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ABSTRACT

A series of benzoyl peroxid®PO) derivativeswith different substituest such
as protected hydroxyl, carboxylic ester, chlorodiphenyl, carbamate and alkoxysilane
groups, at the para-posiion of the phenyl ring were synthesized via condensation
reaction with H,O, in the presence of NN édicyclohexylcarbodiimide (DCC). The
structures of BPOderivatives were characterized by'H NMR spectra. The
polymerization of vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE)
initialized bythe functionalizd BPOs was successfully conducted in acetonitrile. The
'H NMR, **F NMR spectra and GPC results revealed intact functional groups anél 1.9
functionalty degree (two ends).

The utility of the telechelic copolymers has been demonstiagddrming cross
linked fluoropolymer networks antby synthesizingwell-defined block copolymers
through atom transfer radical polymerization (ATRR)olyaddition reaction or
polycondensation reaction.

Block copolymers, comprised of conducting and ferroelectric blockse we
synthesized to determine the impact of block structures on the dielectric properties. The
octaaniline oligomer utilizesvas synthesizedia a modified literature methodnd has a
comparable conductivity to polyaniline&Subsequently, a series of dumbkskbped
triblock copolymers with octamer anilines at both ends wespaed. The polymer
weights characterized by GP@ere 59, 45, 32, 17 and 13 kg/mol, resulting in the

octaaniline concentrations ithe block copolymerof 4.8%, 6.5%, 10%, 14.8% and



)Y
18.7%% respectively. The block structuveas further corifmed by'H NMR, Uv-Vis and
FTIR analysis An Agilent multifrequency LCR metewas utilized to determine the
impact of octaanlineoncentration, doping reagensnd film preparatiomethos on the
dieledric properties of the block polymerk was found thaboth the permittivity and
dielectric loss increasewith increasing th@ctaaniline concentration ddy changing the

sequence of doping and castitng films, different percolation thresholds of ahrction

wereachieved



TABLE OF CONTENTS

LIST OF FIGURES . ... é viil

LIST OF TABLES.......oooiiti et ren e

. XE

ACKNOWLEDGMENTS ... é xii

Chapter lintroduction and Statement of Goals...........ccccoeeiiiiiiiiiiiiiii e 1

1.1 Family of Polymer Dielectric Materials..............ccoevvviiieeeeeiiiii o
I I = V7= U 0 o <SPS
1.1.2 Polyureas, Blythioureas andPolyurethanes...............ccccvvvivinees

G @4 V7=V (o] 0T 1Y 0 1= N 5
1.1.4 Liquid Crystalline POIYMELS........couuuiiiiiieieeiiiieeei e 5
1.1.5Biological POIYMEIS.......ccoiieiie e e 7
1.1.6 OpticallyAcCtiVe POIYMEIS........uuuuiiiiiie e 8

1.1.7 Disubstituted Diacetylenes..........ccccceeviiiiieeieiiiieee e e

1.1.8 Fluorinated POIYMEL.........eiiiiiiiiiiiiieiiieie ettt 10
1.2 The Structure Of PVDE........coooiiiiiiii ittt 11

1.3.1 Random and Alternating Copolymers of VDE.................cccccee 14
1.3.2 Block Copolymers of VDE.......ccccooiiiiiiiiiiiiieeeccicec e, 14
1.3.3 Graft Copolymers Of PVDF ... 18

1.3.4 The Polymer Composites of PVDF and Copolymers..............
14 Statement Of GOAIS.......uuuueuiiiieie e

RS Y (=1 (=] 4 [0 =1 TP

Chapter 2Synthesis of Telechelic Fluoropolymevith Well-defined Functional

[ a0 (o] (0T U] o J PP PPPPPPPPPPT

27

2285 I 10110 Yo [ Td 1 [0 o T 27

2.2 ExperimentaB € € ... 29.
2.2.1 MaLErI@E ... ..o oo ———————————————— 29
2.2.2 CharacCterization..........coooeiuuuiiiiiiiiiiiiiiiiii e e e e e e e e e e e aeeeeaeee e 29......
2.2.3 SYNthESIS Detil........ceeiiiiiiiiiiiiiii e 30

2.3 ReSUIB aNd DISCUSSIOML.......cciiiiiiiiiiiiiiiiiiier e e e e eeeeeaaeee e 39.
2.3.1 Structure Characterization of Functiona@réXxide.................ccc....... 39
2.3.2 Characterizabn of the Telechelic P(VDEo-CTFE) Copolymers with

Functionalized GroUPS.........eveieiiiiiiiiieieeeeieeeeeeiieeeeeeeeeee e 3L

2.3.3. Applications of the telechelic P(VD&o-CTFE) Copolymers.......... 50

2.3.3.1 Crosdinked Networks via Functional dlechelicPolymers........ 50



Vi

2.3.3.2. Bock Copolymer via ATRP Reactiamth Telechelic

,,,,,,,,,,,,,,,,,,,

2.3.3.3 BlockCopolymer via CondensatioreRctionwith Telechelic

(©0] 00 1Y/ 0 4[] PSS 54
pA L o] g (o1 [0 1] (] o 54
(R Y= (=] o7 < 55
Chapter3 Synthesis of Soluble Aminefflényl Capped Oligomer Aniline.................. 57
G 70 A [ o Yo [V Tox o] o 58
3.2 EXPErimentall @ € ..o 58
I R |V = (=] - < 58
I O o -1 - (o1 (=] (2= 1 1] o 1 60
3.2.3 SYNthESIS DEeM....uuvreeiiiiiiiiiieeeeeeeceeeeeee e 60
3.3 RESUIE ANA DISCUSSION .. .cuuiieniieiieiieeeeie e et e e eee s o s e e st essaesebsssneesnaees 65
G I ] (o [V (o] o 70
R LSy (=] =] 071 71

Chapter 4Synthesis of DumbbeBhaped Triblock Structures Containing

Ferroelectric Polymers ardligoanilines with High Dielectric Constants.....72

g R 1 0T U Tox 1 o o PSR 72

4.2 EXPErimMeEnta € € .......coooiiiiiiiiiecce et a e e e e e e e e e aaaaaas 74
o R V- (= £ T SRS 74
4.2.2 CharaCteriZatioN.........ccccieeeeeeeeiiieiieeeei i vmmmmmmmme e s 75
4.2.3 Synthesis Detail..............ooovvriiiiiiiiiiiiic e 75.....
4.24 Preparatiorof Polymer FilMS.........ciiiimeeeeeeeeeees 77

4.3 ReSUB and DISCUSSION.......ccccviiiiieeiiiiiiiiiaas e e e e e e e e e e eeeeeeeeeeeeeaaana e s e s e eeeeeeeeeeeeees 78
4.3.1 Characterization of Structure.............ccccceeviicvceceeeiii i eeeeeeeeennad 8
4.3.2 Characterization of Dielectric Properties...........cccccvvveeriiiiiieeiiinennnnn. 87

N R o] [od [V 1] o] o 91

] (=] (=] [0 92

Chapter 5 Conclusion and FUture WOIK ...........cccouiiiiiiiiiiiieeiccceee e 95
5.1 CONCIUSION......cciiiiiiiieee et e e e e e e e e e e e e e e e e e e e ata it e e e e eeaaeeeeeesnnnns 95

5.2 FUIUIE WOTK. e e e e e, Q........ 9



Vil

LIST OF FIGURES

Figure 1.1 All-trans conformation of nylons: (a) evaglon (b) oddnylon. 2
Arrows indicate the dipole directions

Figure 1.2 The hydrogerbonded sheet structure of edglon 3

Figure 1.3 Temperature dependence of piezoelectric stress coeffigient e 3
of (a) nylon11/PVDF bilaminate, (b) PVDF films, (c) nylon

Figure 1.4 Molecular structure of (a) aromatic polyurea; (b) aromatic polythiourea
Figure 1.5 Pyroelectric coefficient as a function of MDI and MDA composition 5

Figure 1.6 Principle of operation of the surfastabilized ferroelectric 6
liquid-crystalline light valve

Figure 1.7 Magnetic orentation of PBLG 7
Figure 1.8 Shear piezoelectricity of poll-lactic acid 9
Figure 1.9 Scheme of the solidtate polymerizatioof diacetylene crystals 10

with side groups R1 and R2

Figure 1.10Crystal structures of PVDF 12
Figure 1.11Molecular structures of PVDF 12
Figure 1.12The interrelations between the four phases of PVDF 13
Figure 113 Potential energy of the altansand TGTG conformations vs. 13

HHTT concentration
Figure 1.14The mechanism of iodine transfer polymerization 15

Figure 1.150 , -diiwdofluoroalkanes as precursors of fluorinated telechelics 17

Figure 1.16 The synthesis of telechgdrecursors (a) Bromidending 16
(b) chlorineending

Figure 1.17The synhesis of P (VDFco-CTFE)g-PVDF 18

Figure 1.18The synthesis of PVDE-Poly (acrylic acid) 18

Figurel.19D ependence of t he geofthedNcvolinee coB0duct i v i
fraction i, measure at room temperature and 100Hz



viii
Figure 1.20Frequency dependencéo (a) K and OBdomposien @0 of t h
films containing Ag@C partles

Figure 1.21Strain amplitude as a function of the field amplitude applied 21
measured at room temperature for composites with 12.7% (circle)
and 23% of ANl (triangle)

Figure 1.22Dielectric constant and Loss as a functodrirequency at room 21
temperature for composites

Figure 2.1 Synthesis ofi-tert-butoxycarbonyloxypenzoyl peroxide 30
Figure 2.2 Synthesis of 4ert-butoxycarbonylamintenzoyl peroxide 31
Figure 2.3 Synthesis of terbutyl ester benzoyl peroxide 32
Figure 2.4 Synthesis of 4chloro(phenyl)methyl)benzoic peroxide 33
Figure 2.5 Synthesis of 4chloromehyl)benzoic peroxide 35
Figure 2.6 Sythesis of [(tetrahydropyra2ryloxy)methyl] benzoigeroxide 35
Figure 2.7 Synthesis of 4triethoxysilyl)benzoic peroxide 37

Figure 2.8 *H NMR spectrum of 4(tert-Butoxylcarbonyl)oxy] benzoyl peroxide 39

Figure 2.9 H NMR spectrum of 4(tert-Butoxylcarbonyl)amino] benzoyl peroxidel0

Figure 2.10'H NMR spectrum of terbutyl ester benzoyl peroxide 40

Figure 2.11'H NMR spectrum of 4(Tetrahydropyrar2-yloxy) methyl] benzoic 41
peroxide

Figure 2.12'H NMR spectrum 4triethoxysilyl)benzoyl peroxide 41

Figure 2.13'H NMR spectum of P (VDFco-CTFE) withtert-butyl ester as 45

terminal groups

Figure 2.14'H NMR spectrum of P(VDo-CTFE) with carboxylic acid as 46
terminal groups

Figure 215 *H NMR spectrum of P(VDfo-CTFE) containing amino engfoups 46

Figure 216 'H NMR spectrum of P(VDfo-CTFE) containing amine end groups 47



Figure 217 *H NMR spectrum of P(VDfo-CTFE) containing 47
4-Tetrahydropyras2-yloxy) methyl end groups

Figure 218 *H NMR spectrum of P(VDfeo-CTFE) containing hydroxymethyl 48
ending groups

Figure 219 *H NMR spectrum of P(VDfo-CTFE) containingsilyl ending groups 48

Figure 2.20 Typical **F NMR spectrum of P(VD&o-CTFE) with functionalized 49
groups

Figure 2.21FTIR spectra in the region from 1450 to 1750"cmf the cast films of 51
amineterminated P(VDFeo-CTFE) and 1 wt% trimesic at{a) before
and (b) after heating

Figure 2.22DSC of the amingéerminatedP (VDFco-CTFE) copolymer fin 51
(a) before and (b) after crogimking

Figure 2.23'H-NMR spectrum of triblock copolymer PASPVDF-b-PS 52

Figure 2.24'H-NMR spectrum of triblock copolymer PDMAEMA-PVDFb- 53
PDMAEMA

Figure 2.25GPC profiles of the phenylmethyl chloriderminated P{DF-HFP) 53
and the triblock copolymer R&P (VDFHFP)}b-PS

Figure 3.1 General synthesis route of oligomer aniline 59
Figure 3.2 Synthesisi route afligomer aniline 60

Figure 3.3 *H NMR of tetramer 2

Figure 3.4 *H NMR of tetramer amine 4 67
Figure 3.5 'H NMR of hexamer amine 7 67
Figure 3.6 *H NMR of octamer amine 8 68
Figure 3.7 Uv-Vis spectra of octamer amine 8 (bold lineflaeprotected 68

octamer amine in EB state (dash line). The concentration of the
solution is 0.36 mmol/L for each sample

Figure 38 FTIR spectra of octamer amine 8 (bold line)daateprotected octamer 69
amine in EB state (dash line)

66



Figure 4.1 Synthesis route of the P(VDETFE) based block structures with 81
octaaniline at chain ends

Figure 4.2'H NMR spectrum oPolymer 3 82
Figure 4.3'H NMR spectrum of Polymer 4 82
Figure 4.4'H NMR spectrum of Polymer 5 83

Figure 4.5'H NMR spectrum of Polymer 6
Figure 4.6 FTIR spectra of all polymers 85
Figure 4.7 Uv-vis spectra of all polymers 85

Figure 4.8GPC curveof Polymer 5 (black line) anddB/mer 2 (red line); bold line 86
represent the resulsingrefractive index detector, dash line represents
theresult using Uv/Vis detector at 600 nm wavelength

Figure 4.9DSC of Polymer 2 anddlymer 5 87

Figure 4.10Dielectric permittivity ofcopolymers as a function of frequency 88
measured at room temperaturehnaictaaniline concentration 419%

Figure 4.11Dielectric loss and permittivity of block copolymer as a function of 89
octaaniline concentratiofMeasuredat 1 K Hz and room temperature.
The copolymer was doped with camphor sulphonic acid before
casting the film)

Figure 4.12Dielectric loss and permittivity of block copolymer as a function of 89
octaaniline concentratiodMgasured at 1 K Hz alhroom temperature. The
copolymerwas doped with camphor sulphonic acid after casting the film)



LIST OF TABLES

Table 1.1 Shear piezoelectricity of biopolymers
Table 1.2 The piezokectric constants for three optically active polymers
Table 1.3Reactivity ratios of VDF with various monomers

Table 2.1 The rate constants and haifds of the functional peroxides

Xi

15

42



Xii

ACKNOWLEDGEMENTS

Although | have spent much more than | expected to finish this thesis, there are
still some people, who should be mentioned and without whom | could not finish this
hard job at all.

Firstly, | want to thanlDor. James runt and Dr. Ronald Hedden. They spent their
precious time to read my thesis and pointed out mistakes. They gave me many useful
suggestions that are also good to my future.

Then | want to thank Dr. Qing Wang for his financial support and therot
group members for help, especial Dr. Jason Claude for teaching me how to characterize
dielectric properties.

Thank you to Greg hogshead for his careful reading and English grammar
correction of my thesis. He did this word by word, even for the listsoafents and
figures. | do appreciate this.

Thank you also to my friend, Jingguo Zhang. His encouraging changed my life.

My last thanks are saved for my wife, my sister and my parents. Their fully
understanding and unconditional support to whatewerose gives me the strength to
finish this thesis.

To my daughter, Shirley.



Chapter 1

Introduction and Statement of Goals

1.1 Family of Polymer Dielectric Materials

Polymer dielectric materialare more attractive over their inorganic
countepartsdue to theirunique propertieswhich such as light weight, larggrain
without structure fatigue, ea®f processingnto large area and flexible shapes, and
low acoustic impedance in water and[&4H6] The investigationof ferroelectricityin
polymers can be traced back as early as 1919 by EfJdBguchiprepared electrets
from mixtures of beeswax and rosindaproduced the macroscopic separation of
charge by poling. Thereafter, Bri#h in 1924 reported the piezsectrification in
ebonite, glas, sealing wax, rubberMartin et al[9] (1941, Bazhenov and
Konstantinovfl0] (1950 and Fukadd11, 12] (1955, 1957)discovered the shear
piezoelectricity of biopolyrars such as wood, bone and human hair. Nevertheless,
polymers werenot found of any application interest ferroelectric area until 1969
and 1971 wherKiwai[13] and Bergmaji4] found that ply (vinylidene fluoride)
(PVDF) homopolymer exhilketd significant piezoelectricity rad pyroelectricity
respectively. Extensive studies dhe relationship of structilseand properties of
ferroelectric polymers have been triggered ever since. So far, polymers which have
been found to possess piezoelectricity or pyroelectricity include: (1) polysini&je

polyureas, polythioureas or polytinenes; (3) optically active polymers; (4)



cyanopolymers; (5) disubstituted diacetylenes; (6) liquid crystalline polymers; (7)

biological polymers; (8) fluoropolymers

1.1.1 Polyamides

The basic structure @ polyamide (nylon) is shown in FigurellWhen the
number of carbon atoms betwettie amide bonds is even, the polar directiohthe
amide groupsare antiparallel and the dipoles cancdlhus, o ferroelectricity is
observed irthese evemylons. When the number of carbon atoms betwieramide
bonds is odd, the polar direct®af the amide groups aprallel. Consequently, this

type of nylon may acquire the residual polarization after poling.

o) H H H
N /NT\H/\/\/N
%Hw\ﬁ h : b
@

2 (b)
Figure 1.1 All-trans conformation of nylons: (a) evemylon (b) ald-nylon.

Arrows indicate the dipole directions.

The hydrogerbonding in odehylon betweeramides helps to establisha
planar sheet structure and akghe dipoles in the same directiarhich gives rise to
a large dipole moment and spontaneous polaamatDuring poling, the amide

dipoles rotate withthe electric field (Figuré.2)[15] Oddnylon crystallizes in at



least three stable phases and two metastable pgidsEse ferroelectricity of nylon

film is derived from one of the metastable plsase§2, 16-18]. It is believed that
annealing the sample will decrease the dielectric constant and greatly increase the
coercive field ofthe ferroeledric hysteresis loop due ttess rotating space for
hydrogen bong19]. The piezoelectricity of oddylon is inferior to that bPVDF at

room temperature, but above the glass transition temperature the piezoelectricity
increases to be higher than that of PVDFeS8al [20] reportedthatthe bilaminate of

PVDF and nyloAll shows enhanced piezoelectricity at both low and high

temperature compared tioetwo homopolymers (Figurg.3).

LAD® rotation of

each chains

- I L i
=150 -ip0 -BO 1] B 1ot 160
Temperaiur: =3

Figure 1.3 Temperature dependence of piezoelectric stress coeffigient e

(a) nylon11/PVDF bilaminate, (b) PVDF films, (c) nyld20]



1.1.2 Polyureas, Polythioureas and Blyurethanes

H H H H H H
o H o} H

n

(@

H H H H H H

fAO- O OO,

S H S H n
(b)

Figure 1.4 Molecular structure of (a) aromatic polyurea; (b) aromatic

polythiourea.

Polyurea is a hard resin ans insoluble in most organic solvents. €rh
aromatic polyurea thin film si synthesized by directly vapor deposition
polymerization of the monomers. Warngt al [21] showed that the lagest
pyroelectric coefficient fothe film occurred when there washalanced composition
of 4,4diphenylmethane diisocyanate (MDI) and -djaminodiphenylmethane
(MDA) (Figure 15). The merit of this amatic polyurea film is the dielectric
constant varies little until 200C. The piezoelectric and pyroelectric properties of
polyurea and polythiourea derive from the high dipole moment, 4.9 Ehéourea
bond and 5.4 D fothe thiourea bond. As mentionepreviously for polyamide
compounds, hydrogen bonds in polyurea also help to orient the dipole moments and

form the planar structureOnce againpnly polyureas or polythioureas witm odd



number of carbon atoms (the case of aliphatic compounds) betwehe two urea

bonds or thiourea bonds exhihiigh piezoelectridy and pyroelectrity. The dipole

moment of the urethane groupaiproximately2.8 D. The smaller dipole moment in

polyurethane leads to weaker hydrogen bonding and smaller pyroele¢ir@jity

:”E .\—ﬂ)/\ li-s?—l- N B-.IEH(C;I__ ' _.\ﬂ)l l;:h ]
[ Pt
¥ O
! b 9 |
[ Te(MDA)=100°C /

»
l‘ |
i l
/ \,\'\ |
H
’ ”" -

i _ |
| e PN P N

0 63 70 7? o 80
Evaporation temperature of MDI (°C)

2
p, (10°C/m*K)
e
~—C
o~

Figure 1.5Pyroelectric coefficient as a function ofMand MDA compositiorj21]

1.1.3 Cyanopolymers

The copolymers of acrylonitrile, vinylidene cyanide and other mmare are
amorphous cyanopolymers which exhibit piezoelectricity. The orientatitimed@N
di pol e ( € = 3. bis th2)origia foftite piezoplectridityf8]g Among
cyanocopolymers, Polwifiylidene cyanide-co- vinyl acetate) P(VDCN-VAC)) is
mo s t i nteresting due to the highest
amorphous polymer The acoustic impedand lower for P P(VDCN-VAc) than

PVDF, whichmakest a candidate foultrasonic crack detect@applicationg22]

report



1.1.4 Liquid Crystalline P olymers

In1975, Meyeret al. [23] showed by symmetry arguments that chiral
smectic C liquid crystals would be ferroelectric. In 1980, Clark and Lagef24lI
demonstrated that it is possible to develop a fast switching elsgotical device
using ferroelectric liquid crystals. The principle of operation of their device is
illustrated in Figure 1.6. The cell, represented schematically in (a), is placed between
crossed polarizers and the incident light propagates parallel to the direction of the
applied field. If the plane of the polarization of the incident light is partdiehe
vector,no light is transmitted If the direction of the applied field is reversed, thereby
changing the orientation of the molecules, as indicated in (b), the birefringence of the
cell changes the polarization of the incident light, allowing stmnbe transmitted
through the second polarizer. [27] The first polymer with chiral smecthadse

liquid crystalline side chaswas synthesized by Shibaetal.[25, 26]

z 2
n 4
e [

v
P APPLIED RMIELD =

177 14 Lm-?—; =~
Jljgli_ ' o) \k\—-\'\_—\\‘
iz < DA%

(a) (h)

—

Figure 1.6 Principle of operation of the surfastabilized ferroelectric liquid

crystalline light valve[27]



The remnant polarizations of e polymers are still low comparemPVDF but

they appear to bienprovingas more molecules are synthesized.

1.1.5 Biological Polymers

Various biologcal materials such agroteins, polysaccharides, polynucleotides
(including DNA), enzymes, bone wdowool and hair have been provém be
piezoelectric materialor electrets. Fukadd 1] provided experimental verification of
both direct and inversghear piezoelectric effects. Fukasleggested that the uniaxial
orientation of crystallites inpolymers under mechamik stress isthe origin of
piezoelectricity. This can be explained the shear piezoelectric constaritbeing
finite ard equal (14 = dbs) while the other components are zero, according to a
symmetry Db for t he uni axially oriented
constants of some biopolymeagegiven in table 1.1[4]

Recently, a polypeptide with a helical molecular structure ddlgreyl-
Lglutamate (PBLG) had been found to orient the molecules under magnetic field
(Figure 1.7).[28] The dependence on the magnetic field of the shear piezoelectric
constant for such magnetically oriented PBLG films shows the vallie,gfis 26
pC/N in amagnetic field of 10 Tesla, which is the highest value ever reported for the

shear piezoeltric constant in helical polymers.
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T w1 7
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Figure 1.7 Magnetic orientation of PBLE8].

—dq4 (pC/N)

Polysaccharides
Cellulose

wood 0.1

ramie 0.2
Chitin

crab shell 0.2

lobster apodeme {demineralized) 1.5
Amylosa

starch 2.0
Proteins
Collagen

bone 0.2

tendon 2.0

skin 0.2
Keratin

wool 0.1

horn 1.8
Fibrin

elongated films of fibrinogen-thrombin clot 0.2

Deoxyribonucleic acids
salmon DA {at —100°C) 0.07

Quartz Crystal dyy = 2.2pC /N

Table 1.1 Shear piezoelectricity of biopolyme#.

1.1.6 Optically Active Polymers
It is believed that the internal rotation of poléoraic groups associated with
asymmetric carbon atoms in optically active polymers leads to shear piezoelectricity

of optically active polymetsTable 1.2 givethe piezoelectric propeiesfor different



optically active polymes As with biopolymers, optially active polymes
demonstrateshear piezoelectricitywhen subjected to anechaical stress. One

optically polymer that has beesxtensively studieds poly-L-lactic acid (PLLA)

(Figure 1.8). Fukad429] reported the large shear piezoelectric constant of PLLA,

ew= - 20 mC/nf. Taska et al[30] studied the dielectrih y st er esi s at 120
1 3 0 leotB of which areabove the crystallization temperatwfePLLA, respectively.
Therennant pol ari z ® m6/m iskarge at ha830@€ @120 eC,
47 mC/nf. They explained the result by the reason that at higher temperature, the
rotation of dipole becomes easidt.is found that PLLA shows not only shear
piezoelectricity but alsaxhibits the piezoelectricity by dipole ration similar to

PVDF.

1069, Furukawa and Fu 1 | | d=0.1pC/N
- e=0.2 mC/m*
e=19gg

Polypropylene axide CHs H ) T, = —60°C At —100°C
c=12 GN_.-"L]L""

1084, Ando and Fukada [13] | | d=1.3 pC/N
e=4 mC/m?
£=23¢0

Poly- 3-hydroxybutyrate CHs H J T, =20°C At 0°C
c=45 C-!N_,-"m'—"

1991, Fukada [14] | d =10 pC/N
e=18 mC/m*
e=3.5ep

¢ =2 GN/m?2

Poly-lactic arcid CHg ) T, =85°C At 50°C

Table 1.2 The piezoelectric constants for three optically active polyfdgrs
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(b) f—_&\ /H 0 \

wt ; |I__.,I: {..,__U_I‘l

\ CH, :'"T,

Pieroelectric Comstant
=y g (pC M)

L] 1 1 k) 4 £ [
Draw Ratio of PLLA

Figure 1.8 Shear piezoelectricity of poly-lactic acid[29].

1.1.7 Disubstituted Diacetylenes
Diacetylens Ri—=—"=—"R , are special in that they form

macroscopic monomer single crystals, which can be directly converted into

macroscopic polymer single crystals by means of a-stéite polymerizatiof81, 32]

It is assumed that this reaction is accompanied by a crankshaft type of motion of the

monomer molecule arount$ centre of mass (Figure9d). A pyroelectric coefficients

Of Pexp = 1. 2 % f@ /1-m(2,4-dinitrophenoxy)6-(4-methyk2-nitrophenoxy2, 4

hexaiyne has been reported. The pyroelectric coefficient is much smaller than that of

PVDF, however its superior thermal stability enables application in infrared

detection[33]
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Figure 1.9 Scheme of the solidtate polymerization of diacetylene crystals

with side grops R1 and RZ34]

1.1.8 Fluorinated Polymer
The fluorinated polymerdiscused in this thesis mainly includes poly
vinyldienefluorde (PVDF) andcopolymes of PVDF with other fluorinated

monomers. In the rest of this chapter, it will be discussed in detalil.

1.2  The Sructure of PVDF

PVDF is a semicrystalline polymer. The dipole moment of the VDF monomer
unit is about 2L D. The density ofhe dipole moment is N = 1.9 x¥bcm?® for - b
PVDF. This results in a macroscopic polarization of 130 nf@ém100% alignment
of all dipoles along the chain. Thus the measured polarization of PVDF film of 65
mC/n? means 50% crystallinity of the polymi& Not until recently, was the

polymorphic stucture of PVDF homopolymer clarified. A perfeeVDF structure



12

would have albf the carbon atomthat werebonded to hydrogen atoms only connect

with carbon atomshat werebonded to fluorine atoms, which cslled heado-tail

(HT). During synthesis, aertain fraction of the defects, hesdhead(HH) and tait

to-tail (TT), camat be avoided. In fact, it is tee defects that render PVDioth
piezoelectricand pyroelectric Generally, it is believed that there are at least four

crystalline phasethatexi st i n PVDF: U phase, b phase, ¢
1.10 shows the conformations taken in those four phases. The molecular structures

are showed in Figure 1.11. theU phase (phase 11), t he mol e
trans-gauch(TG TG) and n oneunit cell, there are two repeat unifhe two dipole

moments point iropposite directiog They cancel &h other out, resulting iazero

netdipole moment for each unit celind makingdd p hmelea ra. b pikase (Ph
the most polar phase in PVDRdthe molecular comjurationis all-trans. The dipole

moments are alignedinh e b p h a sthe stroageat dipole magnent per unit

cel I . The o0 phase (phase 111)taedblpphaese
They adoptTgGTgG_ and TGTG conformatiors, respectively. The transformat®n

among the four conformatiorere depicted in Figure 1.1[85] It has been proved

proved that at low defect concentration the TGTG conformaticdhe most stable

phasewhile at high defect concentration the-mdins conformatioms themost stable.

The crossover point was predictedo occur at a defect coantration of

approximatelyl1%(Figure 1.13)36]



Figure 1.10 Crystal structures of PVDIF37]
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1.3 The Copolymers of PVDF

VDF can be easily polymerized by photochemicegefradical, thermal, and
redox initiators. Tributylboraneoxygen and ZiegleNatta system have also
successfully initialized the polymerization of V)] Homopolymes of vinylidene
fluoride (VDF) haveproven to be advangaousin manyareasincluding paints and
coatings, high performance membrage surfactants fire fighting agents,
loudspeakers, hydrophom@nd pyroelectric sensof39] with new applications in

mind, copolymer of PVDF are currently being investigated

1.3.1 Random and Alternating Copolymers of VDF

Table 1.3 shows the reivity ratios betweenVDF and variousmonomers
synthesized via freeadical polymerization. As aforementioned, the addition of a
small amount of comonometuring VDF polymerizationgeneratesiefects which
favor a polar crystal phase[40] The random copolymers of VDF and HFP
(hexafluoro propene), TrFE (trifluoro ethylene) or TFE (tetrafluoro ethylene) are of
particdar interest due to their high ferroelectricity relative to the PVDF

homopolymejd0, 41] Alternating opolymers of VDF have beesynthesized with

hexafl uoroi sobutyl ene (HFI B) , Met hyl trif

(trifuloromethyl) acrylic acid (TFMAA)[41]
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1.3.2 Block Copolymers of VDF

The sensitivityof VDF to basehinders the application afommon methods to
synthesize block copolyn&e.g. anionic plymerizatior). Takemoto, et d42]
prepared the block copolymer by, -diidoperfluoroalkane (IR). The mechanism is

displayedn Figure 1.14.

IRpI + aVDF+bHFP —» 1[.:’;::&;x .:H?F:-&— R_:-‘E["«D?]x I:HFP}J I
Y], 3

z
1

+ £ s IV )] W (HFF B (V
1 ¢ VDF I._"-.'Dl'-_,u ’r__ DF}K (HF| ]:L F 31:%.]‘.1

e

Figure 1.14 The mechanism of iodine transfer polymerization.

Monomer B P ry rifg I1fra

H.C=CH, 0.0% 84 a2 20.00
HyC=CHOCTOCH, — 0,40 1.67 —0.67 ~15
.50 20 1.00 140
HC=C(CF )00 H 3% 0 ) 3,003
FCH=CH o017 JI1-5%  OTI-004 588
0,20-043 1 19 DI6-ZI1  233-500
H,O=CFCF,0R, 0.38 241 noz 2.63
F,C=CFH 0.70 0,50 0.35 b.43
k., C=CHCF, an 0.06 0.54 0.1
P =CHCFys 128 (TL:1] 50 008
CFCI=CF, .73 074 .55 1.37
0T 052 009 588
CFBr=CF, 0.43 146 063 133
CF.=CF; 0231 373 036 4.35
0.32 0.28 0.0 313
CF,-CF=CF; 610 (V] a 0.15
244 0 0 0.40
200 013 0.35 0.34
F.C~CFOCF, 340 ) ) 0.29
F.C=CFOCFs 115 0 0 0.86
[ = CFO HEMOC R, 80.F 057 0.7 004 175
CF;=CFCH,OH .83 0.1l 0.09 102
CF,=CFICH,),Br 01,96 0,09 0 L0
CF - CFICH, 1, OMe 0.17 326 059 5.56
Fo = CFICH ) SAe .60 o4 0.2s 4.01
CF,=CECO,CH, 0.30 0 0 333
FoC=C(CF C0F 7460 002 015 013
F.C=C{CF)0C0OC,Hy 077 oLl 0.05 1.30

Table 1.3 Reactivity ratios of VDF with various monomg@&9]
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This reaction is called controlled (or psetldang) iodine transfer polymerization.
The resulting diiodofluoroalkanes care transformedinto telechelic fluorinated
polymers through variousoutes(Figure 1.5). The block copolymarcomposed of
VDF and HFP whichare deemethermoplastic elastom&rand havéeen marketed
by Daikin Company.

Another route to synthesize blockapolymes involvesthe synthesis ofa
telechelic precursor followed by atom transfer radicdymperization (ATRP). Figure

1.15shows two exampteof the synthesis of teledieepolymers.

BiCF,CF;Br - nVDF _ Poromde o R (VDF)y Br
(a)
- g
Cl;C-H + aVDF = CLC-(VDF),-H
k1

(b)
Figure 1.15 The synthesis of telechelic precursofa) Bromideending [43] (b)

chlorineending[44].

Utilization of functionalized telecheli¢ fluorinated polymes via
condensation reactisij45] providean alternative path to achieve wd#finedblock
structures.However there arefew repors of VDF block copolymers synthesized
through condensatiaactions In our lab, we have developedrgethod to synthesize
a series of functionalized P(VDEo-CTFE) copolymers, which will be discussed in
Chapter 2. Tirough condensation reactsnvell-defined block stratures arefacilely

prepared which will be discussed in Chapter 4.
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Figure 1.16 U, -diiwdofluoroalkanes as precursors of fluorinated telechelics[39].
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1.3.3 Graft Copolymers of PVDF
Graft copolymers of VDF can be synthesized by either introducing functional
monomes during polymerization oby posttreating the preformed polyme€entral

Glass Company reported the synthesis of one elastomeric grafigr[46]

i K45,0
LVDF = m CTFE + _:HgCi[-.[.-.g—OiO—DT.Eu %ﬁ %Dr;.#cpz]T:CHr:im%
3 g

=0

C

Q

é'l'_:l-'l'.
o O —_— — —_—

7 + gVDF = polyiVDF-co-CTFE)-g-PVDF

Figure 1.17 The synthesis of P (VBEo-CTFE)g-PVDF.

Ying et al. [47] synthesized PVDIg-Poly (acrylic acid) bya reversible
addition fragmentation
chain transfer (RAFT) reaction witan ozonepretreated PVDF membrandhe
polymer they obtainedexhibits excellent morphology and drug permeability

compared t@olymers synthesized via conventional process

O- §

5
& 5
<, c:}
PVDF Main Chain cH, @ s
O—OH , B4 C,s—é:u—@ KX
Vi L ‘Living® AAc
(CTA) !
O; Pretreatment 0—0H @ ;\/g Polymer Side

A A o Lo [ Chain

60°C, 18 h in DMF ,.42.—-,_

Figure 1.18 The synthesis of PVDg-Poly (acrylic acid).
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1.4 The Polymer Composites of PVDF and Gpolymers

Polymer composite especidly nanocompositg are the most promising
alternative to conventional ceramic materials and polymer mistefiaeadvange of
a polymeric composite is it blends the polymeric propertiefe.g. mechanul
flexibility, light weight, low cost and large straiwith the favorableelectroactive
properties of ceramscor other fillers to afforda viable alternative in piezoelectric
ard pyroelectric applicationgl8] It is believedthat the interfacial area plays a key
role in the enhancemenf not only the dielectric constant, but aldw breakdown
field andthe electrostriction of polymer nanocomposi{éS-51] The connectivity
way of the phases in compositesaisother very important parameter. lc@nmposite
each phase may be spatially sgdhnected in one, two,rdhree dimensions. In a
diphasic system, therereaten possible connectivitie®-8, 1-3 and 33). In this
nomenclature, théirst number representhe connectivity ofthe filler and second
gives the connectivity of the matrix

One ofthecommonly usedillers isaceramic witha high dielectric constant.

Upon addition of Pb(Mg1l/3Nb2/3)O3PbTiO3 (PMNPT) to irradiaded P (VDF
TrFE), dielectric constant as high as 2%@as obtained[52] Metal is another
candidate as filler. Danggt al. [53] mixed metal nickel particles with PVDF. The
compoge they obtained éxbits high dielectric constantioweverthe losswasalso
high (over 10% athe percolation threshold). Recently, the same grmgprporaed
silver particles coated with organic dielectric materials (Ag@@) the PVDF
matrix. [54] The organic shell incread¢he compatibilitybetween the polymer and

filler and decreasedhe dielectric loss (~ 4%)without negatively affecting the

20
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dielectric constantNon-fluorinated polymes are also viableandidate to tune the
properties of PVDF. Poly (methyl methacrylate) PMMA was incorporatew the

PVDF to improve the modulusf the membrang55] Huanget al, [56] combined

500

400

300

eff

20071

1001

Figure 1.19Dependence of t he ed theN volumeefracckoonduct i v

fni, measure at room temperature and 10058
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Figure 1.20 Frequency dependemaf (a) K and (DF)conpasite U of

films containing Ag@C particles

conductive polyaniline particles with poly (vinylidene fluoriddrifluoroethylenei
chlorotrifluoroethylene) terpolymematrices These samples exhibited high strain
(1.5%)when subjected to a field 85 MV (Figure 1.21)The dielectric constant (at
1 k Hz) ofa composite with 23% polyaniline se to over 1000, while the lossas

below 0.3 (Figure 1.22.).
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1.4. Statement of Gals
Although PVDF homopolymes have already demonstratéteir value, there

is a great need fdhe development of new materials dueth®ir potential in more

advanced applications. Telechelic polymeare promising materials for the

applications The literature procedures to produce telechelic fluoropolymers are very
sparse.As mentioned in section 1.3.2, diiodofluoroalkaaesone optionHowever
most of the diiodofluoropolymers wdh can be easily manifated areonly telomers.

Transformatios of long chain or high molecular weight diiodofluoroalkanes into

fluoroalkaneswith other functional groups encountg@roblems such as limited

reactantand unfavorableconversionrate Therefore, the goal of this wo is to
explore and develop a direct method to synthesize new FBA3Ed materials with
well-defined reactive functional end groups and variable molecular weighd, an
explore the application of tee novel telechelic copolymerso this end this work
canbe divided into the following categories:

1. Synthesis of the telechelic fluoropolymers containing \defined reactive
functional end groups such as hydroxyl, carboxylic acid, phenol,
chlorodiphenyl, amine and silane group.

2. Utilization of the preparedunctionalized fluoropolymers to produce different
structures including block copolymes, graftcopolymes, well-crosslinked
structurs, and nanocomposites with high thermal 8igb and uniform
dispersion

3. In addition the literature methofbr the preparatin of oligomer anilinewhich

can dissolve in methanol and chlorofonmvas modified and an easier synthesis

24
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route wasdevised This type of oligomer aniline has been usedreate novel

functionalized fluoropolymenanocomposites
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Chapter 2

Synthesis of Telechelic Fluoropolymers with Weltlefined Functional Endgroups

2.1 Introduction

Fluoropolymers, exhibit many interesting properties such as unique piezaeelectri
and pyroelectric properties, high thermal stability, and excellent chemical resistance.
However,their low surface energy ankde coefficient of frictionhavelimited their
applications, particuldy those in which surface adsien and miscibility withother
functional components arequired [1] Thus, a number of synthetic methods haven
been developed to enhance their compatiblity by incorporating functional groups into
fluoropolymer chains[2-5] Telechelic structures in which functional groups are
introduced atthe polymer chain endsare of great interest. This chand
functionalization approach would keep the main chain structures of fluoropolymers
intact and thuslargely preserve their distingpbhysical properties. Telechelic
structures havealso been used as building blocks to construct complex
macromolecular architectures and composites with predetermined compositions and
structureg6-9] Unfortunately, literature procedures to produce telechelic
fluoropolymers are very sparse. As mentobria Chapter 1, current synthetic
methods do not allow for polymerization of VDF by living anionic/cationic
polymerization [5] or pseudliving radical polymerization [10,11]which are

commonly adopted in cha®end functionalization of hydrocarbon polyraer Many
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studies utilize transfer agents in telomerization to generate low molecular mass
fluorinated telomers with halogen endgroups. [5, 12, 13] For example, iodine transfer
polymerization has been developed to prepare ie@dimainated fluoropolymer$14]

The drawback of this method is thhe terminal iodine groups caot be transformed

into other reactive functional groups facilely for diipgofluoropolymerwith high
molecule weight.

It has been suggested that the termination in radical polyatiemn of
fluorinated alkenes proceeds predominately through the radical coupling reaction.
[15] Hence, one would expect a fluoropolymer to possess functional groups at both
termini when obtained frora polymerization reaction where the initiator carrike t
desirable functional groups. Amedet al. examined the use of hydrogen peroxide
as an initiator to prepare VDF/HFP (vinylidene fluoride/ hexafluoropropene)
elastomers containingydroxyl terminal groups. [16However, the final product
contains not oly hydroxyl terminal groups but also a substantial amount of
carboxylic acids, as well as unsaturated bonds fiteenside reactiongAt 3M, Rice
and Sandberg[17, 18prepared low molecular weight VDF/HFP elastomers
containing two ester terminal groups lging a diester peroxide initiator. The
average functionality of the resulting telechelic VDF/HFP elastomer was not
reported.

Traditional method to synthesize peroxidevia the condensation of acid
chloride and sodium peroxide haveen successfully demsimated. Neverthelesthe
drawback which limits the application tfis method is the difficulty isynthesizing

the acid chloride compound. For instance, the reaction condiiomtoo harsh for

3C



31

sensitive groupscluding carbamate groypo survive theprocess. In this chapter, as
shown inthe Experimental Section a series of BPO based functional initiators were
readily prepared througlhhmodified method [19], thenvolving condensatiomeaction

of benzoic acidpossessig differentfunctional groug, with H,O- in the presence of
N, N é&icyclohexylcarbodiimide (DCC). The condit®mare sufficientlymild for
sersitive functional groups andan be appliedvidely to the synthesis of peroxide
with other functonal groups. Initialized by tlse peroxide iriators, PVDFbased
copolymers containing wetlefinedreactive functional end groups such as hydroxyl,
carboxylic acid, chlorodiphehyamine and alkoxysilanbave been synthesized. On
this basis, some possible applications of the -defined telechelicopolymersare

demonstrated.

2.2 Experimental
2.2.1 Materials.

Unless otherwise noted, all solvents and reagents were purchased from VWR
and Aldrich and used as received. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl under nitrogafinylidene fluoride and chlorotrifluoroethylene

were purchased from SynQuest Laboratory Inc..

2.2.2 Characterization.
'H and'*F NMR spectra were recordemh a Bruker AM300 spectrometer
The molecular weights of the polymers were characterized avitfiiscotek gel

permeation chromatography (GPC) system equipped with light scattering, refractive
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index, UV/vis and viscometer detectors in a THF mobile phase. The thermal
transition data were obtainagsing aTA Instruments Q100 differential scanning

calaimeter

2.2.3 Synthesis detail

BOC (0] (@) (0] o
oDt gse; yote D igles ot (O Eootolot
1, 4 dioxane DCM/H,0

Figure 2.1Synthesis ofi-tert-butoxycarbonyloxypenzoyl peroxide.

4-[(tert -Butoxylcarbonyl)oxy] benzoic acid: NEt; (0.52 mI3.73 mmol)was added

to a mixture of 4hydroxyl benzoic acid515.4 mg, 3.73mmol), acetonitrile (5 mL),
distilled H,O (1 mL) and 4dioxan (3 mL).After stirring for half an hour, di-butyl
pyrocarbonate ((BOGD) (977.3mg, 4.47mmol) and dimetkanino pyridine 22.8
mg, .18 mmol) were adddd the flask. The reaicin mixture was warmed up to room
temperatureautomaticallywith stirring for 4 hours. Solvent was removed by rotary
evaporation and HCI solution (4 mL, 1N) was added to the residheepecipitate
was filtered and washed with distilled water to afforiiter solid (880mg, 99%)-H
NMR (400 M, DMSOd 6 ) : G 13. 03 (7.860(d, 2H1 AtH), 73@D(@ EH, ,

ArH), 1.49 (s, 9H, C(CH)

4-[(tert -Butoxylcarbonyl)oxy] benzoyl peroxide: To a mixture of DCC
dichloromethane solutio(19.4 mL, 1M), H,O, aqueoussdution (10 mL, 30%), 4-
tertbutoxycarbonyloxybenzoic acid(4.57 g 19.2 mmol) in dichloromethang20

mL) was addedt -10 C. The reaction mixture wastirred at0 °C for 6 hoursand
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monitored by TLCThe reaction mixture was filtered and the filter cakes washed

with cold dichloromethane several times. The filtrates were combined and the solvent
was evaporated. The residue was redissolved in cold dichloromethane and the above
step was repeated twice to give a white solid (2.8 g, 68YMR (CDCl, ppm)

8.12 (d, 2H, ArH), 7.33 (d, 2H, ArH), 1.58 (s, 9H, C(gH

0 )
BOC),0 ) o o o) HO
HZNQ—J—OH—»( )e —I—oJLNH—@—M—OH H,0,/ DCC +okNH©—Lo-o—"— N“—o—l—
1, 4 dioxane DCM/H,0

Figure 2.2 Synthesis of 4ert-butoxycarbonylamindenzoyl peroxide.

4-[(tert -Butoxylcarbonyl)amino] benzoic acid NaOH (92.9 mg2.3 mmol) was
added o themixture of 4amino benzoic acid (226.4 mg, 1.65mmolCH5 mL) and
4-dioxane (3 mL) After stirring for half an hour, di-butyl pyrocarbona (500mg,
2.29mmol) was addetb the flask. The reaction mixture was warmed up to room
temperatureautomaticallyand stirred overnight. Solvent was removed by rotary
evaporationand HCI solution (4 mL, 1N) was added to the residlbe pecipitate
was filtered and washed with distilled water to affprdduct asvhite solid (392mg,
100%):'HNMR (400 M, DMSQd 6 ) : 59 (sld, 2H, COOH), 9.73 (s, 1H, NH), 7.83

(d, 2H, ArH), 7.55 (d, 2H, ArH), 1.49 (s, 9H, C(&)H

4-[(tert -Butoxylcarbonyl)amino] benzoyl peroxide: To a mixture of DCC
dichloromethane solutiorb(mL, 1M) and H,O, aqueoussolution & mL, 30%) 4
butoxycarboglaminobenzoic aciq1.2 g 5.1 mmol) in dichloromethanavas slowly

addedat -10 C. The reaction mixture wastirred at0 °C for 6 hours.The reaction
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mixture was filtered and the filter cake was washed with cold THF several times. The

filtrates were comimed and the solvent was evaporated via vacuum. The residue was

redissolved in THF and the above step was repeated twice to give a white solid (1.08
g, 90%).HNMR (ds-THF, ppm): 8.97 (s, 1H, NH), 7.93 (d, 2H, ArH), 7.64 (d, 2H,

ArH), 1.51 (s, 9H, C(CH).

H (@]
ool oo 2 ol Dot o2
tert- butanol tert- butanol
H,0, / DCC + Q0027 \4L0+
DCM/HZO

Figure 2.3 Synthesis of terbutyl ester benzoyl peroxide

Terephthalic acid di-tert-butyl ester. Pyridine @4 mL 0.3 mol) and terbutyl
alcohol @4 mL, 0.252 mol) were added to terephthaloyl chloride (25.6 g, 0riddb

in a 100 mL flask usingan addition funnelA large quantity of heatwas generated
and the reaction mixture becamesalid cakein 30 minutes After 12 hours, the
reaction mixturevas dissolved ifEt,O and washeavith aqueous sodium bicarbonate.
The organicphase waseparated and dried over Mg&SORemoval of solvels and
purification by recrystallization from ethanglaveproductas a white powdetg8.9 g

55%).*H NMR (CDCI3, ppm)d 8.01 (n, 4H, ArH), 1.61 (S, 9H, C(CH).

Terephthalic acid monotert-butyl ester: Terephthalic acid diert-butyl ester (10 g,
36 mmol) in terbutyl alcohol (3 mL) wasaddedto a warm solution of potassium

hydroxide (0.4g, 7.2mmol) in tertbutyl alcohol (13 mL),The reaction mixture was
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subsequentlyheated to 60 °Cand stirred for 12 durs After cooling to room
temperature, the reaction mixture was extracsth chloroform (300 mL) and
washed with 1 M HCI. The organpghasewas dried over MgS£and concentrateith
vacuao Regystallizationfrom the mixture of hexas and ethyl acetate (4:.@jpve
product asa white powder (6.2 g79%). *H NMR (CDCI3, ppn): d 10.50 (s 1H,

COOH), 8.178.06 (s, 4H, ArH), 1.61 (s, 9H, C (G}l

Tert-butyl ester benzoyl peroxide:4-(Tert-butoxycarbonyl)benzoic acid (2.22 g, 10
mmol) in dichloromethane (20 mL) solution was added dropvisea mixture
comprised ofdicyclohexylcarbodiimide (2.06 g, 10 mmol) in dichloromethane (10
mL) and 32% HO, aqueous solution (4.5 mL),. After stirring for 10 hrs, the mixture
was filtered and the fiéir cake was washed with cold dichloromethane several times.
The filtrates were combined and the solvent was evaporated. The residue was re
dissolved in cold dichloromethane and the above steps were repeated twice to afford
pure product (2 g, 91%JH NMR(CDCL ppm) : U 8.07 (d, 2H,

ArH), 1.37 (s, 9H, C(CH)).

o) NaBH, OH 1. SOCI,/CgHg/reflux
2. 1IN HCI
¢! cl o o cl
oo gy
DCM/H,0

Figure 2.4 Synthesis of 4chloro(phenyl)methyl)benzoic peroxide.
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4-(hydroxyl(phenyl)methyl)benzoic acid: NaBH, (0.0154¢g, 0.4 mmol) was charged
into the solution of 4enzoylebenzoic aci§0.037g, 0.16 mmol) in THF (6 nL
After stirring for 24 hours, HCI (Inol/L) aqueous solution was used to quench the
excess NaBWl Ethyl acetate (30 mlyas used to dilute and extract the mixture. The
organic phasesvere combined and concentrated to afford product as white solid
(0.035g, 90%)*H NMR (d6DMSO, ppm):d 7.88 (d 2H, ArH), 7.50 (d 2H, ArH),

7.38 (d, 2H, ArH), 7.32 (m, 2H, ArH), 7.21 (riH, ArH), 6.04(s, 1H, ArCHAT),

5.76 (s, 1H, OH)

4-(chloro(phenyl)methyl)benzoic acid: 4-(hydroxyl(phenyl)methyl)benzoic acid
(0.289 g, 1 mmol) was charged into the mixture of SGCIL1 mL, 1.5 mmol) in
benzene (20 mL). After refluxing for 8 h, the mixture was pountal HCI aqueous
solution (1 mol/L. 20 mL) while dirring. Fourhours later, the reaction mixture was
extracted by chloroforn50 mL x 3 and washed with 1 M HCI. The organic phases
were combined and dried over anhydrous Mg3®&moving the solvent by rotavapor
afforded the product as white solid (0. 289%%): '"H NMR (d6-DMSO, ppm):d
12.5 (sh, 1H;COOH), 7.84 (d2H, ArH), 7.49 (d 2H, ArH), 7.38 (d, 2H, ArH), 7.32

(m, 2H, ArH), 7.21 (m1H, ArH), 5.9(s, 1H, ArGiAr),

4-(chloro(phenyl)methyl)benzoic peroxide. To a stirred mixture of DCC
dichloromethaa solution 2.0 mL 1M), H,O, aqueoussolution Q.7 mL, 30%) and
EO (6mL), 4-(chlorophenytmethyl)benzoic acid (492 mg, 2 mmol) in

THF/dichloromethan€15 mL, 1:3) was adell at 0 C. After 6 hoursthe precipitate
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wasremoved via filration. The solid wa washed with cold dichloromethane ahd t
organic phases were combined and evaporated. The residue was redissolved in cold
dichloromethane. The above step was repeated 3 times to afford the product as
white solid 800 mg, 60%) ‘H NMR (CDCk, ppm):d 8.15 (d 2H, ArH), 7.75 (d

2H, ArH), 7.357.51 (m 5H, ArH), 6.70(s, 1H, ArGHAT).

cl
H,0,/DCC Cl o) o)
—{ )-CooH AR~ \_Q_HO_OJL@_\I
C

Figure 2.5Synthesis of 4chloromethyl)benzoic peroxide

4-(Chloromethyl)benzoic peroxide:To a mixture oDCC dichloromethansolution

(23.5 mL, 1M) and H,O, aqueoussolution 4 mL, 30%, a solution of 4
chloromethylbenzoic acid (4.0 g, 23.5 mmol) in anhydrous dichloromethane (30 mL
was added dropwisafter 10 hours, the precipitatewasremoved via filtration. The

solid was washewith cold dichloromethane (20 mL) anbet organic phases were
combined and evaporated. The residue was redissolved in cold dichloromethane. The
above step was repeated 3 times to afford the prodaovhge solid B00mg, 60%)

(1.8 g, 45%)H NMR (CDCls, ppm):d 8.20 (d 2H, ArH), 7.55 (d 2H, ArH), 4.66

(s, 2H, CHCI).
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o
HO o
MeQ OH @/CHZCIQ MeQ OO KOH @
> < > >—< >—’ o - H %

o pyridinium p-toluenesulfonate O H,O/ MeOH ©
2 7 OO
H,0,/ DCC o] /—Q—‘Lofoi‘—®—/ o)
DCM/H,O o

Figure 2.6 Sythesis of [(tetrahydropyra2yloxy)methyl] benzoic peroxide.

(Tetrahydropyran -2-yloxy) methyl] benzoic acid. Dihydropyran (2.0 g, 24.0
mmol) and pyridiniump-toluenesulfonate (80 g, 1.6 mmol) was addeda a stirred
solution of methyl 4hydroxymethy) benzoate Z2.66 g, 16 mmol) in anhydrous
dichloromethane 120 mL) was added. After 24 hours, the reaction mixture was
concentrated Purification by column chromatography (SiO1:6 ethyl acetate:
hexanespavemethyl 4[(tetrahydropyrar2-yloxy) methyl] benzoate38 g, 96%) as

a colorless 0il'HNMR (CDOs, ppm): d 8.02 (d, 2 HArH), 7.38 (d, 2 HArH), 4.80
(d,1H,),4.74.6 (m,1 H), 4.53 (d, 1H), 448.7 (m, 1 H), 3.89 (s, 3 H), 3.6535 (m,

1 H), 2.0-1.4 (m, 6 H). Saponification aksultingbenzoate4.5 g, 10.0 mmol) was
carried out with potassium hydroxidé.1 g, 20 mmol) in aqueous methan@q(mL,

1:3 water methanol). Ater stirring at 60 C for 4 hours, the mixture was condensed
to removethe methanol. The residue was cabley ice bath and neutralized with 1M
HCI aqueous solution. Finalhgcrystallization from diethyl ether gave the product as
a white solid(1.8 g, 80%). *H NMR (dg-DMSO, ppm):d12.9 (sb, 1H,-COOH),
d7.95 (d, M, ArH), 7.48 (d, 2 HArH), 4.78 (d, 1 H)4.72 (s, 1H)4.56 (d, 1 B, 3.7

(m, 1 H),3.4 (m, 1 H), 2.61.4 (m, 6 H).
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4-[(Tetrahydropyran -2-yloxy) methyl] benzoic peroxide [(Tetrahydropyras-

yloxy) methyl] benzoic acid4/0 mg, 2mmol) in dichloromethan¢8 mL) wasadded

to a mixture ofDCC dichloromethanesolution .1 mL, 1M) and H,O, aqueous
solution (13 mL, 30% at-10 C. The reaction mixture was stirréglow 0 C for 12

hours. The precipitate was removed via filtration and washedwith cold
dichloromethane (20 mL). The organic pbsisvere combined and evaporaded he

residue was redissolved in cold dichloromethane. The above step was repeated 3
times to afford the product aswhite solid(300mg, 70%)'H NMR (CDs;OD, ppm):

d 8.06 (d, M, ArH), 7.53 (d, 2 HArH), 4.88 (d, 1 H)4.76 (s, 1H), 4.62 (d, 1 H),

3.92 (m, 1 H)3.60 (m, 1 H), 1.92..57 (m, 6 H).

Ethyl ether (EtO)3SiH / NEt3 / DMF OEt
Br cocl @“L ‘\‘ + i‘—@& ‘OEt
potassium tert- butanol Rh catalyst / TBNI OEt
TMSI o) OEt H,0,/occ  EO( OFt
HO‘“—@SI -OEt DCM/H,0O  EtO; ’S@LL i‘—@& -OEt
OEt OEt

Figure 2.7 Synthesis of 4triethoxysilyl) benzoic peroxide.

Tert-butyl 4-bromobenzoate: potassium terbutanol (2 g, 18 mmol) in dry ethyl
ether (20 mL) was added dropwise into the solution-bfe@mobenzoyl chloride (1.6
g, 7 mmol) in dry ethyl ether (20 mL) under dbath. After $irring for 2 hours, the
reaction was diluted with Ci€l,, extracted with water, dried over anhydrous NaSO4

and concentrated via vacuum. The produce was obtained by vacuum distillation as
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colorless liquid (1.8 g, 100%JH NMR (CDCl, ppm):d 7.82 (d, 2, ArH), 7.56 (d,

2 H,ArH), 1.6(s, 9 H;C (CHy)s).

Tert-butyl 4-(triethoxysilyl)benzoate: Tertbutyl 4bromobenzoate (10.8841 g, 40
mmol) and triethoxylsilaa (13 mL, 80 mmol) were addéd a mixture comprisedof
rhodium complex (Bis(acetonitrile) (:@&dooctadiene) rhodium) (0.485 g, 1.2
mmol) , dry N(Et} (17 mL, 0.12 mol), tetr-butylammonium iodide (15.7567 g, 40
mmol) and anhydrous DMF ( 50 mL). After stirring for 10 hours, the solvent was
removed via vacuum and the residue was dilwgth hexanes The mixture was
filtered and the solid was wash&dth hexanes several times. The filtrates were
combined and concentrated via vacuum. The residue was further purified by vacuum
distillation to affod product as colorless liquid.3.5g, 90%): 'H NMR (CDCls,

ppm): d 7.94 (d, M, ArH), 7.6(d, 2 H,ArH), 3.85 (g, 6H, €l,CHs), 1.6(s, 9 H-

C(CHs)s), 1.27 (t, 9 H , ChiCH3).

4-(Triethoxysilyl) benzoic acid: lodotrimethylsilane (0.73 mL, 5 mmolvas added

to a solution oftert-butyl 4-(triethoxysilyl)benzoatg1.8 g, 5 mmol) in anhydus
dichloromethane (20 mL) in @oe-bath. The mixture was stirrddr 4 hours at5 C.
Afterwards, vacuum distillation was applied to the mixture to afford the product as
light yellow oil (1.21 g, 84%)*H NMR (d-DMSO, ppm):d 13.2 (s, H, COOH),

7.94 (d, 2 H,ArH), 7.67 (d, 2 H,ArH), 3.77 (g, 6H, ®.CHs), 1.27 (t, 9 H ,

CH,CHy).
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4-(Triethoxysilyl)benzoyl peroxide: 4-(Triethoxysilyl)benzoic acid (1.8, 4 mmol)

in dichloromethan€8 mL) wasaddedto a mixture ofDCC dichloronethanesolution
(0.9704 g 4 mmo) and H,O, aqueoussolution 0.5 mL, 3099, at -10 C. The
reaction mixture was stirreldelow 0 C for 12 hours.The precipitatewas removed

via filtration and washed witlcold dichloromethane (20 mL). The organic s
were combined and evaporated ante tresidue was redissolved in cold
dichloromethane. The above step was repeated 3 times to afford the product as
white solid.'H NMR (CDCk, ppm):*H NMR (CDCk, ppm):d 7.87 (d, H, ArH),

7.83(d, 2 HArH), 3.85 (q, 6H, ©1,CHs), 1.27 (t, 9 H , CHCH).

General procedurefor the polymerization with functionalized peroxides.

Gaseous fluorinated monomers were transferred and condenseghthrou
duatmanifold Schlenk line and added the mixture ofunctional benzoyl peroxide
initiator and acetonitrile in a Parr reactor equipped with magnetic stirringAlizr,
stirring at 80- 90 °C for 46 hrs, heating was discontinued ahe tesidue gas was
dischargedThe mixture was condensed and the residue was washed by chloroform to

afford colorless product

2.3 Result and DOscussion.

2.3.1 Structure Characterization of Functional Peroxide
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Figure 2.8'H NMR spectrum of 4(tert-Butoxylcarbonyl)oxy] benzoyl peroxide.

i

Figure 2.9 *H NMR spectrunof 4-[(tert-Butoxylcarbonyl)amino] benzoyl peroxide
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Figure 2.10 *H NMR spectrum of terbutyl ester benzoyl peroxide.
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Figure 2.11 *H NMR spectrum of 4(Tetrahydropyrar2-yloxy) methyl] benzoic

peroxide.

43



44

I_i | -'"-_:I'_ s
! /]
E- EI E E E IE.:I

' ] ¥ b & : ) z |

Figure 2.12 *H NMR spectrum 4triethoxysilyl)benzoyl peroxide.

Figure 2.8-2.12 show the proton NMR spectra of functionalized BPOs with
protected phenyl, protected amine, dauntyl ester, practed hydroxyl and
alkoxysilanegroups, respectively. The high purity ©9) were confirmed bproton
NMR spectra. Table 2.1 gives the raw datatf@ rate constants atige half lives of
functional peroxides measured nother group memehei20] The peroxide with
the aminoterminatedgroup gives the shortest half lifente and fastest decomposing
rate. This is consistent withresults fromliterature [21]in that the higher the electron

density of the @D single bond in benzoyl peroxides, theslstablethe peroxide.
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Peroxides Rate Half-life of
constant K;) @ | deconposition
90°C (tu) (hr) @ 90°C

(6]
— 14851 1.3
\ ol @ hrabey o 85
H 0 0 274 X 0.7
o o 59x 10 3.3
THPO
o o 5.2x 10 3.7
COB—O@—“—O—O—“—@— 5
o o0 o Cl ] 3.05 x 6.3
a’ < > < > 10
3.8x 10 5.1

oo

Table 2.1 The rate constants and half lives of the functional peroxides.
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2.3.2 Characterization of the Telechelic P(VDFco-CTFE) Copolymers with
Functionalized Groups

The prepared functional BPOs are capable of initiating the homo
polymerization of vinylidene fluoride (VDF) as well as-@nd terpolymerization of
VDF with hexafluoropropene (HFP), chlorotrifluoroethylene (CTFE) and
trifluoroethylene (TrFE). As exemplified in Figure 2.12, tive NMR spectrum of
the copolymer P(VDfo-CTFE) prepared using teloutyl ester benzoyl peroxide
clearly shows the signals at 1.58 and 8.10 ppm corresponding to the protons from
tert-butyl and phenyl gnaps, respectively. Removal of the protectitggt-butyl
groups in the copolymer using iodotrimethylsilane yielded the fluoropolymers with
carboxylic acid end groups, evidenced thg complete disappearance of the peaks
attributed tatert-butyl protons afL..58 ppm.Thepresence of new resonance duéht®
carboxylacid group (12.5 ppm) and coalescencthefresonance of the phenyl group
(8.1 ppm) to one single peak from two doublets in Figure 2l$8 confirm the
presence of carboxylic acid ending groufapsmall triplet centered at 6.3 ppm is also
observed. Thee peaks are associated witbFH group resulting from a short chain
branching process, which involves an intramolecuarhlydrogen shift analogous to
similar radical reactions reported lmw-density polyethylene. [2ZThe presence of a
triplet centered at 4.7 ppm is assigned to the extreme methylene group that is linked
with the ester group from the initiator. Egcbup analysis based on the and*°F
NMR spectra revealed a numbsrerage macular weight (M) of 50344 g/mol for
the P(VDFco-CTFE), while tripledetection gel permeation chromatography (GPC)

measurements in DMF gave a,Mf 48000 g/mol. The average degree of
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functionality [23] was thus calculateés approximatelyl.9, nearthe &pected
theoretical valuef two. Remarkably, théH and*°F NMR spectra do not show any
resonances of unsaturated bonds resulting from disproportionation reactions at 5.5
6.5 and-120 7 -130 ppm, respectively. Therefore, growing radicals are only
consimed by recombination or termination with primary radicals, which is
corroborated by M/M,, values of 1.5 1.6, revealed in the GPC measurements. This
is in direct contrast to free radical polymerization of hydrocarbon alkenes, in which
termination oftenoccurs by a combination of gpling and disproportionatiori.he
achieved high efficiency in the carboxylic acetminated P(VDFco-CTFE) proves
the principle of the design, which may also be a consequence of the very high rate of
incorporation of the priry radical into the polymers.[24]

Figure 2.14 gives the example of the copolymer with art@noinalgroups.
The proton resonansat 1.6, 7.88.2 and 10 ppm correspond to the protonthos
tertbutyl group, the phenyl ring andthe amide group, respactly. After
deprotection, the tetiutyl group was removed arlde amide group was converted
anamine group, which is cdirmed by the digagpearance othe proton resonance at
1.6 and 10 ppm anithe appearance ofreew resonance at 6.2 ppm (Figure 2.1
the same time the resonance of the protons on the phenylthiah is closer tdhe
amine groupshifted from 7.6 to 6.5 ppm due to teeongerelectrondonating effect
of theamine group.

Figures 2.16 and Figure 2.17 depi¢he proton NMR spectraf the
telechelic copolymer with methylene hydroxyl greupefore and after deprotection,

respectivelyWhen comparing the two figuresiet disappearance of resonance of the
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protective group teathydropyran at 3.8 and 1.5 ppm comfs the success of the
reaction.

The proton NMR spectrurof the telechelic copolymer wittheethoxylsilane
groups is shownin Figure 2.18. The presence of the chemical shift of the ethoxyl
group at 1.3 and 3.8 ppm atiweratio of the intensityo that ofthe phenyl group (1.5
for methylene group and 2.25 farethyl group) proves th&nctional groupsare

intactafter polymerization.

DMSO

Figure 2.13 *H NMR spectrum of P (VDfo-CTFE) withtert-butyl ester as terminal

groups.
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Figure 2.14 'H NMR spectrum of P(VDfo-CTFE) with carboxylic acid as

terminal groups.

49



50

''DMSO
HZO
a b c ’ d
b
| ok ¥ | |
N e ot b b ] | :| i [
- e — v (R VO
I .I’}u" | (/ n} fJ [
om0 8 6 4 2

Figure

2.15 *H NMR spectrum of P(VDfo-CTFE) containing amino ergroups.
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Figure 2.16 *H NMR spectrum of P(VDfo-CTFE) containing amine end groups.
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Figure 2.17 'H NMR spectrum of P(VDfo-CTFE) containing

4-(Tetrahydropyraf-yloxy) methyl end groups.

Figure 2.18 'H NMR spectrum of P(VDRo-CTFE) containing hydroxymethyl

ending groups.
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Figure 2.19 *H NMR spectrum of P(VDfo-CTFE) containingilyl ending groups
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Figure 220 Typical **F NMR spectrum of P(VD&Eo-CTFE) with functionalized

groups.
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All of *H NMR spectra display the characteristic multiplet centered at 2.9
ppm assigned to the methylene group$ ©F,CH,-CF,CH,-CF,CH,- resulting from
the rormal heaeto-tail (H-T) VDF addition, which agrees with the signal-88.0
ppm in the'®F NMR spectra (Figure 2.19) attributed to the difluoromethylene groups
in | CH,CF-CH,CF,-CH,CF»-.  Additionally, the'®>F NMR spectra exhibitedhe
expected multipletsentered at95.2,-108.83, and114.2 ppm, corresponding to the
headto-head (HH) VDF sequence in the polymer chain. The composition of the
resulting fluoropolymer can be calculated according td #ReNMR spectra.[25] The
mole fraction of HT sequenceassessed from the integrals of the characteristic peaks

is typically around 95%, as observeadcommercially available PVDF

2.3.3 Applications of the Telechelic P(VDFco-CTFE) Copolymers
The utilization of the terminal functional groups in the dbkdic

fluoropolymerswas carried out in our lab.

2.3.3.1 Crosslinked Networks by Functional Telechelic

Amine-terminated P (VDFo-CTFE)wasused to form cross linkeadnetwak
using both therma{by trimesic acid (2 wt%) at 180°C for about 6hours) or
chemical(by acid trichloride at room temperatupgpcedureSpectroscopic evidence
for the crosdinking reaction was obtained using infrared spectroscopy where a new
amide Il peak (NH mixed mode) appears at 1630 tmat the expense of a

dramatically attenuated absorbance at 1726 atiibutedto the carbonyl groups in
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the acids (Figure 2.20). Further evidence for the dinkmg reaction was provided
through thermal analysis as shown in Figure 2.21. In addition to a broader melting
transtion, the crystallization temperature was found to decrease by neafl¢ 11
relative to its telechelic form. These results indicate that the formation of cross
linking structures inhibits the recrystallization and leadsateeduction in crystal
sizes, vhich is in accord with those reported in tedectronirradiated PVDF

films[26]

Thin films of nanocomposites formed by casting anigreninated P (VDF
co-CTFE) copolymes and carboxylic acitoated TiQ (20 wt %) demonstratedhe

superior thermastability compared tdhe pure copolymef20]

The utilization of the copolymer with other functional groups e.g. hydroxyl

and silyl groups to formacross linked network isurrently under investigation

Before amidation reaction
= = cross-linked film

C=0 stretching

\

N-H mixed mode

Intensity

1500 1600 1700

Figure 2.21 FTIR spectra in theegion from 1450 to 1750 cfof the cast films of
amineterminated P(VDFeo-CTFE) and 1 wt% trimesic ati(a) before and (b) after
heating.
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Figure 2.2 DSC of the amingerminatedP (VDFco-CTFE) copolymer film (a)

before and (b) after crodimking.

2.3.3.2 Block Copolymer via ATRP Reaction by Telechelic Gpolymers.

Bblock copolymes composed of PVDF block araitherpolystyrene or poly
(methyl methacryate) bloskweresynthesized from the telechelic copolymer with
chloro (phenyl) methyl or cbhftomethylterminal groupsvia ATRP polymerization
The structure is confirmed kpyroton NMR spectra (Figuse2.22 and2.23) andby
GPC (Figure 2.23. Due to the nature ofhe block copolymer, highly ordered
microstructure can be formed by microphase segem. This highly ordered

structure will be very useful to form efficient ion transportation chaijgél.
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Figure 2.24 H-NMR spectrum of triblock copolymer PDMAEMA-PVDF-b-
PDMAEMA.
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Figure 2.25 GPC profiles of the phenylmethyl chloridlerminated PY{DF-HFP) and
the triblock copolymer P8-P (VDFHFP)b-PS.
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2.3.3.3 Block Copolymersvia Condensation Reaction withTelechelic G®polymer

A block copolymer structure through theondensation reaction between
polyaniline and an acid terminaltelechelic copolymer has been successfully
synthesized. The synthesis detadharacterization of theesultingstructure andhe

properties will be discussed in Chapter 4.

2.4.  Conclusion

In this chapter the synthesis of a family of functionalized free radical
initiators and telechelic fluoropolymers containing wagfined functional terminal
groups has been discussed. A newethodology has been devised which uses
functionalized initator to obtain weltefined fluoropolymers. Unlike a growing alkyl
radical chain, the perfluoroalkyl radical chain is not subject to disproportionation.
Consequently, this functional initiator approach leads to hifitielity of functional
groups preseirtg at the fluoropolymer chain ends. Thaetility of the telechelic
copolymers has been demonstrabgdorming crosdinked fluoropolymer networks

andby synthesizingwell-definedblock copolymes.
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Chapter 3

Synthesis of Soluble Amine/phenyl Capped Oligomer @line

3.1 Introduction

Conductingpolymess have been of geat interest to scientists gmssible
substitute for metallic conduct® or semiconductar ever since thesuper
conductivity of polyacetylene [(CKl)doped by iodinavasdiscovered by Shirakawa
et al.[1] Specifically polyaniline has received special attentionedto its unique
propertiesincluding environmental stability, chemical versatility, high degme
procesability and its numerousintrinsic redox statesdowever polyanilings poor
solubility hinders the precise structure characterization lanis applicatiors of
conductingpolymer. Several approachbkave been adopted to modify the solubility
of the conducting pgmer. Bryceet al[2] modified the structure of polythiophen by
substitution of t h e withhan alkyl greup.eMaginhes gnil s
Fund substituted thertho position ofanilineds phenyl ring[3]. The solubility of the
polymers has been improvebut, it is suspected thdhe attached alkyl or alkoxy
groups may introduce tao to the structure andestroyt h econjugation system.
[4] Another alernativeto avoid thepolyanilingss low solubility is to useoligomeic
aniline. Epstein and cavorkers[5] found that only a small fraction of charge roans
in polyaniline contributeto the observed conductivity-100 S/cm). If allof the
charge carriers participated in the codiitn, polyaniline should haveonductivity

similar to that of copper. Theliyypothesizedhat thedefects in polyaniline structure
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synthesized through chemical oxidization or electrochemical oxidizationbealye
cause of low conductivity. Oligomeappear tde a feasible solution tehis problem
due totheir monodisperisy and weltdefined structure. Furthermore, hias been
proventhat octamer aniline possesses the same order of magnitude of conductivity as
polyaniline. [6] Theearly techniques tosynthesze well-defined oligomer aniline
were mostly limited to trimers, tetrames or pentames by chemical oxidation[7]
These limitations were eradicated wh&adighi et al. developed apalladium
catalyzed steygrowing methodo synthesize oligomeric aniling8] This methochas
attracted much interebecause it can producdéigomeic aniline with varying repeat
units and different functional group$t opened anew avenudo synthesize block or
graft copolymers containing oligomer aniline. [9]

In this chapter, a family of amine/phenyl capped oligomer andlinere
synthesized througla modified palladiuracatalyzed method. The structure of the
oligomer aniline was characterized by proton NMR, FTIR,-Wiv and Mass
spectroscopy. Phenyl/amine endpped oligmer aniline is most interesting because
it can beincorporaté in the backbone of other polymers through condensation or

addition reactios

3.2 Experimental
3.2.1 Materials

Unless otherwise noted, all solvents and reagents were purchased fré&m VW
and Aldrich and used as received. Tetrahydrofuran (THF) waledistom sodium

benzophenonender nitrogen.

62



63

€

O
O
_ PhCOPvPMe H (BOC),0IDMAPITHE ko _PUCNHHCO, I

n=1,3

PhCOPh/PhMe NB H /DMAP
NH u4Br3 (BOC)ZO
m

m=0,1

\(L/ \(L/ 1 I
fO [0 Pd,(dbayy/S-BINAP [0 H [0
Br N NCPh,+ N NH, N N N NPh,
m n NaOt-Bu/PhMe n m

(BO0),0DMAP IO IO PUCNHHCO, |o Q |o
NPh THF/MeOH N
THF/60°C 2 n
n=0-7; m=0,1
Figure 3. General synthesis route of oligomer aniline.
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Figure 3.2 Synhesisroute of oligomer aniline.

3.2.2 Characterization.

'H NMR spectra were recorded on a BrukeM/800 spectrometefThe
UV/vis spectra were recorded oa Varian Cary 100 scan Uvisible
spectrophotometerlnfrared spectra were recorded aWarian Digilab FTS800
Fourier Transform Infrared Spectrometer (FTIRJass spectra were recorded on
a KRATOS mass spectrometéMS 9/50 by TOF ES (+) or TOF APCI (+)

method.

3.2.3 Synthesis [Rtails.
Synthesis of Compound2: A solution of FeG6H,O (14.441 g, @53
mol) in HCI (0.1 M, 250 mLwas addeda the solution ofi-aminodiphenylamine

1(9.225 g, 0.05 mol) in HCI (0.1M250 mL) aqueous solutioAfter stirring for
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14 rours, the mixture was filtered by vacuum fdtion. The green salts were
washed by HCI(0.1 M, 500 mL x 5) aqueous solution and neutralized by
NH3H,0 to afford brown solid (6.93 g, 75%)Ihe brown solid4.58 g, 0.0125

mol) was dispersed into the mixture of pNH,H,O (40 mL) and ethanol (20

mL). After stirring for 24 hrs, the mixture wéttered and the solid was washed

by distilled water to affordetrameramine?2 as grey powder (4.15 g, 90%}H

NMR (400 MHz, dDMSO) : U 7.68 (s, 1H, NH), 7.

NH) 7.156.50 (m, 18H, ArH), 4.63 (sb, 2 H\H,). MS: m/z 367.2 (MWH").

Compound 3: Tetramer amin& (2.86 g, 7.8 mmol), benzophenone (7.8
mmol) and freshly activated 5 A molecular sieve (10 g) were added into toluene
(80 mL). The mixture was heated up to 185 After stirring for 24 hrs, the
mixture was filtered andhe solid was washed by dichloromethane (30 mL) 5
times. The organic phases were combined and concentrated by rotavapor to afford
light green crystal (1.92g, 46%). The light green crystal (1.92 g, 3.6 mmol),
dimethylamine pyridine (0.051 g, 0.4 mmol) amt-tert-butyl dicarbonate
((BOCXO) (3.25 g, 15 mmol) were dissolved in THF (50 mL). After stirring at 70
°C for 24 hrs, the solvent was removed by vacuum distillation and the residue was
washed by cold hexanes and(Hto afford tetramer imin& as yellav crystal

(2.86 g, 95%).
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Compound 4: To the solution of Tetramer imirg(2.7556g, 3.3 mmol) in
THF (30mL) and MeOH (45 mL)NH4CO; (3.23 g, 52 mmol) and Pd/C (10% on
carbon, 0.0319 gyas added The mixture was stirred at 7G. Small portions of
NH4CO, were added intermittently until the analysis of TLC plate showed the
completion of the reaction. The reaction mixture was cooled down to room
temperature, taken up in dichloromethane (20 mL), filtered and the solid was
washed by dichloromethane (40 nx.3). The filtrate was concentrated and
washed by cold hexane to afford product as white powder (1.93 g, 89%MR
(400 MHz, dDMSO) : U 7. 37A09tm, 11R)HG.85 (d72HR 8 of
CeHaNH,), 6.50 (d, 2Hp-H of CsHaNH,), 5.23 (s b, 2H;NH>), 1.361.35 (t, 27H,

-COO(CH3)s), MS: m/z 689.2 (M + N3.

Compound 5: Freshly activated molecular sieve (40 wgas added ¢ a
solution of 4aminadiphenylaminel (3.67 g, 0.02 mol) and benzophenone (3.65
g, 0.022 mol) in anhydrous toluene (100 mL) were a. The mixture was heated to
135°C. After stirring for 24 burs, the mixture was filtered arttie solid was
washedwith dichloromethane (30 mL x 5). The organic phases were combined
and concentrated by rotavapor to afford light yellow crystal (6.23 g, 87
yellow crystal (3.46 ¢,10 mmol) and BuN'Brs (4.84 g, 0.011 mol) were
dissolved in dichloromethane (20 mL The mixture was stirred at room
temperature for 40 muies before saturated N&O; aqueous solution (10 mL)

was added. After 5 min., excess KOH aqueous solution (1M) was added. The
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mixture was partitioned in separation funnel. The organic layerweated by
brine solution (20 mL). The aqueous phase was washed by dichloromethane (20
mL x 3). The organic phases were combined, dried over anhydrous,; NafiO
concentrated under vacuum to afford white powder (3.81 g, 90%). The white
powder (3.7 g, 8.6ammol), dimethylamine pyridine (0.105 g, 0.9 mmol) and
(BOCXO (3.78 g 17 mmol) were dissolved ifHF (50 mL). After stirring at 70

°C for 24 hours, the solvent was removed by vacuum distillation and the residue
was washed by cold hexane and water tordfftimer5 as white powder (4.12 g,
90%).'H NMR (300 MHz, dDMSO) : U 7 . &H of CsdsBr), 2497.15

(m, 10H, GHs), 7.06 (d, 2H, mH of GCgH4Br), 6.97 (d, 2H, mH of
CeHsNC(CeHs),), 6.67 (d, 2H, o-H of CsHusNC(CeHs)r), 1.31 (s, 9H, -

COO(Hs)s), MS: miz 527.0 (M + ).

Compound 7: Tetramer aminé (0.79 g, 1.19 mnol), bromided dimeb
(0.63 g, 1.19 mmol), B@tba); (0.045 g, 0.049 mmol)s-BINAP (0.079 g, 0.13
mmol) and Na®Bu (0.6 g, 6.25 mmol) were dissolved in anhydrous toluene (30
mL). After stirring at 90°C for 24 hrs, the mixture was cooled down to room
temperature, taken up in dichloromethane and concentrated. The residue was
washed by hexane and,®l to afford grey powder (1.42 g, 98 %). The grey
powder (1.42 g, 1.27 mmol), dimethylamine pyridine (0.031 g, 0.25 mmol) and
(BOC)YO (0.829 g, 3.8 mmol) werdissolved in THF (40 mL). After stirring at

60 °C for 24 hrs, the solvent was removed by vacuum distillation and the residue

67



68

was washed by cold hexane angOHo afford grey powder. The grey powder
was purified by column chromagraphy over silicon gehggiexanes/ethyl acetate
(4/1 vol.) as the eluent to give white powder (1.1 g, 75%H,CO, (1.67 g, 27
mmol) and Pd(OH)C (0.25 g)wereaddedto the solution of white powder (0.92

g, 0.76 mmol) in THF (10 mL) and MeOH (15 mL). The mixture was stirted a
60 °C. Small portions of NECO, were added intermittently until the analysis of
TLC plate showed the completion of the reaction. The reaction mixture was
cooled down to room temperature, taken up in dichloromethane (20 mL), filtered
and the solid was ashed by dichloromethane (40 mL x 3). The filtrate was
concentrated and the residue was recrystalized from wBr€®H to afford
hexamer aminé as pink powder (0.73 g, 90%H NMR (300 MHz, dDMSO) : u
7.37 (t, 2H), 7.357.15 (m, 19H), 6.88 (d, 2H-H of CsH4NH,), 6.53 (d, 2HmM-H

of CeHaNH5), 5.19 (s b, 2H;NH>), 1.36 (S, 45H;COO(CHa)3).

Octamer8: Hexamer aming (0.16 g, 0.015 mmol), bromided dim&r
(0.077 g, 0.015 mmol), Pd2(dhd’.9 mg,0.006 mmol)s-BINAP (9.7 mg, 0.016
mmol) and Na®Bu (0.069 g, 0.722 mmol) were dissolved in anhydrous toluene
(6 mL). After stirring at 95°C for 24 hrs, the mixture was cooled down to room
temperature, taken up in dichloromethane and concentrated. reSitRie was
washed by hexane and®l to afford white solid (0.218 g, 98 %). The white solid
(0.218 g, 0.015 mmol), dimethylamine pyridine (0.005 g, 0.044 mmol) and

(BOC)YO (0.127 g, 0.58 mmol) were dissolved in 20 mL of THF. After stirring at
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65 °C for 24 hrs, the solvent was removed by vacuum distillation and the residue
was washed by # to afford white solid. The white solid was purified by
column chromagraphy over silicon gel using hexanes/ethyl acetate (3/1 vol) as the
eluent to give white powder (IB5 g, 58%). NH4,CO, (0.798 g, 13 mmol) and
Pd(OH)/C (0.22 g)were addeda the solution of white powder (0.5 g, 0.3 mmol)

in THF (10 mL) and MeOH (15 mL) The mixture was stirred at 6C. Small
portions of NHCO, were added intermittently until thenalysis of TLC plate
showed the completion of the reaction. The reaction mixture was cooled down to
room temperature, taken up in dichloromethane (20 mL), filtered and the solid
was washed by dichloromethane (40 mL x 3). The filtrate was concentrated and
the residue was recrystalized from wat@WOH to afford octamer aming as

pink powder (0.4 g, 90%YH NMR (300 MHz, dDMSO):ti 7. 34 (4 , 2H) ,
7.13 (m, 27H), 6.88 (d, 2Hy-H of CeH4NH,), 6.53 (d, 2H,m-H of CeHaNH),

5.19 (s b, 2H;NH>), 1.36 (s, 63H;COO(CHs)3).

Deprotection of octamer amine 8lodotrimethyl silane was added the
solution of compound 8 in anhydrougliloromethane undargon After stirring
for 2 hours, degassed methanol and N(&Bre added to quench the reaction. The
mixture was condensed and precipitated out in water. Dryiagzatuum oven at

55°C for 24 hours afforded product as blue solid.
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3.3 Resultsand discussion.

Palladiumcatalyzed asmatic amination has been provi® be a powerful
method for formation of @\ bonds. The generabuteto synthesize phenyl/amine
oligomes with repeat units varying from 3 to 10 is shown in Figure Bigure
3.2 detailsthe synthesis detail of oligomeraniline. To synthesize oligomer
aniline, Sadighiget al. had to start from aniline monomer. [8] Inspired by the-on
pot synthesigeaction of tetrameaniline discovered by Zhangt al. [7b], we stdr
from theaniline dmer:4-aminodiphenylamine. The dimer can be easily oxidized
to atetramer in emeraldine state (EB) by FeQhen the tetramer was reduced by
NH.NH> to leucoemeraldine base (LB) state. The proton NMR (Figure 3.3) shows
the proton reswance at 4.63, 7.16, 7.44 and 7.66 ppm, which can be assigned to
the primary amine and the three secondanyines respectively. After being
converted into the form oA BOC protected amine (compound 4), the proton
resonance at 1.35 ppappearswhich isassigned to the tettbutyl group at the

expense of the peaks belamgto the secondary amine (Figure 3.4).
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—— Octamer amine 8
——————— Deprotected octamer amine
in EB state
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Figure 3.7 Uv-Vis spectra of octamer amine 8 (bold line)Jdahe deprotected
octamer amme inthe EB state (dash line). The concentration of the solution is

0.36 mmol/L for each sample.
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Figure 38 FTIR spectra of octamer amine 8 (bold line)dathe deprotected

octamer amine ithe EB state (dash line).
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Stating from compound 4both thehexamer amindcompound 7,
Figure 3.5) and octamer amine (compound 8, Figure &) be directly
synthesizd, using the palladiurrcatalyzed methadCompared to the standard
literature method, our method requifesver stepsto prepareoctamer amineThat
is also easier to conduct.

The protective BOC grogpwere facilely removed ithe presece of
iodotrimethyl silane via anodified literature method. [8] The aniline obtained is
in theemeraldine basdg) state, whichs confirmed througlFTIR and UvVis .

Figure 3.7 shows the comparison of the-Wlv spectrafor both the
protected and deprotected octamer amine. Due to the elenating ability of
the amine, octamer amine @&hibits anabsorption peak around 330nn After
removing the BOC protective groups, a sharp mgadearsat 320 nm and a broad
absorption baneémergesat 620 nm. The first peak was attributed to php*
transition in the benzenoid ring, and the secpedkwas ascribed tan excitorn
type tramition between the HOMO orbital of the benzoid ring and the LUMO
orbital of the quinoid ring[7b, 7c]

In the FTIR spectra,the protected octamer amine 8 displays the
characeristic amide band at 1710 ah801 cn for the secondary amide | and |I
band, espectively (Figure 3.8). After being treated by iodotrimethyl silane, new
peaksappeas at 1598 and 1505 cmand areassigned to the typical benzenoid

and quinoid ring stretching [7cThere are alsbroad bands at 3300 chuue to
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the vibration ofthe NNH bend, which occurs athe expense of the amide | and Il

bands.

3.4 Conclusion

In this chapterthe literature palladiurrcatalyzed methodvas modified to
synthesie oligomer aniline. A simpleroute wasexplained in detailA seriesof
pheryl/amine enecappedoligomeiic anilines were sythesized and characterized.
Thesespecific structureendow the synthesized oligomers ability to form block or

graft structure with other polymershrough condensatioor addition reactions.
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Chapter 4
Synthesis of Dumbbelshaped Triblock Structures Containing

Ferroelectric Polymers and Oligoanilines with High Dielectric Constants

4.1 Introduction

PVDF based polymer have sparked much interest recently. Different
approaches have been adopted to improve its dielectric prop&Hesomposite
approach where ceramic or metallic nanoparticles aneorporatedinto the
polymer matrix has been develodeto enhance the dielect constant of the
polymers. [1 However, high volume fractions of the inorganiidlers are
generally needed for an appreciable increase in the dielectric constants of the
resulting composites. [ his impairssthe mechanical pperties of thepolymers
and result ina loss of many attractive properties and characterjsitcsuding
fracture tolerance and pliability. More recentpyconjugated polymers have been
utilized as the conductive fillers to improve the dielectric coristaand
electromechanical properties of the ferroelectric polymers while maintaining the
flexibility of the polymer matrix. [B The delocalized electrons from the
conjugatedp-bonds give rise to higimterfacial polarization (MaxweNVagner
effect) and lalge dielectric responses}[4A\evertheless,in these fluorinated
polymers this approach is plagued by difficulties in preparing the blends avith

uniform filler dispersion. The agglomeration of the conductive fillers ted
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inevitable formation of voidsekhds to conduction loss and dielectric failure at
much lower fields than the intrinsic breakdown field.

In this chapter, the octaaniline, discussed in Chapter 3, was incorporated
into the ferroelectric P (VDIEo-CTFE) backbone to forma block structure A
series of block copolymersvith different octaanilineconcentration have been
synthesized and characterized. THeck copolymer films were cast from DMF
solution and thedielectric properties were measurdt. was foundthat the
dielectric propertiesre not only related to the structure and composition of the
block copolymer but alsto howthefilm was preparedWhenthefilm was doped
with acid after being castfrom the DMF solution, the dielectric constant of the
film reacked amaximumwhenthe cacentration of the anilinwas approximately

10%, which ighe percolation threshold of the conduction.

4.2 Experimental
4.2.1 Materials

Unless otherwise noted, all solvents and reagents were purchased from
VWR and Aldrich and used a®aeived. Tetrahydrofuran (THF) was distilled
from sodium benzophenone ketyl under nitrogen. Vinylidene fluoride and

chlorotrifluoroethylene were purchased from SynQuest Laboratory Inc.
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4.2.2  Characterization.

'H and'*F NMR spectra were recded on a Bruker AMB0O or 400
spectrometerThe molecular weights of the polymers were characterized with a
Viscotek gel permeation chromatography (GPC) systequipped with light
scattering, refractive index, UV/vis and viscometer detectors in a Didbie
phasecontaining0.02 M LiBr. The UV/vis spectra were recorded @nVarian
Cary 100 scan Uvisible spectrophotometerhe infrared spectra were recorded
on Varian Digilab FTSB00 Fourier Transform Infrared Spectrometer (FTTRg
thermal transition datwas obtainedusing aTA Instruments Q100 differential

scanning calorimeter.

4.2.3 SynthesisDetails

Polymer 1 VDF (10 mL, 0.11 mol) and CTFE (1 mL, 0.012 mol) were
transferred and condensed through Schlenk loea mixture of 4(tert-
butoxylarbonyl) benzoyl peroxide (200 mg, 0.49 mmol) and acetonitrile (40 mL)
in a Parr reactor equipped with magnetic stirring bar,. After stirring &€ 86r 6
hours, heating was discontinued and the residue gas was discharged. The mixture

was condensed arbe residue was washedth chloroform to afforda colorless

product (2 g, 28%)."H NMR (ds-D M S O, ppm): a 8.10 (dd,

2H), 2.9 (CECH,CF.CHy), 2.3 (CRCH2CH.CF), 1.37 (S, 18H;C(CHs)s).
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Polymer 2 lodotrimethyl silane (0.16 mL, 10 e.q.) was charged ato
dichloromethane (20 mL3olutionof Polymer 1(2.16 g). After stirrig at room
temperature for 2 durs, Methanol and N(Et) were addedto the solution to
guench the excess iodotrimethyl silane. The resulting mixtuee fikeated and
washed withdistilled water and HCI aqueous solution (1 M) to afford light yellow
product. 'H NMR (ds-DMS O, ppm): a 12.5 (sb, 1H),

(CRCH2CF.CHy), 2.3(CRCH2CH:CF,).

Polymer 3. EDC-HCI (0.079 g, 10 eq.) or oxalghloride (10 e.q.) were
addedto a solutionof Polymer2 (2 g)in THF (20 mL). The mixture was stirred
for 2 hours before Baminoisophthalic acid (0.01 g, 2.2 eq.) and NBt03 mL,
4.4 eq.) were charged into the flask. After stirring urateice-bath for 5 lours,
the solvent was removed by rotavapor and the resulting mixture was waeished
distilled water andan HCI aqueais solution (1M) to afford light yellow product.
H NMR (d-DMSO, ppm)ii 12.5 (sb, 2H), 10.8 (s, 2H)

8.1 (s, 8H), 2.9 (CIEH,CF.CHy), 2.3(CECH>CH,CF).

Polymer 4 EDC-HCI (0.079 g, 10 eq.) or oxalghloride (10 e.q.) was
addedto the mixture of Polyme8 (0.50 g) in THF (20 mL). The mixture was
stirred for 2 lours before octamer anilin8 (0.05 g, 4 eq.) was addedfter
stirring at room temperature for Solrs, the solution was condensed and the

residue was precipitated in water. The mixture was filtered and wasitied
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distilled water to affordight yellow product. *"H NMR (ds-DMSO, ppm):i 1 0. 8
(s, 2H), 10.5 (s, 4H), 8.7 (s, 4H), 8.3 (s, 2H) 8.1 (s, 8H), 7.3 (m, 128H), 2.9

(CR.CH,CF.CH,), 2.3 (CRCH.CH,CF»), 1.37 (m, 252H).

Polymer 5 MesSil (0.02 mL) was addetb a mixture of dichloromethane
(20 mL) and Polyme#d (0.04 g). After stirrig for 1 hour, the reaction was
guenched with degassed MeOH and NEThe mixture was filtered and washed
with distilled water. Drying in vacuum oven at 20 afforded a yellow product.
'HNMR (-DMS O, ppm): U 10.7 (s, 2BH)2H),10.3 (s

8.1 (s, 8H), 7.3 (mb, 40H), 2.9 (&EH,CF.CH,), 2.3(CRCH,CH,CF).

Polymer 6. Air was introducedo the solution of polymeb in THF.
After stirring for half an hour, the solution was concentrated via vacuum. The
residue was washedith distilled water and dried iavacuum oven to yield green
or purple productH NMR (ds-D M'S O, ppm): a 10.7 (s, 2H) ,
4H), 8.3 (s, 2H), 8.1 (s, 8H), 7.2 (mb, 33H), 2.9 {CH.CRCH,),

2.3(CRCH,CH,CF).

4.24 Preparation of Polymer Films.
75 mg of polymer waslissolvedin 3.0 g of DMF. The solution was
stirredovernight and filtered through a 0.48n Teflon filter before casting onto a

5.08 by 3.81 cm (2 inch by 1.5 inch) glass slide that pvasiously cleaned with
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acetone The films were heated at 6G overnight to remove the bulk DMF and
thenheated under vaomn at the same temperature overnight for complete DMF
removal. The films were soaked in distilled water overnight and carefully peeled
off the glass and dried at 4C overnight to remove any remaining watéfrhe
block copolymers were doped by mixingnghoric acid (CSA) or HCI aqueous
solution with the prepared polymer DMF solution for one hour before casting as
above. Or the prepared film wdsped by immersingqto the aqueous solution of
CSA or HCI or NH4OH with stirring for 24 hours before drying anoven at

60 °C overnight.

4.3 Resultsand discussion
4.3.1 Characterization of Structure

To integrate the oligoanilines into the ferroelectric polymers, telechelic
polymers containing complementary carboxylic acid groupshatchain ends
were prepared usintipe approach desoped in our laboratory. [9As shown in
Figure 4.1, he functional peroxide was subsequently utilized as aré&eieal
initiator in the copolymerization of VDF and CTFE. It has been demonstrated that
the terminationof the growing fluoroalkyl chain in radical polymerization is
essentially governed by ehradical coupling reaction. J@Accordingly, thetert-
butyl ester groups were successfully transferred from the initiator to the chain
ends of the polymer after theolgmerization. By varying the initiator

concentration and polymerization time, polymers witle different molecular
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weights were obtained. The ratio of the intensity of the corresponding peaks
revealed numbeaverage molecular weights of 59, 45, 32, and 13kg/mol for
polymersl-1, 1-2, 1-3, 1-4 and1-5. Removal of theert-butyl groups in polymer

1 was achieved upon treatment with iodotrimethylsilane, evidencedtbgnplete
disappearance of the peaks froent-butyl protons at 1.58 ppm and the obe
from doublets to a singlet peak for the aromatic protons infHh®MR spectra
(see Chapter 1)With the purpose of increasing the concentration of oligoanilines
in a single ferroelectric polymer chain, polymeg was reacted with 5
aminoisopthalic aed to provide polymeB, which is confirmed by the emergence
of a signal at 10.8 ppmvhich caresponding to the proton on amide group in the
'H NMR spectrum (Fig. 4.2). Repéa this step on the branched polymer 3 may
lead toa superbranched structurerntaining the P(VDF-co-CTFE) block asa
core.[] The caboxylic acid groups in polyme3 were further activated to acyl
chloride followed by amidation with amir@apped oligoanilines to furnish the
dumbbelishaped triblock structures Figure 4.3 is therpton NMR spectrum of
polymer 4. The new resonance appears at 10.5 ppm is assigned to the proton on
the new amide borsd The intensity ratioof the new amide peak to the peak at
10.8 ppm is around 2, which is in accord with the theoretically calculated.val
The resonance of the protons on the phenyl (algsest to the amine group of
octaaniling shift from 6.5 and 6.8 ppm to 7.3 and 7.8 ppm after being bonded
with P(VDFco-CTFE) copolymer. This shift can be attributed to the weaker

electrondonating ality of the amide group compared withthe amine group.
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After the BOC protecting groups in the oligoanilines were removed, the resonance
of protors of thetert-butyl group at 1.4 pprdisappeas (Figure 4.4). The peak at
approximately 7.2 ppm broaens after the polyaniline blocks ofthe block
copolymer were oxidizeétom the LB state tothe EB state(Figure 4.5), which
may be due to the formation dhe "-conjugation system. Besides the
aforementioned characteristic proton resonance for each copolymer, all
copolymers show chemical shifts at 2.9 and 2.3 ,qmwBociated with VDF urst
with headto-tail (H-T) (-CF,-CH,-CF,-CH,-) andheadto-head (FT) (-CF,-CHo-
CH>-CF,-) sequences respectively. The weight percentages of aniline octamers in
the block copolymers were estimated based on the intensity ratios of the
characteristic resonances assigned to the aromatic protons in octaanilines to those
of methylene protons in P(VDETFE) in the'H NMR spectra.

The evolution from polymer 2 to polymer 5 was further mestégd by
FTIR spectroscopy (Figure 4.6). In addition to the absorption bands from P(VDF
CTFE) at aproximately850 and 880 cih (symmetric stretching a@hrocking
modes of GF), 1180cm™ (antisymmetric stretching of <€), and 1400 ch
(bendirng and waggig modes of €H), [8] the green line in Figure 4.6, which
represents the FTIR spectrum of polymer 4: block copolymer, displays the
characeristic amide band at 1700 ai&10 cni for secondary amide | and II
band, respectivelyAfter removing the protecte BOC group, as shown by the
blue and green lines in Figure 4ifeaksappearat 1590 and 1510 chwhich

originatefrom the typical benzenoid and quinoid ring stretchBigpad bandslso
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occurat ca. 3300 cihdue to the vibration of N when oligomenniline is athe
leucoemeradine (LB) antthe emeraldine (EB) states respectivelyne absorption
band at 3300 cthdisappears after the polyaniline blocks were oxidized tinéo
perniganiline (PB) state, in which all the phenyl ringssteii the quinoid ring
form (pink line in Figure 4.6).

The UMvis spectra (Figure 4.7) opolymer 2 (blank copolymer),
polymer 3 (branched copolymer) and polymer 4 (block copolymer) do not show
any notable absorption duettte lack ofalong range covalent structure. Polgr
5, containing the octaaniline the LB state shows a prominent absorption peak at
315 nm which isassociated withthe p-p* transition in the benzene unit and a
shoulcer band at 445 nm whicimay bedue toa small portion ofHCI doped
aniling which was produced durinthe quenching reaction process with MeOH.
[9] The anilne octamers in block copolymé&rcan be easilyxidized to the EB
state upon exposure to air, resulting in a purple solution with a sharp peak a 320
nm and a lwad absorption band 820 nm.The first peak was attributed to the
p* transition in the benzenoid ring, and the second one was ascrib#t to
excitontype transition between the HOMO orbital of the benzoid ring and the
LUMO orbital of the quinoid ring. [10The anilne octamers in block copolymér
can be further oxidized by silver (ll) oxide, which is evidenced by asiife of

the excitonic trasition from 620 to 575 nm. [9
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Figure 4.2 *H NMR spectrum of Blymer 3.
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