? On the
reaction path between the initial and final arrangemeftatoms or molecules, there
exists an intermediate configuration at which theeptiél energy has a maximum value.
This state is referred to as the transition statechvhias been used in many studies to
investigate the effect of pressure on the rate of readtidghe system® *3*The overall

reaction rate would be increased or decreased by iogettee pressure depending on

the sign ofAV* in Eq.6.1.

The first step in the RAFT polymerization mechanismg@Ffe 2.9) is the
decomposition of initiator (e.g. AIBN in this studyk was previously shown by
DeSimoneet al. that the decomposition rate of AIBN in sc€@ lower than that
observed in organic solvents such as benzene atathe temperature and presstife.
Investigation on the pressure effects using sc€l®wed that the decomposition rate and

the initiation efficiency f) of AIBN increased with increasing pressure, whichreases

R,. In the propagation reactiomV”® | is generally negativ® (the value of AV*= -16

p
cm’mol™ is reported in the literature for MMA) resulting Ry increasing with increasing
pressure’! Hence, both these effects would increaseRpaith pressure, as observed
experimentally.

scCQ is an effective diluent for increasing the free volumepofymer. It has
useful advantages with a reduction of viscosity, surfeaosion and with an increase of

diffusion into the polymer phase, so in a conventioinee radical polymerization,

termination reactions between two growing macroradicaly be expected to be

117



% showed that the overall

enhanced by the decreased viscosity. Arta al. *
polymerization rates were slower due to an enhateedination between the growing
micro radicals when using scG@s the solvent in comparison to polymerization in
toluene for free radical polymerization of styrene. Hoarewt is well known that in an
ideal RAFT polymerization (last step of the mechansmRAFT polymerization in
Figure 2.9), that the chemically controlled propagatreaction may be accelerated,
whereas the diffusion controlled termination reaction lkdae negligible or proceed at
lower rates?®® In Figure 2.9, increasing pressure should have kffiect on the reaction
rate in the pre and core equilibrium steps, as allpmmants are in the polymer phase.
Increasing the overall rate of reaction, in general,ld/te anticipated by increasing the

pressure of scCOfor living polymerization systems confirmed by our exmpental

results.
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Figure 6. 7 First-order kinetic plot for the graft polymerization of MMA at 70°C with AIBN initiator
mediated with functionalized n-TiO, at different pressures of scC@and in high pressurized and

ambient pressure of THF (3600 psi).

As shown in Ch.5, Mcan be calculated by Eq.5/:

_[M]OD(EMH, monomer 5 7
ne [RAFT] (®.7)

Figure 6.8 summarizes how,Mexperimental and theoretical (Eq.5.7)) changes
with time for polymerization at 3600 psi, 4200 psidan THF. It is clear that this direct
coordination method for attaching the RAFT agent dht n-TiQ surface provides a
living polymerization with reasonably high molecularights following first order

kinetics.
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Figure 6. 8 Molecular weight vs. time data for graf polymerization of MMA from n-TiO , via RAFT

at 70°C and 3600 psi and 4200 psi in scG@nd in high pressurized THF at 70°C and 3600 psi; M,
theory calculated with Eq. 5.7 (----).

It can be clearly seen that Mn increases linearly ywialymer reaction time both

in high pressurized THF and in scg@lmost perfectly matching the theoretical Mn
values, which are calculated \E®.5.7.

6.5. Conclusions

For the first time, n-Ti@Q was functionalized with the RAFT agent, following

living graft polymerization in supercritical carbon didg&i (scCQ), and n-TiQ/PMMA

hybrid materials were synthesized. 4-cyano-4-(dodecylsyltfsiocarbonyl) sulfanyl

pentanoic acid served both as a functionalization landg polymerization agent in
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scCQ. SEM images, TGA, and DLS revealed the growth ofgtedting polymers from
n-TiO,. GPC results confirmed the livingness of the graftegmel after cleaving. The
research demonstrated that living polymerization ah#ed from n-TiQ surface is
promising to synthesize hybrid materials with highlecalar weights. In addition, the
kinetics of graft polymerization of MMA from the surface ofTiD, in scCQ was

studied and showed it was first-order in regards to me@na@oncentration.
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CHAPTER 7

SYNTHESIS OF NiO/TiO, USING AMPHIPHILIC
DIBLOCK COPOLYMER BRUSHES (PMMA-b-PAA) BY
RAFT POLYMERIZATION
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In this chapter, novel amphiphilic polymer brushes MA-b-PAA were grown
from n-TiO, by the RAFT polymerization process. The RAFT age&)t 4-cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic acidthwan available carboxyl group
was used to anchor onto the n-Fi€urface, withthe S=C(S&H2s5) moiety used for
subsequent RAFT polymerization of MMA and then copwyization with AA to form
n-TiOo/PMMA-b-PAA nanocomposites. Kfi ions were subsequently attached to the n-
TiO/PMMA-b-PAA polymer chains through the carboxyl moietié$ter removing the
copolymer chains by heat treatment, n-Ji@as decorated with NiO which was

subsequently characterized for potential use as acatalyst.
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7.1. Introduction

Living radical/controlled polymerization (LCP) technepu provide the
opportunity to prepare a variety of well-defined macromdksx with designed
architectures, providing control of the molecular weighhile maintaining low
polydispersities®® Since the propagating chain spends a consideratergnof time in
the dormant condition, free radical termination reactisweh as coupling and
disproportionation are effectively suppressed. Whenatalable monomer has been
consumed through propagation, the chains remainerdtdrmant capped state and are
capable of being re-initiated using different monomednsst providing a route to the
synthesis of block and multi-block copolymé?s.

As mentioned in Ch.2, RAFT polymerization is recogdizas one of the most
versatile methods for block copolymer synthesis, wittmarous examples of block
synthesis now appearing in the literatfft@his makes the RAFT technique very useful
to synthesize block copolymers possessing varioustiturad groups®® There is
considerable interest in the RAFT technique has eeits ability to make amphiphilic
block copolymers® As mentioned in Ch.2, amphiphile is a term descglinchemical
compound i.e. a polymer possessing both hydrophitid aydrophobic properties.
Recently, the controlled synthesis of complex ampghghanostructures based on the
living polymerization approach has received significatténtion from both the scientific
and technological communitié® Kong et al. grafted multi-walled carbon nanotubes
(MWNTSs) by amphiphilic polymer brushes of polystyrenedipoly(acrylic acid) (PS-
b-PAA), using atom transfer radical polymerization (ATRBAmphiphilic

Poly(styrene-block-acrylamide)/organic montmorillenitanocomposites were prepared
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by Qu et al. via RAFT polymerizatiort’* The block copolymer—nanoparticle hybrid
materials combine the unique features of nanoparteitsthe flexibility and solubility
of polymeric materials, thus being promising for appiaad such as the next generation
of catalysts, membranes and optoelectronic deviées.

During the last few years, attention has focused oncé#talytic application of
metal nanoparticles due to their unique physical @rmemical properties including high
surface areas and high metal dispersions. Becauseioéittellent catalytic activity, low
cost and high availability, Ni-based catalysts ardelyi used in chemical processes such
as hydrocarbon hydrogenation and dehydrogenation, stedmnming and catalytic
partial oxidation of methane. Titania has attracted¢hmuterest as a support material for
metals or metal oxides due to its ability to modthe catalytic properties of the
supported phase® As one example, NiO/TiDcatalysts are inexpensive and do not
suffer as much from coking and poisoning, being an aitteatndustrial catalyst system.
Conventionally, NiO/TiQ can potentially be synthesized wiaxing Ni (NOs), and n-
TiO, using a solvent, but the problem is reducing thiéasa area of the product because
of penetrating of NiO into the n-TiQpores'’* This problem can be solved by using an
intermediate component like polymer chains fillingsh@ores.

The goal of this work is to demonstrate a novel apgrdacgrafting amphiphilic
diblock copolymers of PMMA-b-PAA onto n-TiOparticles following decoration with
NiO for catalyst applications. The carboxylic group oARR agent, 4-cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic ac®)l (vas directly coordinated to n-
TiO,, while the S=C(SGH2s) moiety was used for subsequent RAFT polymerization o

MMA following PAA to form the amphiphilic copolymer bshes. As an example of the
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functionality of this approach, Ni particles were at&tho the surface of the spherical
TiO, nanoparticles using the amphiphilic copolymer brustfeBMMA-b-PAA, as the
carboxyl groups on PAA provide a site for attachmenh#&obrushes. After removing the
copolymer chains by heat treatment, n-Fd@corated with NiO was obtained which can
be used as a nanocatalyst for applications in aliemanergy and biomedical devices.
Based on our knowledge, grafting amphiphilic block PAHBFPAA from n-TiG; is
reported for the first time.

To investigate the effect of chain length of blocksn@nocomposites on the
attachment of Ni ion on the surface of n-Zj@-TiO,/PAA and n-TiQ/PMMA-b-PAA

with different chain length (after 5 and 24 hours) wereluse

7.2. Experimental

7.2.1. Materials

Titania nanospherical particles (99.5%, Sigma-Aldriclg. gpart. size D= 23.2
nm), 2, 2-azobis (2-methylpropionitrile) (AIBN) initiator (Toronto Resrch Company),
isopropanol (anhydrous, Sigma-Aldrich) were used asivede Methyl methacrylate
(MMA) and Acrylic acid (AA) monomers (99%, Sigma-Aldridnhibited with 200 ppm
BHT) were passed through an inhibitor removal columgr{@-Aldrich) before use. The
RAFT agent 4-cyano-4-(dodecylsulfanylthiocarbonyl) suffapentanoic acid J) was
prepared as described elsewh&ér more detailed description see Appendix 3). Ni

(NOs)2 (99.999%, Sigma-Aldrich) was used as received.
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7.2.2. Functionalization of n-TiO»

n-TiO, was functionalized with RAFT ager)(based on the procedure described

in section 4.2.2.

7.2.3. Synthesis of n-TIQ/PMMA

n-TiO,/PMMA was synthesized based on the procedure desciibesection

5.2.3.

7.2.4. Synthesis of n-TIQ/PMMA-b-PAA

14 mL of AA monomer, 0.7 g of n-TULIPMMA (after 24 hours reaction), and
0.010 g of AIBN were dispersed in 120 mL THF with #id of sonication. Then the
solution was transferred to a 250 mL three-neck flaskppegd with nitrogen supply, a
thermometer, and a condenser under constant stirrir@#foours at 75-78C. To ensure
that no un-grafted polymer remained in the product, tmtigbes were re-dissolved in
THF and re-precipitated by centrifugation at 10,000 rpm1f® min, with this process

repeated until the solution was clear.

7.2.5. Cleaving Grafted Polymer from Particles

Grafted PMMA and/or PMMA-b-PAA from n-Ti@nanoparticles was cleaved

based on the procedure described in section 4.2.4.

7.2.6. Synthesis of n-TiQ/PMMA-b-PAA-NIO

0.3 g of n-TiIQ/PMMA-b-PAA and 0.4 g of Ni (N@, were dispersed in 80 mL
methanol using sonication. Then the solution wassteared to a 100 mL three-neck

flask, a thermometer, and a condenser under constairtgstor 10 hours at 65-74C. To
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ensure that no un-reacted Ni remained in the produetparticles were re-dissolved in
methanol and re-precipitated by centrifugation at 10@@®for 15 min, with this process
repeated until the solution was clear. The recovere@mabhwas dried under vacuum.
After calcination of products at 60 for 2 h with a heating rate of 1%/ min to

remove the block copolymeNXiO/TiO, was formed.

7.2.7. Conventional synthesis of NiO/TiQ

NiO/TiO, was also made via a conventional wet incipient hoetwith the
resulting surface area of the approaches compared. &.3i@, nanoparticle and 0.4 g
of Ni (NOs), were dispersed in 80 mL methanol using sonicafidtven the solution was
transferred to a 100 mL three-neck flask, a thermometdraamondenser under constant
stirring for 10 hours at 65-78C. To ensure that no un-reacted Ni remained in the
product, the particles were re-dissolved in methanolrafatecipitated by centrifugation
at 10,000 rpm for 15 min, with this process repeated tivd solution was clear. The

recovered material was dried under vacuum.

7.3. Characterization

The molecular weight and PDIs of cleaved PMMA and/MMA-b-PAA were
measured by gel permeation chromatography (GPC) withseokék instrument using
triple detectors (RI, LS, and V) referenced to PS stalsdél ml/min, at 30C). FTIR
spectra were collected using a KBr pellet on a Bruk& 3b FTIR instrument attached
with a MCT detector, with a resolution of 2 ¢rand 128 scans for each sample. The X-
ray Photoelectron Spectroscopy (XPS) analysis was dastiewith a Kratos Axis Ultra

spectrometer using a monochromatic Al Ka source (15MAY)L The instrument work
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function was calibrated to give a binding energy (BE$3.96 eV for the Au 4, line for
metallic gold and the spectrometer dispersion wasségtjuo give a BE of 932.62 eV for
the Cu 2p;; line of metallic copper. X-ray diffraction (XRD) pattemmgre recorded for
the finest powder samples on a Bruker D8 Discover Difbraeter and a Cu source.
Scanning electron microscopy (SEM) images were recomagidg a LEO 1530
instrument without gold coatingt 10 kV, and transmission electron microscopy (TEM)
was performed on a Phillips CM 10 electron microscdp®0akV. Thermo gravimetric
analysis was performed using a TGA Q500 at a heatg of 10 °C/min under a
nitrogen atmosphere. Temperature program reduction (TPR)pesisrmed using an
Autochem Il ASAP 2920 analyzer (Micromeritics, USA). Asgdream of 10% hydrogen
in argon was flowed through a bed containing approxetpet50-200 mg of sample at a
rate 50mL/min, the bed temperature was raised fromemntd 750°C at a rate of 10
°C/min, and a thermal conductivity detector (TCD) wasdut analyze the gas leaving
the sample. Brunauer-Emmett-Teller (BET) surface area, 9peeand distribution were
obtained on Micromeritics ASAP 2010 at 77 K. Priorlie ™\, physisorption, a sample
was degassed at 200 under vacuum. Dynamic light scattering was perforomdg a

Malvern Zeta Sizer 3000HSA at room temperature.

7.4. Results and Discussion

The general synthesis route for growing amphiphiligyp@r brushes from the n-
TiO, surface via RAFT polymerization technique and subsegiNi ion-exchange is

described in Figure 7.1.
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Figure 7. 1 Synthesis of NiO/TiQ advanced materials.

7.4.1. FTIR and XPS Study of functionalized n-TiG,

Functionalization of n-Ti@ with RAFT agent was verified by FTIR and XPS

analysis as reported in CH%.

7.4.2. FTIR Study of Polymer Nanocomposites

The chemical structure of the PMMA and PMMA-b-PAA mastion the
functionalized TiQ was determined by FTIR, which is an established riegle for
analyzing the complexes of metal carboxylate spééfe Figure 7.2a, the peaks at
1543 and 1646 cihfor n-TiO/RAFT agent are assigned to the bridging bidentate
coordination between titanium atoms and the carbgxglp of the RAFT agent (Ti-
carboxylate).’”® The absence of a peak at 1720"cfoarboxylic group of RAFT agent)
indicates that there is no free RAFT agent after funatipation. In Figure 7.2b, after

MMA polymerization, the new peaks at 1731 tappeared due to the presence of an
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ester carbonyl group stretching vibration for n-7ERMMA. After diblock formation
when polymerizing AA, the stronger peaks at 1731'@nd 1653 cf in Figure 7.2c are

attributed to the presence of the carboxylic group of PXA
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Figure 7. 2 FTIR Spectra of (a) functionalized n-TO,, (b) n-TiO./PMMA, and (c) n-TiO ,/PMMA-b-
PAA.

7.4.3. Organic/Water Partitioning Study

The samples obtained in each step of Jdiblock formation showed different

solubilities or dispersibility in organic/water bikxg. As shown in Figure 7.3, n-
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TiO./PMMA is dispersed in both the organic and waterspsgFigure 7.3 A), because of
the presence of both organic groups of RAFT agent antk sun-functionalized n-Ti©
On the other hand, as the end group of the nanocotapsedPAA which is hydrophilic,

n-TiO,/PMMA-b-PAA preferentially disperses in the water phasgufe 7.3 B).

Figure 7. 3 In the vials, the upper layer is etheand the lower layer is the water phase. (A) The n-
TiO,/PMMA is well dispersed in both phases; (B) n-TIGPMMA-b-PAA is suspended in the water

phase.
7.4.4. TGA analysis

The functionalized Ti@ n-TiO/PMMA, and n-TiQ/PMMA-b-PAA
nanocomposites were dried and subjected to TGAFigare 7.4a, the n-TiIORAFT
agent shows that the TGA curve can be divided inse@ions. Below 200 °C, a small
slope of weight loss is shown (~ 0.4 wt %), most ikkdue to evaporation of any
remaining entrapped water and/or solvent. The slopenbes larger in the temperature
range of 200 ~ 450 °C with the weight loss ~ 1.6 wti4e to the decomposition of the
RAFT agent groups and becomes flat again after theaetye is over 450 °C. The
TGA results of the n-TigPMMA composite (Figure 7.4b) shows two obvious regions

when the temperature was increased: the first regioredthiom 25 °C and ended at 200
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°C with a relatively small slope and weight loss 4 Wt%, again likely due to the
evaporation of the entrapped water; while the secondmegarted at 250 °C and ended
at 450 °C with a large slope indicating more weigissl(ca.~ 5.6wt%) in this region and
decomposition of some organic groups of PMMA and RAG&nd components. On the
other hand, the TGA result of n-TA®MMA-b-PAA (Figure 7.4c) shows three regions;
the first region is below 200 °C with a higher slopenpared to Figure 7.4b (weight loss
~ 3 wt%). This can be explained by the evaporatioa lafger amount of entrapped water
as PAA is a superabsorbent polymer. The weight lasthéosecond region from 250 °C
to 320 °C is ~ 2.5 wt% that can be attributed todbeomposition of organic groups of
PAA in n-TiO,/PMMA-b-PAA.?® The slope becomes larger in the temperature range of
350 °C ~ 450 °C (with the weight loss ~ 3.5 wt%), evhit can be assigned to the
decomposition of PMMA in n-TigPMMA-b-PAA.?? It becomes flat again after the

temperature is over 450 °C.
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Figure 7. 4 TGA curves of (a) the functionalized nFiO,, (b) n-TiO,/PMMA, and (c) n-TiO ,/PMMA-
b-PAA.
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7.4.5. Molecular weight and PDI of cleaved PMMA and PMMA-b-PAA

As described previously, in an ideal living polymetia@a, the molecular weights
increase linearly with conversion/time and the PDIs ba very narrow? In order to
determine whether the ‘grafting from’ polymerization wa&#l 8ving when the RAFT
agent had been attached to the noT$0Orface, the PMMA and/or PMMA-b-PAA chains
were cleaved after various polymerization times usingi@aconditions based on the
procedure described in Ch.4. GPC measurements shawhianolecular weight of
grafted PMMA and/or PMMA-b-PAA directly increases witing (Table 7.1). After 24
hours, the polymerization of PMMA from the functionatizen-TiO, was stopped
(My=13,600 g/mol, and PDI=1.3), and PAA chains were agbently grown from n-
TiO,/PMMA to produce n-TiQPMMA-b-PAA by adding AA and a fresh amount of
initiator (AIBN). The increasing molecular weight of thiblock copolymer with
increasing polymerization time indicates that acr@oid has been polymerized from n-
TiO,/PMMA. Figure 7.5 shows the GPC elution profiles of tliBlock copolymer of
PMMA-b-PAA obtained using solution polymerization witAFT agent §) for 5-24 h
of polymerization time. The molecular weight distribas are relatively unimodal, with

low PDls.

Table 7. 1 Molecular weights and PDIs of cleaved PMA and PMMA-b-PAA at different
polymerization times.

Samples Time (h) M (g/mol) PDI
n-TiO/PMMA 15 9,100 1.4
n-TiO/PMMA 24 13,600 1.3
n-TiO/PMMA-b-PAA (1) 5 14,400 1.3
n-TiO/PMMA-b-PAA (2) 16 17,500 1.2
N-TiOx/PMMA-b-PAA (3) 24 19,600 1.4
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Retention Volume (mL)

Figure 7. 5 GPC elution profiles for RAFT polymerization of PMMA-b-PAA from n-TiO , surface for
5 h (Mn = 14,400 g/ mol, PDI = 1.3), 16 h (Mn =178 g/mol, PDI =1.2), 24 h (Mn = 19,600 g/ mol,
PDI =1.4).

Based on the molecular weights summarized in Talilete rate of addition for
each monomer of AA to the chains of PMMA in heterogeisemedia is more than 17
minutes, while this rate in solution (as will be dissed in Ch.8) is ~ 2.2 minutes. In
explanation, this slower rate can be attributed tohigh local concentration of PMMA.-
RAFT agent (macromolecule RAFT agent) on the surface -8iOa which was
determined by TGA (6%). In Ch.5, the effect of the comeion was studied which

showed that the rate of reaction decreased when inggett® concentration of RAFT

| 176 1L177

agent®® Comparing with the previous reports by Chetna and Penget a n
solution media, the RAFT approach in homogeneousiangtbduced PMMA-b-PAA
with higher molecular weight and narrower PDIs iis twork than the methods through
hydrolysis of PMMAb-PtBA via DPE and hydrolysis of poly(methoxymethyl aeitg)-

b-PMMA via ATRP methods. Also in heterogeneous metiia, molecular weights and
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PDIs shown in Table 7.1 with those obtained by k¢al’’® and Pyunet al®” who
grafted Poly (4-acetoxystyrene)-b-Polystyrene from carbaackbl and Poly butyl
acrylate-b-Polymethyl methacrylate, from the surfaceilafasnanoparticles, via SFRP
and ATRP, respectively, shows the molecular weights RDIs are almost in the same

range, (M: 7729-17330 g/mol and PDI: 1.28-1.45 for each block).

7.4.6. Electron Microscopy

TEM and SEM were used to study the morphology offtheed nanocomposites
(Figure 7.6). Figure 7.6a shows the TEM image of nJ/RMMA, while Figure 7.6b
exhibits the n-TIQGPMMA-b-PAA structure. Some agglomeration of n-Fi€ill exists,
although the generally excellent separation of nyf@rticles is attributed to the growing
of “grafting from” PMMA and/or PMMA-b-PAA chains, which garates the previously
agglomerated Ti@nanoparticles.

Figure 7.6c shows the SEM image of the nJJRMMA while Figure 7.6d
presents the SEM image of n-LIBMMA-b-PAA. One can see that as the n-
TiO,/PMMA-b-PAA was made from further polymerization of AA fromliO./PMMA,

the thickness of its copolymer layers is larger tham ¢t the homopolymer.
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300.nm

Figure 7. 6 TEM images of (a) n-TiQ/PMMA, (b) n-TiO ,/PMMA-b-PAA, (¢) SEM images of n-
TiO/PMMA, and (d) n-TiO ,/PMMA-b-PAA composites.

7.4.7. Dynamic Light Scattering (DLS)

The size of the Ti@® nanocomposites in THF solution was investigated by
dynamic light scattering (DLS) measurements. Figure shdws the particle size
evolution of n-TiIQ/PMMA and n-TiQ/PMMA-b-PAA nanocomposites with respect to
the polymerization time. As the polymerization tinmereases, the mean particle size of
the nanocomposites also increases, which is consistth the SEM images (Figure 7.6).

This is due to the growing polymer chains of PMMA amd?AA with time, providing
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further evidence of the living nature of the polymeratiThe polydispersity index (PI)
as well as the intensity of the mean particle sizangk only slightly, indicating the
continuous growth of polymer chains of PMMA-b-PAA witlolymerization time,

confirming the livingness of polymerization.
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Figure 7. 7 Particle size distribution of the (an-TiO /PMMA after 24 h (D yea= 140 nm, PI= 0.3),
and n-TiO,/PMMA-b-PAA after (b) 5h (D near= 226 nm, PI=0.33), (c) 16 h (Ra= 350 nm, Pl= 0.34),
and (d) 24 h (Dyea= 460 nm, Pl= 0.4) by DLS in THF and at room tempeature.

Figure 7.7 shows the size distributions becoming htlyg broader as the
polymerization time increases, which attributed to #hectrostatic force between the
PAA chains increasing with chain length, that likedgult in complex chain interactions

from both association electrostatic repulsion effects.

7.4.8. XPS Study

As shown in Figure 7.1, once thamphiphilic copolymer brushes of n-

TiO,/PMMA-b-PAA were formed, various metal ions such as” Ag Ni'* can be
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attached by ion-exchange to facilitate the formatioad¥anced materials. To investigate
this reaction (bottom reaction of Figure 7.1) the bloggatymers attached to TiQvere
ion-exchanged with Nf in methanol. The chemical composition of the resglti
advanced materials were studied using XPS, with thHe dpectrum of the n-
TiO./PMMA-b-PAA-Ni showing the existence of S, N, C, Nerlents beside O and Ti
(Figure 7.8a). A high resolution XPS scan of the plir@gion (Figure 7.8b) shows five

major sources of nickel peaks, as expected from ttezatiire'”®

The peaks commonly
appeared at 855.25 or 855.35 eV with related saeliaks at 860-865 eV (Ni 2§).*%°
The high resolution XPS of the O 1s region (Figure )/sbows peaks at ~ 529.9 eV,
531.1 eV and 533 eV which are assigned to the O atom-TiO, and/or NiO, the
carbonyl group and adsorbed water, respectit&ly®?The shoulder at ca. 854.5 eV in
Ni 2p and an intense peak at ca. 529.9 eV in Cahsbe assigned to NitJ® The content
of Ni is about 2% with respect to Ti.

NiO/TiO, was also synthesized via a conventional approaddtiffigeup a mixture
of Ni(NOs), and n-TiQ in methanol to 65-70C) and subsequently investigated by XPS
showing that 0.2% Ni with respect to Ti was presemttlle n-TiQ. Hence, a larger
amount of Ni was attached to the n-%iQurface using the amphiphilic diblock

copolymer approach compared with the conventionalim@pient approach (XPS full

spectrum of NiO/TiQis shown in Appendix 6).
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Figure 7. 8. XPS full-scan spectrum of the (a) n-0,/PMMA-b-PAA-Ni, and high resolution
spectrum of (b) Ni, and (c) O.

7.4.9. EDX and XRD Study

These n-TIGIPMMA-b-PAA-Ni complexes were subsequently calcine6GaC
to form NIO/TIO, structures. Figure 7.9a-c shows the EDX Ni mappindi€f,/NiO,

using n-TIQ/PAA, n-TiO/PMMA-b-PAA (1), and n-TIQ/IPMMA-b-PAA (3) as
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templates, which indicates the amount of Ni as 0.6%%, and 2% with respect to Ti,
respectively, while Figure 7.9d presents the EDXcpeof NiO/TiG, synthesized using
n-TiO,/PMMA-b-PAA after 24 hours, showing that well-distributeidkel decorated the
nanomaterials (for more detailed description see AppebdiThese results show that as
the chain length of PAA in the diblock copolymecreases, more Ni is decorated on the
surface of n-TiQ. In the n-TiQ/PAA nanocomposites, all carboxylic groups of PAA are
not available to react with Ni ions, as some of treminteracting with n-Ti@particles.
On the other hand, using the n-BHIPMMA-b-PAA nanocomposites, the carboxylic
groups of PAA are kept farther away from the surface of@y particles using PMMA,
so the carboxylic groups are available for reacting Withons. As the chain length of
PAA is increasing with the time of copolymerizatidhe availability of these carboxylic

groups are increasing.
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Figure 7. 9 EDX Ni mapping of NiO/TiO, using (a) n-TiO/PAA, (b) n-TiO/PMMA-b-PAA (5 h), (c)
n-TiO ,/PMMA-b-PAA (24 h) as templates, and (d) spectra dNiO/TiO , (using n-TiO/PMMA-b-PAA
(24 h) as a template).

The crystal structure of the NiO/TiQtomposite was also examined by XRD,
with the spectra given in Figure 7.10. This figurevgtdhat the calcined components
consist of anatase and ruttfé while three peaks at@at 38, 62.5, and 75.4 degrees are

é8’5,186

attributed to nickel oxid confirming that that nickel oxide was attached te th

surface of the Ti@nanoparticles.
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Figure 7. 10 XRD patterns of NiO/TiO, using n-TiO,/PMMA-b-PAA after 24 hours.

7.4.10.Nitrogen Adsorption/Desorption Analysis

The textural properties such as surface area, theegiught adsorption total pore
volume per gram, and adsorption average pore diametefd @ET) of samples were
measured using nitrogen adsorption/desorption techside@m the BJH analysis, an
average pore size and pore volume were calculated dsita points from the desorption
branch of the isotherm. The properties of the as receivBiD, and synthesized NiO on

n-TiO, by conventional and amphiphilic copolymer methodsamamarized in Table 7.2.
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Table 7. 2 Physical properties of synthesized sangd.

Sample SET Dpore Viore
(m*g) (A) (cm*/g)
n-TiO, 32 75 0.062
NiO/TiO, 18 120 0.069
n-TiO-PMMA 25 125 0.077
n-TiO-PMMA-b-PAA 24 121 0.075
(24 h)

NiO/TiO 27 108 0.074

*: NiO/TiO, was made using conventional method.
Seger: BET surface area; Ja« Adsorption average pore diameter (4V/A)M Single-point adsorption

total pore volume per gram.

It can be seen that the surface area decreasesivkt lnading by both methods,
as the added metal covers the pore-walls and evénfillsl up the pores. It should be
noted that the surface area is much lower usingdgheentional method compared to the
block copolymer method i.e. 18 vs.2#/m This can be explained in two different ways:
a) in the conventional method islands of metal or hietaxide clusters form that may
block micro and macro pores, and b) in our copolymathod, n-TiQ was de-
agglomerated by brushes of PMMA-b-PAA resulting in betteparation of the
nanoparticles, which provides more sites for Ni ionddoadsorbed to the surface and
pore walls. The increase of average pore diameter amdvptume is due to macro pore
formation caused by adsorbed inter-metallic oxide gdagion the support surface.

Functionalizing n-TiQ by PMMA or PMMA-b-PAA also reduces the specific surface
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area by pore blocking. The surface area again ingdaseemoving the polymer chains
from pores by calcination.

The samples exhibited IUPAC type Il adsorption-desorptisotherms with
hysteresis loops at higher relative pressures (Figurg). This phenomenon is typically
associated with capillary condensation within meses-®’ Single, well defined step,

and a clear hysteresis loop in the desorption branchattnieuted to some diffusion

bottlenecking in the mesoporous structtife.

100 -
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Figure 7. 11 N adsorption and desorption isotherm.

7.4.11.Temperature program reduction (TPR)

To further examine the formed NiO/Ti@pecies, temperature program reduction
(TPR) was applied to measure the available amount efciigle species. Figure 7.12

shows the TPR spectra of NiO/TiGynthesized using the amphiphilic templating
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method compared to the conventional approach, wimditates that larger numbers of
reducible species of NiO were observed for the amphgleimplate vs. conventional
approach. As one can see the peaks are formed aftéC5¥idth a hump around 461C.
The peak near 60%C is attributed to the reduction of dispersed NiO whglstrongly
adsorbed to n-Ti@'® The higher dispersion by the amphiphilic approachs valso
confirmed by EDX and XPS analysis. The reduction &°@bis attributed to a secondary
NiO layer that does not strongly adsorb to the n;TéDpport:® In the conventional
method the secondary NiO layer is prominent, whiles is absent when using the
amphiphilic brush approach. This confirms higher nicadkorption when using the
polymer brush method and better decoration illustratimg potential utility of this

approach for development of catalysts.
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Figure 7. 12 TPR spectra of NiO loaded Ti@Qprepared using (a) amphiphilic polymer brush and )
conventional approaches.
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7.5. Conclusions

Novel n-TiO-based amphiphilic polymer brushes have been prepaeedhe
RAFT technique. The related covalent functionalizatweas confirmed by TEM, SEM
and TGA characterization. The n-T#®MMA-b-PAA nanocomposites and precursors
exhibited different dispersibilities in water/organidalgers. The results showed that
living polymerization of both MMA and then AA initiled in the solution from AIBN
and transferred to the functional groups on the n,B@faces, which is promising to
synthesize hybrid materials possessing excellemtedison of the fillers within the
matrix. The coordination of the carboxylic group of tRAFT agent to the Ti®
nanofiller was confirmed by FTIR spectra, and XPS. ftEb&c microscopy images
revealed the growth of the “grafting from” polymers arour@i@,, and the nanofillers
were well separated and distributed throughout thenpet matrix. GPC results of
cleaved polymer after various reaction times showed tthex polymerization was still
living, even after the RAFT agent was directly conatéed to n-TiQ. As one example of
potential application, Ni was reacted with the brgshith heat treatment to remove the
polymer chains providing NiO decorated n-}i@dvanced materials with superior

decoration compared to a conventional method for pregp&tiO/TiO,.
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CHAPTER 8

SYNTHESIS OF MESOPOROUS TiG, USING
AMPHIPHILIC DIBLOCK COPOLYMER (PMMA-b-PAA)
AS A SELF-ASSEMBLY AGENT BY RAFT
POLYMERIZATION
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In this chapter, we attempted a new approach for syizihg ordered
mesoporous Ti® by using a polycarboxylic acid, i.e., polyacrylicid in diblock
copolymer of PMMA-b-PAA, as a self-assembling agenf @i sol-gel process in
isopropanol. The synthesis involves coordination ofaialkoxides to the carboxylate
group of the diblock copolymer template, sol-gel demsation, and then removal of the

organic groups by subsequent heat treatment, formingeatdeO, structures.
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8.1. Introduction

TiO, nanomaterials have been extensively studied irpp#dsé two decades due to
their application for photocatalysts, semiconducterd eatalyst supports> % Three-
dimensional (3-D) semiconductors such as ;Ti@anowires and nanotubes are of
immense interest for solar céfld and electronic devicé$? Among the methods that
manipulate the morphology of metal oxides, sol-geltieas with the aid of a template is
promising, because of the mild synthesis conditiod the high conversioti>**° For
example, TiQ nanotube arrays have been prepared using anodiecnalunembrane as a
template, in which sol-gel reactions take place he hanochannels of the alumina
template. The TiQnanotubes were obtained after removal of the alumineobsion,
and calcination of the resulting TiGnaterials. This method involves both anodization
and corrosion of the alumina membrane, and the procedueecomplicated and energy
intensive, thus less appealing for commercializat®wft templates such as carbon fibers
and natural membrane have also been used as inexpéasiplates for sol-gel synthesis

of micrometer size Ti@tubes!®" 1%

in which the soft template is conveniently removed
through thermal decomposition during the calcinationcess to crystallize Ti For
preparing nanotubes or other shapes of a desired siaeven the limited source of
existing templates makes the synthesized organterrals more attractive. For instance,
cationic colloidal particles have been used to peepaollow TiQ, nanospheres by
thermal condensation of the TiGhell on the template, followed by calcination to
remove the polystyrene cof& Also poly (styrene-block-2-vinylpyridiane) diblock
copolymers have been used to synthesize highly deamnags in a regular pattern of THO

nanoparticles through a sol-gel procE8s**
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In the past years, living radical/controlled polymetima (LCP) techniques
provide the synthesis of block copolymers with wellited architecture&®* Among the
LCP techniques, the reversible addition-fragmentatioainctransfer technique offers
exceptional versatility in providing polymers of predetmed molecular weight and
very narrow polydispersity and it is recognized as ohthe most versatile methods for
block copolymer synthesis, with numerous examplesrtep5' The usual procedure for
synthesizing diblock copolymers via RAFT consistsghe synthesis of a macro RAFT
agent, which will then be used for the polymerizatbthe second monomer.

Recently, amphiphilic block copolymers have beemaasingly used to organize
mesostructured composite solids, because the archiggcdf the these copolymers can
be used to control the morphology and interactiongvéen the inorganic and organic
specie€®® ?®® As mentioned in Ch.2, the amphiphilic block copoérs have the ability
to self-assemble into supramolecular architecttffeBarket al. reported the preparation
of metal nanoparticles at the PEtOz shell by usinly(Reethyl-2-oxazoline)- polyf-
carprolactone) (PEtOz-PCL) micelle as a template in ame@gs phas€’ Also
microporous zeolites are templated by single moleculbsde mesoporous zeolites are
templated by assemblies of molecules like block bapers?®®

Metal alkoxides or salts are widely used as the precsif®r synthesizing metal
oxides with various morphologies via a sol-gel rodtkis synthetic method generally
allows control of the texture, chemical, and morphialg properties of the solid.
Carboxylic acid is known to react with titanium alktde to form a Ti-bridging
carboxylate comple®’ The coordination chemistry of metal ions with theerboxylate

group has been previously well studied by singlestaiyX-ray diffraction and FTIR?*
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207209 and it has been used to synthesize a number of rostdes with different

morphologieg>* 210-213

In this study, the amphiphilic diblock copolymer Jyoethyl methacrylate-block-
polyacrylic acid (PMMA-b-PAA), was synthesized via RARpblymerization and was
used as a template to synthesize ;Tvith different morphologies. The PMMA moiety
was used to form the micelle core structure in the mwarent, while the polar PAA tail
was used to interact with Ti complexes via coordomatbonding. The TiQ anatase
nanoarchitectures were obtained after calcination to vertiee polymer template. It was
found that the Ti@ morphology was a function of the size of PAA moigtythe block

copolymers: short PAA chains facilitated formation ofpalymer core-TiQ shell

structure, while longer PAA chains are feasible for nalp@tstructures.

8.2. Experimental

8.2.1. Materials

Titanium tetraisopropoxide (TTIP, Sigma-Aldrich), 2, '-a2obis (2-
methylpropionitrile) (AIBN) initiator (Toronto Research Comp® and isopropanol
(anhydrous, Sigma-Aldrich) were used as received. Mettgthatrylate (MMA) and
Acrylic acid (AA) monomers (99%, Sigma-Aldrich, inhildtevith 200 ppm BHT) were
passed through an inhibitor removal column (Sigma-Aldricbfore use. The RAFT
agent 4-cyano-4-(dodecylsulfanylthiocarbonyl) sulfanyl peaoic acid 8) wasprepared

as described elsewhere (for more detailed descriptioAmeendix 3)2°
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8.2.2. Synthesis of PMMA in THF

Methyl methacrylate was polymerized in solution tha RAFT technique based
on the procedure in Ch.5. The polymerization was siddter 5 hours and the product

was used for the next step without adding an inhibito

8.2.3. Synthesis of PMMA-b-PAA in THF

14 mL of AA monomer, 0.7 g of PMMA, and 0.010 g oBAl were dissolved in
120 mL THF. The solution was transferred to a 250 nmreemeck flask equipped with
nitrogen supply, a thermometer, and a condenser wuatestant stirring at 70 °C. At
various time intervals during the polymerization, sasplere taken for GPC analysis.
The polymerization was stopped at the reaction tifre lwours. In the clear solution 200
mL of methanol was added, which resulted in predipitaof the block copolymers. The
polymer was separated through filtration and was driechcuum at 50 °C for 12 hours.

Figure 8.1 summarizes the synthesis of PMMA-b-PAA.
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Figure 8. 1 Preparation scheme for PMMA-b-PAA via RAFT polymerization.
8.2.4. Synthesis of mesoporous Ti®

As mentioned in section 8.1, in this step, the ceylho groups of PAA were
needed, so a good solvent for PAA such as isopropeamlused. After dispersion 615

g PMMA-b-PAA in 50 mL isopropanol at room temperature, riQ of TTIP were
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transferred to the reactor equipped with FTIR probe. idastor was heated to and
maintained at 65 °C for 48 h. The obtained solid pcbatas separated from the solution
by centrifugation, which was followed by calcinatidr60 °C for 2 h with a heating rate
of 1.5 °C/min to remove the polymer template. Figutz Simmarizes the synthesis of

mesoporous Ti@

TTIP (10 mL) PMMA-b-PAA (0.5 g)
| |

A 4
A

A

T=65°C

Isopropanol (50 mL)

v
Solution

A 4
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\ 4
Calcination at 606C

\ 4
Characterization

Figure 8. 2 Preparation scheme for mesoporous Tiby sol-gel process.

8.3. Characterization

The molecular weights and PDIs of PMMA and/or novelNPAMb-PAA were

amphiphilic copolymer measured by gel permeation chtognaphy (GPC) with a

Viscotek instrument using triple detectors (RI, LS, &)deferenced to PS standards (1
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ml/min, at 30°C). In-situ FTIR monitoring of solution concentratiam the stirred
autoclave was performed using a diamond immersion p(8eatinel-ASI Applied
Systems). The probe is attached to an ATR-FTIR speetem{ASI Applied System
ReactIR 4000). The spectra were collected automatieath a resolution of 2 cthand
128 scans for each sample. Powder XRD was performed rakeB D8 Discover
Diffractometer with GADDS employing CuKradiation for the crystalline analysis. The
samples were finely ground and spread on a glass sbst®aanning electron
microscopy (SEM) images were recorded using a LEO 1B80Gument without gold
coatingat 10 kV, and transmission electron microscopy (TEM) weagormed using
either a JEOL 2010 operated at 200 kV or Philips CMatl@0 kV a Phillips CM 10
electron microscope at 80 kV, with dispersed sampiebexane. Brunauer-Emmett-
Teller (BET) surface area, pore size and distributiomewabtained on Micromeritics
ASAP 2010 at 77 K. Prior to the,Nphysisorption, a sample was degassed at°200

under vacuum.

8.4. Results and Discussions

The novel PMMA-b-PAA copolymers were synthesized adogrdo the scheme

as given in Figure 8.3.
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Figure 8. 3 Synthesis of PMMA-b-PAA.

8.4.1. Molecular Weight Determination

Figure 8.4 shows the GPC elution profiles of theNPMb-PAA obtained using
solution polymerization with RAFT agerd)(at the reaction time of 1-6 hours, in which
the molecular weight distributions can be observied be unimodal. Living
polymerization is known to show the characteristits linear increase of the molecular
weight with conversion and reaction time, and aovamolecular weight distribution, as
indicated by the polydispersity index (PDI) appiuag 1. Table 8.1 summarizes how the
M, of PMMA and PMMA-b-PAA change with conversion ome, where the
conversions were determined gravimetrically. It cha observed that M was
proportional to the reaction time. The low PDlIsigade that a living polymerization took

| 176

place. Comparing with the previous reports by Ckem and Penget al.!”’ the

RAFT approach used in this research produced PMMPAB with higher molecular
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weight and narrower PDIs than the methods throughdtysis of PMMAbL-PtBA via

DPE and hydrolysis of poly(methoxymethyl acrylatelPMMA via ATRP methods.

Table 8. 1Molecular weight, PDIs, and conversions of PMMA and®MMA-b-PAA at different
reaction times.

Samples Time Mp PDI Conversion
(h) (9/mol) (%)
PMMA 1 5,760 13 15
PMMA 5 9,200 1.2 60
PMMA-b-PAA (T,) 1 10,200 15 7
PMMA-b-PAA (T,) 2 14,000 1.4 20
PMMA-b-PAA (T;) 3 16,000 1.3 30
PMMA-b-PAA (Ty) 4 17,600 14 42
PMMA-b-PAA (Te) 6 22,900 1.4 55
Time

Retention Volume (ml)

Figure 8. 4 GPC elution profiles of PMMA-b-PAA for 1h (Mn = 10,200 g/mol, PDI= 1.5), 2 h (Mn =
14,000 g/mol, PDI= 1.4), 3h (M= 16,000 g/mol, PDI = 1.3), 4h (M= 17,600 g/mol, PDI = 1.4), and 6h
(M, =22,900 g/mol, PDI = 1.4).
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8.4.2. 'THNMR

Evidence in the support of the overall RAFT reati®the retention of the RAFT
agent end groups, which can be demonstrated by RfMRe dissolved PMMA and
PMMA-b-PAA in DMSO-d; were examined usintH NMR (Figure 8.5); however, end
group signals were not evidentiH NMR spectra for block copolymer samples. This is
typical for high molecular weight of polymers. Thd NMR spectra of PMMA and
PMMA-b-PAA are shown in Figure 8.5a-b, respectiyetyich confirms that the RAFT

copolymerization reaction occurred.

PMMA (DMSO-a): 0.7, 0.9, 1.2 (3H, Bs), 1.7 (2H, G&i,), 3.5 (3H, COOEl5)

PMMA-b-PAA (DMSO-g): 0.7, 0.9 (3H, €l3), 1.5 (2H, G1,), 1.7 (2H, Gi,), 2.2 (1H,

CHCOOH), 3.5 (3H, COOB3), 12.3 (1H, CO®)
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Figure 8. 5'H NMR spectra of (a) PMMA, and (b) PMMA-b-PAA.
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8.4.3. Electron microscopy

To investigate the morphology of PMMA-b-PAA, thelyoers at different stages
of polymerization were dissolved in methanol angasited on the TEM grids (Cu-200
FC) and examined with TEM. Methanol has a strongraction with PAA but is a poor
solvent for PMMA, so the block copolymers form niies with PMMA cores
surrounded by PAA corona. Figure 8.6a shows thamdamicelles were formed in the
PMMA-b-PAA; sample, which can be attributed to the strong PMRMMA
interaction; the PAA blocks are not long enouglbéceasily recognized. As the length of
the PAA block increased from PMMA-b-PAA0 PMMA-b-PAAs, the micelles grew
and cross-linked into networks (Figure 8.6b-d). ®teng interaction between PAA
chains in the corona facilitates the network seffeanbly’* and the PMMA cores located
at the intersections. As previously mentioned in2Clthe amphiphilic nature of many
block copolymers is manifested by the tendency iasp separate and promote self-
assembly or micelle formation in different solventShis self-assembly of the
amphiphilic block copolymers can be explained bg #®trong supramolecular force
between PAA blocks such as hydrogen bonding andtreiatic forces, and the
solvophobic effects between the PMMA and the sdlvén self-assembled structures,
these temporal intermolecular forces connect théeoatar scale building blocks in a

reversible, controllable and specific way.
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Figure 8. 6 TEM images of (a) PMMA-b-PAA, (b) PMMA-b-PAA ,, (c) PMMA-b-PAA 3, and (d)
PMMA-b-PAA ¢.

8.4.4. In-situ FTIR

In-situ FTIR has been an established technique for studyirey reaction
mechanism and reaction kinetics of the sol-geltreas between TTIP and carboxylic
acids™*® #*?|n this research, it was used to investigate thggondensation reactions of
TTIP reacting with the PAA of the block copolymerss shown in Figure 8.7, the IR
spectra were collected from 60-4320 min, and varioeaction chemistries including
formation of the Ti-carboxylate complex, polycondation products, and consumption

of the carboxylic acid group of PAA and titaniunk@tide is apparent. Consumption of
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COOH of PAA can be observed from the decreasing peak746 cni, while the
consumption of TTIP alkoxide precursor can onlydiserved from the peak at 1320
cm', as the other strong peaks of TTIP from 950 tc01dr#* are in the fingerprint region
of isopropanol and propyl carboxylate, hence baibgcured. In Figure 8.7a, the new
peaks at 1670 and 1480 Crare assigned to the asymmetnigsn and symmetricvisym)
stretching modes of Ti-carboxylate monodentatepaetvely’®® This is an important
observation providing direct evidence of coordioatiThese Ti-carboxylate monodentate
peaks disappeared after the reaction time of 300 amd transformed into Ti-carboxylate
bidentates which show peaks at 1580 and ~1456 @figure 8.7b-d). The progressive
increasing of the peaks at 760 tim spectra (Figure 8.7b-d) indicates the formatén

M2-0Xx0 bridging bonds, suggesting the polycondensatiothe Ti precursors and/or Ti

complexes presumed around the PAA chains.

1120 950

(©)

(b)

1245 1480 1320

(a) 670

1750 1650 1550 1450 1350 1250 1150 1050 950 850 750 650

Wavenumber (cm'1)

Figure 8. 7 In situ FTIR spectra of polymerizationof TTIP with PMMA-b-PAA (T 4) in isopropanol
at 60 °C. Reaction time: (a) 60 min; (b) 300 min;d) 900 min; (d) 4320 min.
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8.4.5. Electron microscopy

The effects of the chain length of PAA in PMMA-BR on the TiGQ
morphology were studied using SEM and TEM analgdiesr removal of the polymer
templates (I-Te) at 600 °C.

The SEM micrograph (Figure 8.8a) shows that thatsR8A chain in diblock
copolymer template () produced agglomerated TiGpherical particles with diameters
in the range of 10-80 nm. When Was used as templates, there were rods with demet
40-300 nm and length of 200-4000 nm besides the 3pDerical particles (Figure 8.8b).
Figure 8.8b inset shows the top view of the rodiglas. By increasing the chain length
of PAA, interactions between the carboxylic groop$AA and RAFT agent produce a
self-assembly phenomena (Figure 8.6c-d). Reactfotitamium isopropoxide with the
carboxylic groups in this network creates largeesigal particles. However, after heat
removal of the block copolymer, the morphology ledge particles is changed to hollow
core/shell structures, having a wall thickness 6 ffn (Figure 8.8c-d). Figure 8.8c inset
shows the thichness of the wall (~ 110 nm). Astihme of the block copolymerization
increased from 4 to 6 hours, the cluster size oAR¢hain length) is increasing, which
means the ratio of PAA/TTIP is increasing. The tieacbetween titania alkoxide and
carboxylic groups of these long chains producesesbatllow core/shell and nanotubular
structures with diameters 10-25 nm as well (FigiBe-f). This can be explained by the
hydrogen bonding between the long chains resultingreaking some supramolecules
after heat removal, as it is well known that therphology of mesoporous materials
depend significantly on the synthesis conditionachs as solverft?® calcination

temperaturé’* and template concentratidt.
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Figure 8. 8 SEM images of mesoporous TiQusing TTIP (0.68 M) and (a) T, (b) T,, (c-d) Ts, and (e-

f) T4 and Tg as templates.
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Different from SEM images that “scan” the specinam only provide surface
information on the nanomaterials, TEM images caoviple more details about the
microstructure underneath the surface, and as taporcrystal information. Figure 8.9
shows the TEM image of mesoporous Ti€alcined at 600 °C for 2 hours. Using the
short chain length of PAA (Tand T) (Figure 8.9a) both the crystalline and amorphous
phases can be observed. Selected area electroractidh patterns recorded on
mesoporous Ti®@show the wall of these materials are compriseshario crystalline
oxides with characteristic diffuse electron diffiaa rings (Figure 8.9a inset), which is
consistent with the XRD measurement (Figure 8.TAe TEM image in Figure 8.9b
indicates that the morphology of synthesized ;T&ler increasing the chain length of
PAA in diblock copolymer template {Tand T) was changed to a hollow
core/mesoporous shell. However, because of th&ress of the shell wall (~110 nm)
and the agglomeration of Ti(particles, electron beams cannot pass througrstieé
which results in a dark image of the core. Uporraasing the PAA chain length, the
morphology of TiQ is changed to hollow core/mesoporous shells amdtoaes having
length ca. 500-750 nm as shown in Figure 8.9c-e&és€himages are consistent with the
SEM images (Figure 8.8e-f). It has been shownribabnly the type of template but also
the template agent concentration in the initiallggd a strong impact on the morphology
and crystal size of mesoporous metal oxfd&@44dRTEM of the sample provides the
reflection pattern of the crystalline phase (Fig8t8e-f). The d-spacing of 0.35 nm

indicates that the (101) lattice plane of anataggésent’’
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Figure 8. 9 TEM images TiG using polycondensation of TTIP on templates of (a); and T,, (b) Ts
and T,, (c-d) Tg, and (e-f) HRTEM images of TiG, nanotubes followed by calcination at 600 °C.
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From the above electron microscopy analysis restiits TiQ morphology is a
function of the chain length of PAA block. When tRAA chains were short such ag T
and T, no obvious templating effects were observed. Wmothesize that there were not
enough COOgroups in the block copolymers that manipulateatsembly of the metal
complexs to form well-defined nanostructures arotiiedpolymer micelle. With the PAA
chain length increasing, there were more C@fups that can coordinate to the Ti
complexes. The Ti complexes attached to the PAAnshaill polycondensate with other
Ti complexes, forming Ti-O-Ti oxo bonds eventualgsulting in a core-shell structure.
The polymers are cores and the Ti complexes attsski¢hen the PAA chains were not
very long, e.g., Tand T,; the Ti complexes surround the micelle structuess] TiQ
hollow spheres are formed after calcination. Whasm PAA chains were long enough
(e.q., &), as described in Figure 8.10, the Ti complexaddsurround both the micelle
and the long PAA chains to form core-shell struetand calcination of these structures

results in hollow spheres and nanotubes, respégtive

Micelle corona ] .
' Micelle core ‘. e
; y we L - T.
b [ / ,. P
r . (-’--"' R 'f \'_1 Gy \K \ ‘
el R : s Hollow Core/Mesoporous Shell
. R S TINAL
E N TTIP :. Q“ﬁ\\
- [ - _— '. I N
R il / \- lsopropanol & . : / .

2

Hollow CoreMesoporous Shell +
PAA . Nanotubes

PMMA —~_/™
metal precursor e

Figure 8. 10. Schematic formation of TiQ hollow spheres and nanotubes.
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8.4.6. Ny physisorption

N physisorption was used to study the surface andalee mesopore structures
of the TiQy materials (Figure 8.11). The,Nsotherms of the resulting TpOafter
calcination show type-1V curves with H3 loops acliog to the IUPAC definition,
suggesting the existence of mesopores (2-50 rdiaimeter*® The mesopore structures
can be observed from the hysteresis loops (Figur#a8 and the pore size distribution
(Figure 8.11b). A narrow hysteresis loop and pare distribution was observed for TiO
spheres and rods (prepared usingaid T, templates), attributed to the relatively small
void space between the particles. A larger pore digtribution was observed for TiO
hollow spheres and nanotubes, because of the laregiape and size of the void space
between the Ti@structures. It should be pointed out thatgkysisorption is not able to
detect macropores (>50 nm) that exist in the ;Ti®@llow spheres and between the

nanotube bundles.
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Figure 8. 11 (a) Isotherm plots and (b) pore sizeistributions of the mesoporous TiQ prepared using

different templates.

BET surface area calculated from the &bsorption reveals that the specific
surface area of the synthesized mesoporous ifi€eased progressively with increased

chain length of PAA (Table 8.2). For instance, BEET surface areas increased from 15
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to 153 nf/g when & template was used instead af Which is partially attributed to the

morphological change from spherical to hollow cehell structure.

Table 8. 2 Surface area, pore volume, pore diametand morphology of the calcined TiQ using

different templates.

Template BET Pore Vol. PoreDia. Morphology
(m*g) _ (cm’/g) (nm)

T1 15 0.05 14 Spherical

T, 28 0.08 12 Rod/Cylinder
Ts 10t 0.2 11.4 Hollow Core/She
Ta 129 0.35 9.1 Hollow Core/Shell
Ts 153 0.5 13 Hollow Core/Shel

+ nanotubes

8.4.7. XRD

The XRD patterns of the as-prepared and calcinesbpweous TiQ@ particles are
presented in Figure 8.12. Figure 8.12a shows tiets-prepared sample is amorphous
because of the absence of any peaks. After caloimat 600C, five crystal peaks at
25.28, 37.80, 48°, 53.89, and 62.7 appeared (Figure 8.12b), which can be assigned to
diffraction from (1 0 1), (0 0 4), (2 0 0), (1 0,9nd (2 O 4) planes of anatase 7iO
respectively (JCPDS No. 21-1272, 1988)This figure shows that a pure anatase phase
could be obtained, as it has been shown that titarlkoxide, such as titanium ethoxide,

titanium isopropoxide, or titanium butoxide usualhgate anatase Ti™°
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Figure 8. 12 X-ray diffraction (XRD) patterns of (a) as-prepared TiO,, and (b) after calcination at
600°C.

8.5. Conclusions

The self-assembly and structural organization ef amphiphilic copolymer of
PMMA-b-PAA were used to synthesize different morplgees of TiQ with relatively
high surface area, via a sol-gel process in noragueolvents. The in situ IR analysis
showed the coordination of Ti precursors with PARaios that was followed by
polycondensations and formation of Ti-xo-Ti bonds. By varying the chain lengths of
PAA, the morphology of the resulting materials vedsnged from spherical to hollow

core/shell structures. Future work will be coniragl the orientation of the amphiphilic

172



polymers and consequently the arrangement of; Ti@hotubes by using liquid-liquid

interface or growing Ti@nanotubes from the surface of conductive glasstsaties.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS
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Surface functionalization of inorganic fillers witpolymer chains (through
covalent bonding) is attracting significant attentias the polymers alter the interfacial
properties of these modified particles. In addititre mechanical and thermal properties
of the matrix polymers in hybrid systems can bermupd by enhanced compatibility of
the nanoparticles with the matrix. The main chaéim dispersing nanoparticles lies in
controlling the inter-particle aggregation. It iscessary to stabilize these particles to
prevent aggregation, which is done by either grgftpolymer chains to the particle
surface or growing them from the surface. These lpolymer chains control the
nanoparticle aggregation by steric repulsion. Aapthdvantage of grafting polymer
chains is that it improves the compatibility of thatrix with the particle surface.

In this research, a comprehensive study was coeduch developing a new
method for controlling grafting of polymers frometsurface of Ti@nanoparticles using
an emerging living radical polymerization technigueversible addition fragmentation
chain-transfer (RAFT). This approach allows the synthesis of advancegnperic
substrates for use in potential applications iralgats, biomedical, and dye sensitized
solar cells.

The study of livingness of polymerization with RAFAgents was the most
important issue in this thesis which was examingidgithe analytical technique, GPC.
RAFT agents were chosen not only for their livinglynerization ability but also for
having free carboxylic groups to functionalize Ti@anoparticles. FTIR analysis, XPS,
and organic phase/water phase partitioning stugiewided the evidence of the
functionalization of n-TiQby the RAFT agent. TGA also was employed to cateulae

surface density of RAFT agent on the surface of, M@ich was important for a kinetic
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investigation. GPC results of cleaved polymer aftarious reaction times showed that
the polymerization was still living, even after RAFT agent was directly coordinated to
n-TiO,. Electron microscopy images revealed the growtthef‘grafting from” polymers
around n-TiQ, and the nanofillers were well separated andidiged in the polymer
matrix.

During solution polymerization, the effect of thencentration of RAFT agent on
the rate of polymerization of MMA was investigatedjth the experimental and
theoretical molecular weights of PMMA compared. the heterogonous phase, the
kinetics of graft polymerization of MMA from the gace of n-TiQ was studied with
two different surface densities, and it was foulmal the rate of reaction decreased with
increasing the surface density of RAFT agent aredhoo the nanoparticles. The kinetic
studies were studied usingsitu ATR-FTIR.

With supercritical carbon dioxide (sc@eing considered as a viable alternative
to organic solvents in various chemical procesesRAFT technique was examined for
grafting MMA onto the surface of functionalized k. The resulting polymers had a
linear first-order kinetic plot with the moleculaweight increasing linearly with
conversion. The polymers had a PDI of between ad?1a5, with this broadening caused
by the heterogeneous surface of the ;limanoparticlesand incomplete separation of
polymer chains from nanoparticles after cleavimgaddition, it was found that the rate of
reaction and molecular weights increased with iasireg pressure.

Further to this, amphiphilic brush copolymers of M&-b-PAA were produced
through the RAFT system and also grafted from tirectionalized TiQ nanopatrticles.

The attractive amphiphile and its precursors exéibdifferent self-assembly in solvents.
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The results showed that living polymerization ottbMA and then AA initialized in
the solution from AIBN and transferred to the fuooal groups on n-Ti@ surfaces,
which is promising to synthesize hybrid materialghwexcellent dispersion of the
nanofillers in the matrix.

For several decades, much attention has focusethieo- or macroscopic metal
oxides because of their specific chemical and @aygroperties which are distinct from
those of bulk metal oxides. Research on these gtdes is composed mainly of two
aspects, preparation and application. Applicatibmetal oxides in catalysis is regarded
as an active research field. In this study, the lapiplic copolymer of PMMA-b-PAA,
which was grafted from TiPnanoparticles, was used to produce NiO decorait®d Ay
coordination of Ni to amphiphilic diblock copolymésllowing calcination to produce
NiO/TiO,. XRD and XPS confirmed the presence of NiO. Tippraach gave higher
surface area and better metal dispersion than weotional metal technique due to the
steric stabilization of the nanopatrticles allowbwejter decoration.

The amphiphilic copolymer of PMMA-b-PAA was alsondlyesized in solution
and was used to produce mesoporous ,Ttrough a sol-gel method. Titanium
isopropoxide (TTIP) was used as a starting matanal the morphology of mesoporous
materials was studied with different chain length®AA in the diblock copolymer. This
study showed different morphologies, from sphericahollow core, can be obtained
with increasing chain length. Also the surface avea increased from15 to105/m
Recommendations

The application of the methodologies in this thesis already being utilized by

new graduate students in Charpentier’s lab studgengeral applications, however there
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is still much more work to be done in the developtef controlled “grafting from”
polymerization from surfaces. In particular, RAFTafging from surfaces offers the
advantage over other methods in that no chemicdifroation of the surface is required
to conduct this grafting. However, a significantamt of work still needs to be done to
fully realize the potential of this method, bothtlreory and in application.

Recommendations for future work include:

* In this study, the kinetics study including theeetf of pressure (in scG@ase),
the graft density of RAFT agent on the FiGurface, and the concentration of
RAFT agent in the solution polymerization were istvgated. To better
understanding this area, more kinetic investigatisimould be performed, such as
the effect of temperature, the concentration dfator (AIBN) and RAFT agents,
and investigating other cosolvents.

* The kinetic study of graft polymerization from tifienctionalized TiQ in the
presence of free RAFT agent would be interesting, grafting thicknesses can
be measured and compared.

» Different initiator should be employed to graft ywlerization and the molecular
weight and rate of reactions may be compared.

» “Grafting to” technique can be employed to synthegpolymer nanocomposites
and the rate of reaction and thicknesses of polyrhains on the nanoparticles
may be investigated.

» Although self-assembly of amphiphilic moleculesflmd media is one of the
oldest topics of colloid science, it has gone thgfowemarkable progress in the

past decade. Block copolymers containing acryliad asegments have been
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extensively investigated during the last decadeterms of the synthetic
methodologies for novel architectures, characierksilk and solution properties
related with the self-organization process and dewange of applications, with
the knowledge increasing.However, the well-controlled synthesis of complex
macromolecules, such as branched and star polymstifl a challenging subject,
and more information is required.

One main goal of this study was to create a gmftnethod which could allow
one to grow a wide range of polymers from nanoglartsurfaces. To this end,
grafting reactions should be performed from subss$rather than titania. The
successful synthesis of the Ti#dased nanocatalysts materials is encouraging to
extend this method for synthesizing other oxideostmictures, such as &) and
ZnO, which are of interest in catalysis and phottarcs.

In the last couple of decades in scientific fieltts®e use of radiation grafting
methods has been dramatically increased. Syntlégislymer nanocomposites

using y -radiation controlled graft polymerization via tRAFT technique would

be interesting.
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Appendix 1. Synthesis of 2-{[(butylsulfanyl)carbonthioyl]sulfanyl}propanoic acid
1)

Acetone (700 mL) and tetrapropylammonium bromidé&g5y, 21.0 mmol) were
added with stirring to a solution of sodium hydai(10.5 g, 0.263 mol) in water (36
mL), followed by 1-butanethiol (23.7 g, 0.263 molfter 20 min, carbon disulfide (17
mL, 21.7 g, 0.285 mol) was added and stirring wagioued for 15 min, after which 2-
bromopropanoic acid (40.14 g, 0.263 mol) was addebhe reaction was stirred
overnight, then acidified to pH<1 with 2 M hydroaht acid (100 mL). The acetone
was removed under reduced pressure and the remgamkture was extracted with ether
(400 mL). The extract was washed with water (2xhflQ, saturated sodium chloride
solution (200 mL), dried (sodium sulfate), and ewaped. The oily residue was
crystallized by the addition of ice (500 g), thestals were collected by filtration and
washed with water (5x100 mL) and then dried in euuan oven at room temperature.
The resulting impure product was redissolved ineet@@00 mL) and extracted with
saturated sodium bicarbonate (5x150 mL). The coetbafueous extracts were acidified
to pH<1 with concentrated hydrochloric acid andrasted with ether (400 mL). The
organic extract was washed with saturated sodiuloride (200 mL), dried (sodium
sulfate), and evaporated under reduced pressule rdsidue was crystallized by the
addition of ice (500 g) and the solid was collecéed washed with water (5x150 mL),
then dried in a vacuum oven to give the title commb(15, R = C4Hy) as a yellow solid
(39.0 g, 62%).

R = CH(CKCOH
| e

189



Appendix 2. Synthesis of Diethyl 2-[(Ethoxythiocarlonyl)thio]-2-methyl malonate)
(2)221

8.82 g of potassium O-ethyl dithiocarbonate, 8.8# diethyl-2 bromo-2-methyl
malonate, 0.5 g of Aliquat 336, and 55 mL of watsre combined and the yellow
mixture was stirred vigorously at 26 until yellow oil was formed on the bottom and the
agueous solution became colorless. Then 2.24 gotaspium O-ethyl dithiocarbonate
were added and stirring was continued for 20 msuiher (2x60 ml) was added and the
combined organic extracts were washed with watet3ml), dried over MgS§) and

fillered over a small layer of silica gegb cm x 1.5 cm), using ether as eluent. The

solvent was removed to give yellow oil.

S
Z/”\S/ "

Z = OEt

R = C(CH)(CO:Et),
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Appendix 3. 4-cyano-4-(dodecylsulfanylthiocarbonylsulfanyl pentanoic acid (3§°

N-Dodecylthiol (15.4 g, 76 mmol) was added ovemdi@ to a stirred suspension
of sodium hydride (60% in oil) (3.15 g, 79 mmol) diethyl ether (150 mL) at a
temperature between 5 and AD. A vigorous evolution of hydrogen was observed an
the greyish sodium hydride was transformed to thigkite slurry of sodium
thiododecylate. The reaction mixture was coole@ € and carbon disulfide (6.0 g, 79
mmol) added to provide a thick yellow precipitatesodium S-dodecyl trithiocarbonate
which was collected by filtration and used in tlexinstep without purification.

A suspension of sodium S-dodecyl trithiocarbonateq g, 0.049 mol) in diethyl
ether (100 mL) was treated by portion-wise additdrsolid iodine (6.3 g, 0.025 mol).
The reaction mixture was then stirred at room tempee for 1 h when the white sodium
iodide which settled was removed by filtration. Tyalow—brown filtrate was washed
with an aqueous solution of sodium thiosulfate gmove excess iodine and water and
dried over sodium sulfate and evaporated to leave residue of bis-
(dodecylsulfanylthiocarbonyl) disulfide (13.6 g,amitative), mp 33-38C.
1H NMR (CDCE): d 0.89, t, 6H; 1.30, br s, 36H; 1.71, m, 4H;B.0 4H.

A solution of 4,4-azobis(4-cyanopentanoic acid) (2.10 g, 0.0075 raol) the
above bis-(dodecylsulfanylthiocarbonyl) disulfid747 g, 0.005 mol) in ethyl acetate (50
mL) was heated at reflux for 18 h. After removaltbé volatiles in vacuo, the crude
product was extracted with water (5x100 mL) to affo 4-cyano-4-
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoi¢daas a pale yellow solid (3.65 g, 87%

yield), mp 58-59C, after recrystallization from hexane.
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NaH . CS -
C12H25SH e C12H25S Na > C12H25S S™"Na
Et,0, 5-10°C
S
H SCi2Hzs
lodine C12H25S/\ S/ S\/
o |
S
S
H CH;
4,4'-Azobis(4-cyanopentanoic acid)
> 012H25S/\ S——C—— CH,CH,COOH
EtOAcC, reflux ‘
CN

1H NMR (CDCE): d 0.89 (t, 3H, Ch); 1.28 (br s, 18H); 1.72 (m, 2H); 1.89 (s, 3H, {HH
2.40-2.80 (M, 4H, CHCH,); 3.38 (t, 2H, CHS).

S

Z= SCH;(CHz)]_l

R = CBCCNCHCH,COH
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Appendix 4. Calculation of the amount of RAFT agehanchored to nanoparticles

Basis: 100 g of sample (T¥3 RAFT gent)

Part A:
Based of TGA results (5.4%), we have,
Mass of Ti@ 94.6 g
Mass of RAFT agefit 5.4 g
Molecular weight of RAFT ager®is 403 g/gmol, thus:
Mole of RAFT agent/100 g of sample = 5.4 / 403 6134 mol/100 g sample
or

134 1 mol/g of sample

Part B:
Based on the BET results, we have,
Average patrticle size of Ti@anoparticles (D) = 23.2 nm
Assuming spherical shape for the particle resaults i
The volume of one nanoparticle: V = 4/3nr® = 6.54x10% cn?
The surface area of one nanoparticle: S = 41r* = 1690.9 nrh
The density of RAFT agent/n-T§Xan be assumed to be comparable with the derfsity o
n-TiO,. Thus
0= 4.26 glcm
Mass of one nanoparticle of TiO p x V=2.78x 10" g

Number of Ti@in the sample: 94.6 / (2.%810%") = 3.4x 10'®
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Total area of the sample: 1690.9 nfx (3.4 x 10'%) =5.75x 10%
Avogadro number: Ny = 6.022x 102 mol?
Therefore, the amount of RAFT agent anchored to#rparticles is:

[(134x 10%) x (6.022x 107)]/ (5.75% 10%Y) = 1.4 # RAFT agent/ nfn

The calculation is the same for the other graftsitgr{TGA results, 4.1%).
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Appendix 5. EDX spectrum of NiO/TiO, components using n-TiQ/PAA and n-

TiO2/PMMA-b-PAA

Standard:

C CaCO03 1-Jun-1999 12:00 AM
O SiO2 1-Jun-1999 12:00 AM
Ti Ti 1-Jun-1999 12:00 AM

Ni  Ni 1-Jun-1999 12:00 AM

KCts

Ti KA
15

10

OKA TiKB
1 Ni KB
() ¥ Ni L Ni KA
(+] 2 4 6 8 Kel
KCts —
15
TiKA
10
5 OKA
Ti KB
Ni L Ni KB
(@) ¥ Ni KA \
0 2 4 -1 8 KeV

Figure A. 11 EDX spectrum of NiO/TiO, components using (a) n-TIQPAA and (b) n-TiO,/PMMA-
b-PAA as a template
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Appendix 6. XPS spectrum of NiO/TiQ synthesized via template and conventional

methods
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Appendix 7. Powder XRD Analysis Conditions

Experimental parameters for Bruker D8 Discoverrdiffometer

Type of radiation Cukl+Koa2 =1.54184
A

Power 40 kV x 40 mA

Type of scan Coupled

Number of frames 3 (merged)

Beam Diameter 500 pm

20 range 7°-107 °

Number of samples analyzed 6

Angle d value Intensity Intensity
2-Theta ° Angstrom Count %
25.35 3.51 75.70 84.10
27.50 3.24 90.00 100.00
36.14 2.48 49.00 54.40
37.84 2.38 19.00 21.10
39.19 2.30 5.64 6.30
41.24 2.19 10.50 11.70
44.07 2.05 5.81 6.50
48.05 1.89 21.40 23.80
54.32 1.69 58.10 64.50
55.05 1.67 17.80 19.70
56.67 1.62 17.00 18.90
62.77 1.48 20.80 23.10
64.11 1.45 8.91 9.90
68.98 1.36 23.20 25.80
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