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ABSTRACT

Synthesis and Characterizations of Pyridinium Salts Including Poly(pyridinium salt)s and
Their Applications
by
Tae Soo Jo
Dr. Pradip K. Bhowmik, Examination Committee Chair
Department of Chemistry
University of Nevada La Vegas

Pyridinium salts, both molecular and polymeric, are an interesting class of
multifunctional materials that exhibit liquid-crystalline and light-emitting properties.
Moreover, their properties can be easily tuned by introducing new types of anions or by
modifying their chemical structures. This dissertation describes synthesis and
characterization of poly(pyridinium salt)s containing macrocounterions and fluorene
moieties in their backbones, synthesis and characterization of nanocomposites of
poly(pyridinium salt)s with single-walled carbon nanotubes via non-covalent interactions,
and synthesis and characterizations of pyridinium salts having different aliphatic linkages
and their application in organic acid sensing.

First, all of these ionic polymers were prepared by either ring-transmutation or by
metathesis reaction. Their chemical structures were established by FTIR, 'H spectroscopy
and elemental analysis. Some polymers containing macrocounterions had relatively low
melting transitions above which they formed thermotropic liquid-crystalline phase; and
other polymers were amorphous as determined by VTXRD studies. Ionic polymers

containing fluorene moieties in their backbones exhibited lyotropic properties in both

il



polar protic and aprotic solvents at various critical concentrations. Light emission
properties of this class of polymers in common organic solvents as well as in water and in
solid states were also studied. To explore the application of poly(pyridinium salt)s, we
developed a method of preparation of nano-composites with a number of poly(pyridinium
salt)s and single-walled carbon nanotubes. The single-walled carbon nanotubes were
effectively dispersed with various poly(pyridinium salt)s resulting in nanocomposites.
The optical and solution properties of these composites were examined by a number of
experimental techniques. Finally, some of the synthesized dicationic salts exhibited ionic
liquid properties, but all exhibited fluorescent properties in solution and solid states. Due
to the presence of methyl orange counterions, pyridinium salts could serves as a pH

sensor in organic solvents.

v



ACKNOWLEDGMENTS
Instead of saying too many words, I want to say that thank you everybody (Dr.
Bhowmik, Dr. Han, my family, my friends, and my wife) for their endless love, help, and

support.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt sbe ettt e e eanes il
ACKNOWLEDGMENTS ..ottt ettt st A%
TABLE OF CONTETNS ...ttt sttt sttt sttt sttt st saees i
LIST OF TABLES. ...ttt sttt ettt st e b enes viii
LIST OF FIGURES . .....coiiiitiie ettt ettt et ix
LIST OF SCHEMES ...ttt ettt ettt et xii
CHAPTER 1 SYNTHESIS AND CHARACTERIZATION OF POLY(PYRIDNIUM
2N B ) SRS 1
Lol ADSTIAC .ttt ettt et sttt et h et et h et ettt e naeen 1
1.2, INETOAUCTION. ...ttt ettt et ettt et et e e e e saeesaeeas 2
1.3, ODJECHIVE. ..eeutieiiieiieeiie ettt ettt et sttt e sttt e st e ebeessbeensaessbeesseessseensaesnseenseeenseenses 19
1.4. Results and DiSCUSSION........cccuuieiiiireeiiieeeiieestieesieeesteeeseaeeeseseesseseessaeessseeesseeesseeens 19
1.4.1. Poly(pyridinium salt)s derived from 9,9-dioctyl-9H-fluorene-2,7
QIAININEC. ..c.vieeeiiee ettt e et e e st e e et e e esabeeessbaeesstaeesasseeesssaaesnssaeesseeenseeas 19
1.4.2. Water-soluble poly(pyridinium salt)s containing macro
COUNERTIONS ..o euetvteeeeiitreeeeeiteeeeeasssseeeeassssaeaeaasssseeesasssseeeseassssseesesssseeesansssseeessnsseeeens 32
1.5, EXPErImMENtal......ccouiiiiiiiiiiiiieiiecie ettt ettt et e e e et e beeeaeeenneenees 47
1.5.1. General COMMENTS........cccueeeiriieriireeiieesteeesieeeeeeeeteeesaeeesreeeeareeessseeessseeenens 47
1.5.2. Synthesis of POLlymer 1..........c.oooiiiiiiiiiiiiiieeeeee e 49
1.5.3. General Procedure for Synthesis of Polymers 2—5.........c.cccccvveviiiniieeninnennee, 50
1.5.4. General Procedure for Synthesis of Polymers I-1-I-5...........c.ccccoviinninnnnnne. 51
1.5.5. General Procedure for Synthesis Polymers II-1-1I-5...............cccooeiiinnnnnne. 52
1.6, CONCIUSION. ¢..eutiiitieiteitteie ettt sttt sttt ettt e bt et e bt e e b enees 52

CHAPTER 2 DISPERSION OF SINGLE-WALLED CARBON NANOTUBES WITH

POLY(PYRIDINIUM SATL)S VIA A COGULATION METHOD..........ccccceevrevrennnnn. 54
B BN o 1] ¢ 1o AU RPN 54
B 13 (016 18 (o1 103 3 USSP 55
2.3, ODJECHIVE...eeeiieniieeiie ettt ettt et ettt et e et e st e et e e ateenbe e seeenbeenaeeenbeeseesnbeeneeenseennes 70
2.4, Results and DISCUSSION........ciivieeiiieiitiieeiiee ettt e eieeesieeesteeeseaeeessaeeesaeessseesseeesseeenns 70
2.5, EXPETIMENTAL......iiiiiiiiiiiiiieiieeie ettt ettt ettt e ns 83

2.5.1. General COMMENTS........ccccuieeiiieeiieeeiieeeeeeeieeeeteeesaeeeseaeeessaeeessseeessseessnseeenns 83

2.5.2. General Procedure for Synthesis of Polymers I-1-1-5..............ccccooiniininn. 84

2.5.3. General Procedure for Preparation of Polymer/SWNTs composites............... 85
2.6, CONCIUSION. ...uuiiiiieiiieiie ettt ettt et e et e st e et e st e e bt e e seeeseeenbeesaeeeaseesseenseesnseeseeenne 85

vi



CHAPTER 3 SOLUTION, OPTICAL AND THERMAL PROPERTIES OF

BIS(PYRIDINIUM SALT)S INCLUDING IONIC LIQUIDS.......cccceeceeriieienienieeieeene 87
3L ADSITACE. ...ttt et ettt e be bt et e et e e enbeeneeenneennes 87
3.2, INETOAUCTION. .. .eiiiciie ettt ettt e e e s te e e s ateeessaeeesseeessaeesseeennsaeenns 88
3.3. Results and DiSCUSSION........ieiuiiiiieriieiiieiie ettt ettt e re et e b e saesbeesseeenseeeens 99
3.4, EXPEIIMENTAL.....cccviiiiiiieiie ettt et e e ae e e ae e e e e esbeeennsaeennee s 117

3.4.1. General COMMENLS.........ccvieriierieeitienieeieenteeteesteeeseesseeeaeesseeesseesseessseenseeans 117

3.4.2. General Procedure for Synthesis of Compounds 1a and 2a........................... 118

3.4.3. General Procedure for Synthesis of Compounds 1b-1d—2b-2d..................... 119
3.5, CONCIUSION. ...eiiiiiieciiee ettt e et e e et e e st e e sataeesssaeesssaeessseeesssseeensseenns 122
APPENDIX 1 SUPPLEMENTARY INFORMATION FOR CHAPTER 1................... 123
APPENDIX 2 SUPPLEMENTARY INFORMATION FOR CHAPTER 2................... 128
APPENDIX 3 SUPPLEMENTARY INFORMATION FOR CHAPTER .................... 140
REFERENCES . ...ttt ettt sttt ettt s s e sae e e ens 153
VT A ettt et h ettt a bbbttt et e e at e b ettt e bt et eaeen 170

vil



Table 1.1.
Table 1.2.
Table 1.3.
Table 1.4.
Table 1.5.
Table 1.6.
Table 1.7.
Table 1.8.
Table 2.1.
Table 2.2.
Table 2.3.

Table 3.1.
Table 3.2.
Table 3.3.

Table 3.4.
Table 3.5.

LIST OF TABLES

Molecular weights of poly(pyridinium salt)s—fluorene polymers............. 23
Solution properties of poly(pyridinium salt)s—fluorene polymers............ 25
Thermal properties of poly(pyridinium salt)s—fluorene polymers............ 27
Optical properties of poly(pyridinium salt)s—fluorene polymers.............. 29
Solubility of polymers HI-1—TI-5..........ccccoeiiiiiiiiieeeee e 35
Thermal properties of polymers II-1-1TI-5...........ccccooiiiiiniiiiiieeee 38
XRD data for polymer II-1 and TI-2.............ccooiiiiiiiiiiiiinns 41
Optical properties of poly(pyridinium salt)s..........ccccevvieniiniiiinieniieene 44
Mechanical properties of engineering fibers............ccceeceeriieiiienieecieennens 57
Transport properties of conductive materials...........ccceeeevieerciieencieeenieen, 58
Room temperature solubility of SWNTs in various organic
SOIVEIES. ...ttt ettt et e eat e et sae e e an 60
Basic characteristics of ionic liquids.........ccoeeiiiiiiiiiiiiiiinneiiiiinnen, 88
Most widely used ILs and their Structures.........cccccveeeeveeeecieeencieeeeiee e 90
Unique chemical shifts of 1a—2d from their "H NMR spectra recorded in
CDCl; at T00M tEMPETATULE. ... .cccvvreeerreerreeerireeeireeeereeereeesreeesseeessseeens 103
Thermal stabilities of bis(pyridinium salt)s.........ccccceevveerierciieneenneenen. 104
Optical properties of bis(pyridinium salt)s.........cccceeevvveercrieercieeniieeenenn 110

viil



Figure 1.1.

Figure 1.2.
Figure 1.3.
Figure 1.4.

Figure 1.5.
Figure 1.6.

Figure 1.7.
Figure 1.8.

Figure 1.9.

Figure 1.10.
Figure 1.11.
Figure 1.12.
Figure 1.13.
Figure 1.14.
Figure 1.15.
Figure 1.16.
Figure 1.17.
Figure 1.18.
Figure 1.19.

Figure 1.20.

LIST OF FIGURES

Schematic representation of the interacting HOMO and LUMO in a
conjugated system the valence band and conduction band of a

semiconducting polymer, and the corresponding energy gaps, Eq.............. 4
State energy diagram of photophysical processes in a typical fluorescent
MOLECULE. ...t 5
Schematic representation of the structural factors affecting the band gap of
T—conjuZated POLYMETS. ......cvcuiiiiiiiieiie et 7
Schematic representation of liquid crystalline phase...........cccccecvveeenneennnee. 10
Schematic representation of lyotropic LC and thermotropic LC............... 11

Schematic representation of (a) the nematic phase, (b) the smectic A phase,
(c) the smectic C phase, (d) the smectic B phase, (e) the discotic nematic
phase, (f) the columnar nematic phase and (g) the hexagonal columnar

PRASE. ... e 12
Expanded 'H NMR spectra (delay time = 1 s, number of scans = 16 scans)
of polymers 1-5 (10 mg/mL in ds-DMSO at 25 °C)....ccceevveriiniininiennnne 22
Gel permeation chromatography (2 mg/mL in DMSO with 0.01 M LiBr)
of polymers 1-5. M, is relative to pullulan standard of P-50.................... 22

Photomicrographs of (a) polymer 1 at 30 wt % in DMSO , (b) polymer 2
at 20 wt % in CH3CN, (c) polymer 3 at 30 wt % in CH3;CN, and (d)
polymer 5 at 40 wt % in MeOH under crossed polarizers exhibiting

lyotropic LC phase, respectively (magnification 400X).........cccceeevveernnennne 25
DSC thermograms of the polymers 1, 2, and 5 obtained at a heating rate of
10 °C/min in NitTO@EN.....ouiit e 27
TGA thermograms of the polymers 1-5 obtained at a heating rate of 10
OC/Min in NItTOZEN ....ivieit e 28
Emission spectra of polymers in (a) DMSO, (b) acetonitrile, (¢) methanol,
and (d) THF at various excitation wavelengths.............cccccoeoeeniiiinnnnn. 30
Emission spectra of polymers in thin films cast from CH3OH or CH3CN at
various excitation wavelengths...........ccccoeovieeiiiiniiiecece e 32
Expanded '"H NMR spectra of polymers (a) I-2 and (b) 1I-2 (10 mg/mL in
7 D11 15 ) TSR USRPRRS 34
DSC thermograms of polymers II-1-II-5 obtained from the second
heating cycle at a heating rate of 10 °C/min............ccocveveevveicvereeereree, 36
TGA thermograms of polymers II-1-II-5 obtained at a heating rate of 10
R4 1411 T USSR RRPR 37
X-ray diffraction patterns for polymer II-1 registered on 1 cooling at 80
0 ettt ettt ettt b ettt ettt bt ebeneebens s ete e etens 39
X-ray diffraction patterns for polymer II-1 registered on 1% cooling at 140
ettt ettt ettt b et a e b ettt b ettt bt s ete et ese s ene s e 39
X-ray diffraction patterns for polymer II-2 registered on 1% cooling at 100
0 ittt ettt h bbbttt et b ae st b s b e s s b ene s ene e 40
Schematic diagram of lamellar structures of polymers II-1 and II-2........ 41

X



Figure 1.21.
Figure 1.21.
Figure 1.22.

Figure 1.23.

Figure 2.1.
Figure 2.2.
Figure 2.3.

Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 2.11.

Figure 2.12.

Figure 2.13.

Photomicrograph of polymers II-1 and II-2 at room temperature under
crossed polarizers exhibiting thermotropic LC phase ..........cccccecvveenneennee. 42
Photomicrograph of polymers (a) II-1 and (b) II-2 from their 7; under
crossed polarizers exhibiting thermotropic LC phase...........cccceecvveennennne. 43
Emission spectra of polymers (a) II-1, (b) II-2, (c) II-3, (d) II-4 and (e)
II-5 in H,O at various excitation wavelengths............ccccoeevveeeciveinieeennen. 45
Emission spectra of polymers (a) II-1, (b) 1I-2, (¢) 1I-3, (d) II-4 and (e)
I1I-5 in thin films cast from methanol at various excitation wavelengths..47
Schematic diagrams of (Left) single-walled carbon nanotubes and multi-
walled carbon nanotubes and (Right) types of single-walled carbon
NANOTUDES. ...ttt ettt ettt ettt et st e eaee st e saeesbeenaeens 56
Oxidation of CNTs and derivatization reaction with amines or alcohols..61
Covalent functionalizations of SWNTs via grafting (a) “from” and (b) “to”

through the atom transfer radical polymerization............ccccceeecvveerveeennenn. 62
Covalent functionalization of SWNTs by TEMPO.........c.ccccvvviirvirennnnn. 63
Schematic illustration of self-organizing processes for the composite of
liquid crystalline oligomers and SWNTS........cccccceevviiriieniieenienieeeeeeee 69

Expanded 'H NMR spectra of I-1/SWNT composites (delay time = 1 s,
number of scans = 16): (a) I-1 (10 mg/mL in ds-DMSO); and (b) I-1-50
wt % (10 mg/mL in dg-DMSO)...cuuiiiiiiiiiiiiiieieeee e 72
Expanded 'H NMR spectra of I-5/SWNTs composites (delay time = 1 s,
number of scans = 16): (a) I-5 (10 mg/mL in ds-DMSO); and (b) I-5-20
wt % (10 mg/mL in ds-DMSO)....c..cooiiiiiiiiiinieieiieeeeeeseee e 73
UV-—Vis absorption spectra of I-1/SWNT composites in DMSO (left
arrow) and emission spectra of I-1/SWNT composites at excitation
wavelength of 357 nm in DMSO (right arrow).........ccccveevevveevcieeenveeennen. 75
UV-Vis absorption spectra of I-4/SWNTs composites in DMSO (left
arrow) and emission spectra of I-4/SWNTs composites at excitation
wavelength of 275 nm in DMSO (right arrow)..........cecceevvieviienieeiiienene 75
TEM images of (a) I-1-5 wt % (b) I-2-5 wt % and HRTEM images of (¢)
I-1-5 wt %; (d) I-2-50 wt % (The scale bars in a, b and ¢, d represent 50
and 10 M, T€SPECTIVELY)...uviieiiieeiiieeiiee et 76
TEM images of (a) I-3-20 wt %, (b) I-4-20 wt %, (c) I-4-20 wt % and (d)
I-5-20 wt % (The scale bars in a, b, ¢, and d represent 50, 50, 20 and 50

Photomicrographs of (a) composite I-1-5 wt % SWNTs 30 wt % in DMSO,
(b) composite I-1-20 wt % SWNTs 30 wt % in DMSO, (c) composite I-2-
20 wt % SWNTs in 40 wt % DMSO, and (d) composite 1-2-50 wt %
SWNTs 40 wt % in DMSO under crossed polarizers............cccceeeveennennee. 79

Photomicrographs of (a) composite I-3-5 wt % SWNTs 20 wt % in DMSO,
(b) composite I-3-50 wt % SWNTs 20 wt % in DMSO, (¢) composite 1-4-
5wt % SWNTs in 40 wt % DMSO, (d) composite 1-4-20 wt % SWNTs 40
wt % in DMSO, (e) composite I-5-5 wt % SWNTs 20 wt % in DMSO,
and (f) composite I-5-20 wt % SWNTs 20 wt % in DMSO under crossed
polarizers exhibiting lyotropic LC phase.........ccccecevienerienienienieneeenen. 79

X



Figure 2.14.
Figure 2.15.
Figure 2.16.
Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.
Figure 3.7.
Figure 3.8.
Figure 3.9.
Figure 3.10.
Figure 3.11.

Figure 3.12.

Figure 3.13.
Figure 3.14.
Figure 3.15.
Figure 3.16.
Figure 3.17.

Figure 3.18.

Raman spectra of (a) I-1-50 wt %, (b) I-2-50 wt %, (c) I-3-50 wt %, (d) I-

4-20 wt %, and (d) 1-5-20 Wt Y0..eeeueeeiieiiiiiee e 80
XRD plots of I-1-0 wt % and (b) I-1-50 wt % in 30 wt % DMSO taken at
TOOM tEMPETALUIE. ... .veeeeiiiieeeeiiiieeeeiteeeeesitreeeesareeeesnneeeeeesnnneeeesssseeessnnnees 81

TGA thermograms of (a) polymers I-1-I-5 and (b) composites I-1-20
wt %—1-5-20 wt % obtained at a heating rate of 10 °C/min in nitrogen....82

Common ionic liquids based on imidazolium and pyridinium.................. 90
Most commonly used cation structures and possible anion types............. 91
Imidazolium tagged ligands/catalysts that enhance immobilization in ionic
liquids and improve catalyst reCycling/use..........ccceeeeuveercreeeriieenreeesieeens 96
Chemical structures of IL-modified dyes.........ccccceevierciiiniinciiinieeiieene 97
Chemical structures of dicationic 1onic liquids..........cceeeevieerciieerieeeiieens 98
Chemical structures of bis(pyridinium salt)s..........cccceeevieriiecrienieeiirennens 99
Expanded aromatic region of "H NMR spectra of (a) 1a, (b) 1b, (c) 1¢, and
(d) 1d (An asterisk indicates CDCI3).....c.coocvievieriieniienieeiieeieeieeee e 102
TGA thermograms of the compounds 1a—1d obtained at a heating rate of
10 °C/Min In NItTOZEM. .ttt ettt aneeaenaes 104
TGA thermograms of the compounds 2a—2d obtained at a heating rate of
10 °C/min in Nitrogen.....o.ovieiriii e, 104
DSC thermograms of 1a—1d obtained from the first heating cycle at a rate
Of 10 °C/Min in NITOZEN........cveviverieieieeieieteeeteeeeeetee et 107
DSC thermograms of 2a—2d obtained from the first heating cycle at a rate
Of 10 °C/Min in NITOZEN........cveviveriieieeieeeeeeeteeeeieeee ettt 108

Photomicrographs of (a) 1a taken at 220 °C, (b) 1b taken at 200 °C, (c) 1¢
taken at 45 °C, and (d) 2b taken at 135 °C under crossed polarizers

exhibiting crystal pPhase..........cceeeriiieiiiieiiieceee e 108
Emission spectra of 1a—1d in (a) CH3;CN, (b) CH30H, (c) Acetone, and
(d) THF at various excitation wavelengths...........c.cccccvvevvviencieenieeennenn. 111
Emission spectra of 2a—2d in (a) CH3CN, (b) CH3;0H, (c) Acetone, and
(d) THF at various excitation wavelengths............cccccoeeveveiienieeieennennnen. 112
Emission spectra of 1a—1¢ cast from CHCI; with excitation wavelength at
3300 MMttt ettt ettt enees 113
Emission spectra of 2a—2¢ cast from CHCI; with excitation wavelength at
310 DMttt ettt 114
UV-Vis spectra of 1d (2 x 10 M) in methanol with varied HOTf
CONCENETATIONS. ¢..teeuvieniientteiteetesite et e st et eb e et st e st e s bt e bt ebeestesntesaeesneenaeans 116
UV-Vis spectra of 2d (2 x 10° M) in methanol with varied HOTf
CONCENITATIONS. ¢..teeuveentientieiieete st et et et et esbeesbeente e bt eateeateseeesbeeseenneeneens 117

X1



Scheme 1.1.
Scheme 1.2.

Scheme 1.3.
Scheme 1.4.

Scheme 1.5.
Scheme 1.6.
Scheme 1.7.
Scheme 1.8.
Scheme 1.9.

Scheme 1.10.
Scheme 1.11.

Scheme 2.1.

Scheme 2.2.

Scheme 2.3.

Scheme 2.4.

Scheme 2.5.
Scheme 2.6.
Scheme 3.1.
Scheme 3.2.

LIST OF SCHEMES

Chemical structures of representative conjugated polymers....................... 2
Synthesis of poly(thiophene)s via Kumada-Tamao coupling
POLYMETIZAtION. ...ttt et ettt e et eessaeenbaeenbeeensees 8
Various monomers for poly(thiophene)s...........coccevvieniiniiiniiniiiieee 8
Various conjugated polymers through Kumada-Tamao polymerization
TEACTIONS. ¢t ettt ettt ettt et ettt et ettt e bt sbeesae et et eatesatesaeesbeenbeenreeanes 9

Representative polymerization reactions to prepare cationic polymers...13
Representative cationic functionalization of reactive precursor polymers14

Chemical structures of main-chin cationic polymers............cccccveerveennnnne. 15
Chemical structure of side-chain cationic polymers............ccccveevveeerneenns 16
Chemical structures of poly(pyridinium salt)s.........c.cccceerevieriieniernieennnnne. 18
Synthesis of poly(pyridinium salt)s—fluorene polymers............ccccceuveenneee. 20
Synthesis of water-soluble poly(pyridinium salt)s..........c.cccceerevierreenenne. 33

Chemical structures of thermoplastic polymers for melting processing: (a)
polystyrene, (b) polyethylene, (c) polypropylene, (d) poly(methyl
methacrylate), (e) nylon 6, and (f) polyethyleneterephthalate................... 64
Chemical structures of poly(phenylenevinylene) derivatives (a) poly(m-
phenylene-co-2,5-dioctoxy-p-phenylenevinylene), (b) poly(5-alkoxy-m-
phenylene)-co-(2,5-dioctoxy-p-phenylene)-vinylene), (c) poly(2,6-
pyridinylenevinylene)-co-(2,5-dioctoxy-p-phenylene)vinylene, and (d)

stilbene-like dendrimer...........cccoeouiriiriiniiiiniee e 66
Chemical structures of a group of pyrene containing
POly(phenylacetylene)s........c.ceecuieeiiieiiieniieeiieeiieee e 66
Chemical structures of linear conjugated poly(phenyleneethynylene)s and
conjugated POLYTIUOTENES. .......ccviiiiieiieiieeie ettt 67
Chemical structures of non-conjugated and conjugated polyelectrolytes..69
Synthesis of poly(pyridinium salt)s..........cccccceeeeiieriieiiienienieeeeee e 70
Chemical structures of bis(pyridinium salt)s 1a—1d and 2a—2d............. 100
Possible mechanism of MO counterion and pure MO in organic
SOIVEIES ...ttt ettt et et e ettt e st e et e e e aeas 115

Xii



CHAPTER 1

SYNTHESIS AND CHARACTERIZATIONS OF POLY(PYRIDINIUM SALT)S
1.1. Abstract

Several poly(pyridinium salt)s containing various aromatic diamine moieties and
organic counterions were prepared by the ring-transmutation polymerization reaction of
bis(pyrylium tosylate) with aromatic diamines in dimethyl sulfoxide at 130—135 °C for
48 h. Their tosylate counterions were exchanged with other anions such as triflimide,
methyl orange, dioctyl sulfosuccinate, dodecylbenzene sulfonate, and macro counterions
by the metathesis reaction in an organic solvent. Their chemical structures were
established by FTIR, 'H, "F, and *C NMR spectroscopic techniques. Number-average
molecular weights (M,) of some polymers were in the range of 97—108 kg/mol, and
polydispersity index (PDI) in the range of 1.12—1.88 as determined by gel permeation
chromatography (GPC). All the polymers showed excellent thermal stabilities in nitrogen.
They exhibited lyotropic or thermotropic liquid-crystalline phase in polar aprotic and
protic organic solvents above their critical concentrations or at room temperature
depending on their microstructures and counterions. Their optical properties were
examined by using UV—Vis and photoluminescent spectroscopy, which revealed that
some polymers emitted UV light, some emitted blue light, and some emitted green light
(both in solutions and solid states) depending on the chemical structures, organic

counterions, and solvent polarity of the organic solvents.



1.2. Introduction

Since the discovery of their conducting properties in 1977, conjugated polymers have
drawn much attention over the past decade.'™ This important discovery led to the 2000
Nobel prize in Chemistry awarded to Shirakawa, MacDiarmid, and Heeger for their
pioneering development of electrically conductive polymers.® The conjugated polymers
are organic molecules consisting of a backbone chain with alternating single and double
bonds. The interactions between the molecular orbitals along the backbone chain result in
an extended system of delocalized & electrons. The representative examples are shown in

scheme 1.1.

polyactylene ,’/\/]’ m poly(p-phenylene)
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Scheme 1.1. Chemical structures of representative conjugated polymers.
2

PO|Y(2 2' bPY)

poly(anthraquinone)Q
PAQ



Conjugated polymers possess a unique combination of properties that sets them apart
from other materials. First, they have the mechanical and processing advantages of
polymers due to their solubility in organic solvents or water. Owing to their
photophysical properties, flexibility and easy processing, they can be good alternatives to
inorganic semiconductors. Furthermore, the organic conjugated polymers can be easily
tuned by chemical modification of the monomeric building blocks, allowing for structural
improvement and tailoring of the properties of the final materials. The diverse properties
of conjugated polymers make them useful in a variety of applications including
optoelectronic devices,’ solar cells,® photodetectors,9 chemical and biological sensors.°

In a molecule containing an isolated double bond, a & electron can be promoted from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) by the absorption of a photon with energy greater than the energy gap,
Eg, between the frontier orbitals. When a sufficient energetic photon (4v) is absorbed by a
semiconducting material, an electron can be promoted from the valence band to the
conduction band, producing what is called as an “exciton”. The exciton is an excited-state
quasiparticle composing of an electrostatically bound to electron pair.'' The excited-state
species can migrate from one location to another until it relaxes by some deactivation
process resulting in luminescence. The schematic diagram of HOMO an LUMO is shown

in Figure 1.1.
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Figure 1.1. Schematic representation of the interacting HOMO and LUMO in a
conjugated system the valence band and conduction band of a semiconducting polymer,

and the corresponding energy gaps, Ej.

Luminescence can be classified into two categories, fluorescence and phosphorescence,
depending on the spins of the electrons involved in the radiative transition (Figure 1.2). If
the excited electron has the same spin as the electron in the corresponding ground-state
orbital, the emission of light is called phosphorescence. If the excited electron has the
opposite spin as the electron in the corresponding ground-state orbital, the emission of

light is called fluorescence. Phosphorescence involved an electronic transition from a

4



triplet excited state to a single ground state. Since this transition is formally forbidden by
quantum-mechanical selection rules, it occurs at a much slower rate than fluorescence,
which involves an allowed transition between a singled excited state to a singlet ground
state.'” In general, electronic transitions between the singlet states and the triplet states

typically occur at negligible rates in conjugated polymers.
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Figure 1.2. State energy diagram of photophysical processes in a typical fluorescent
molecule. The singlet ground electronic state is denoted as Sy, and the first singled
excited state is denoted as S;, respectively. The first triplet excited state is denoted as T;.
Each of these electronic energy levels contains its own vibrational energy levels, v=10, 1,

2, etc.

Absorption of an energetic photon typically excites an electron from the lowest
energy state (Sp, v = 0) to S;. In general, excited electrons rapidly relax by internal

conversion to the lowest vibrational level of S;. At this excited state (S;, v = 0), the



singlet exciton exists long enough to migrate over significant distances in a conjugated
polymer. Therefore, the excited electron returns to its ground state by a deactivation
process, such as fluorescence. Fluorescence involves electronic transitions from the
lowest vibrational level (v = 0) of S; to the vibrational levels (v = 0, 1, 2, etc.) of the
electronic ground state (Sg). Besides fluorescence, the excited state can also be
deactivated by electron transfer or energy transfer processes involving a fluorescence-
quenching defect.

Tuning the band structure of materials is one of the most important issues for
developing high performance materials. Designing high-performance organic molecules
with appropriate band structure (band gap and frontier molecular orbitals) is crucial for
device efficiency and device life-time."” Theoretical and experimental studies indicate
that the band gap of a conjugated polymer basically is determined by six factors:
molecular weight (Emy), bond length alternation (Egpa), planarity (Ep), aromatic
resonance energy (Eres), substituents (Egyp) and intermolecular interactions (Eimer).14 The
band gap of conjugated polymers can be expressed by using the equation: E, = Enmy +
Epia + Ey + Eres T Esup T Einter, Which provides a tool for tailoring the band gap of
conjugated polymers (Figure 1.3). However, the exact control of individual HOMO and
LUMO energy levels is a complicated process because all of the factors (vide supra) have
an influence on the band gap resulting in alteration of chemical, mechanical, and physical
properties. Even though the use of alkyl or alkoxy chain can increase the solubility of
conjugated polymers, this factor has an effect on the tendency for supramolecular

arrangement (Eine;) and the increment of the torsion angle (Ep). Therefore, any external



stimulus will modify the planarity of the backbone and the degree of m—orbital overlap,

resulting in the change of E,."
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Figure 1.3. Schematic representation of the structural factors affecting the band gap of

n—conjugated polymers.

The m—conjugated polymers containing aromatic moieties in the backbones are an
attractive class of materials due to their potential use in organic electronic materials and
devices such as field effect transistor (FETs), organic light-emitting diodes (OLEDs), and
photovoltaic cells. These polymers have generally been synthesized by polycondensation
reactions.'® The versatility of functionalized m—conjugated polymers has led to tunable
physical properties such as color, or emission efficiency by modifying their structure or
improving purity.'” The functionalization of conjugated polymers can occur via
copolymerization with a functionalized comonomer for tuning the properties of these
materials.'® One of the well-known approach for synthesis of n—conjugated polymers is
chain-growth coupling polymerization with an organometallic catalyst. This approach
includes Kumada-Tamao coupling polymerization with a Ni catalyst and Suzuki-Miyaura

coupling polymerization with a Pd catalyst. For example, poly(alkylthiophene) has been



synthesized based on these coupling polymerization reactions over the past decade. The
polymerization of Grignard thiophene monomer with Ni(dppp)Cl, (dppp = 1,3-
bis(diphenylphosphino)propane) is well known as a regioregulated synthetic method for
poly(alkylthiophene)s developed by McCullough and co-workers (Scheme 1.2)."

Unfortunately, the polymers obtained possess broad molecular weight distribution.

CeHi1s PaC] CeH1s Ni(dppp)Cl CeHu3
i-PrMg i(dppp
I S Br ClMg S Br S n

Scheme 1.2. Synthesis of poly(thiophene)s via Kumada-Tamao coupling polymerization

reaction.

Other substituted thiophene monomers instead of hexyl groups also have been reported
previously. The polymerization of butylthiophene, aryl-substituted thiophene, alkoxy-
substituted thiophene, or ester containing thiophene monomers in Scheme 1.3 were used
for the synthesis of conjugated poly(thiophene)s, however, the polymerization reaction
usually results in low-molecular-weight polymers due to the low solubility of these
polymers during the reactions.”

CgH47

H3COH,CH,COH,CH,CO CeH1302C

?4"'9 C|36H12|3r
Dy g L
CiMg Br CIMg Br CIiMg Br CIMg Br CIMg Br

Scheme 1.3. Various monomers for poly(thiophene)s.



Various conjugated polymers except poly(thiophene)s also have been studied through
Kumada-Tamao coupling polymerizations such as poly(p-phenylene), polypyrroles,

polyfluorenes and polycarbazoles with Ni(dppp)Cl,, Ni(dppe)Cl, or Ni(dppf)Cl, (Scheme

1.4).
OCeH13 OCgH13 CIMg Br
n
CiMg Ni(dppe)Cl,, LiCl 2/ \S Ni(dppe)Cl,, dppe Z/ \;
" N N
CgH430 CgH430 CeH13 CeH13
PrMgCI/LiCI
0.0 Br i-PrMgCI/LiC CIMg 0.0 Br Ni(dppp)Cl, 0.0 -
CgHi7  CgHq7 CgHi7  CgH47 CgHi7  CgHq7
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CgH47 C8H17 CgH17

Scheme 1.4. Various conjugated polymers through Kumada-Tamao polymerization

reaction.

In this approach, although many desired functional groups could be introduced into
polymer main chain, the reduced reactivity of the comonomer during polymerization
generally resulted in low-molecular-weight polymers.?' Furthermore, steric effects
introduced by the side-group functionality can reduce planarity of the backbone causing
the interruption of conjugation length.*

Reinitzer and Lehman first discovered liquid crystals (LCs) in 1888,” and they have
been under investigation and used in practical applications for more than 100 years. They
exhibit properties of two states of matter, liquids and solids, hence the name liquid

crystals. In crystals, molecules typically have orientational and positional order, whereas,
9



molecules in liquids have neither. Liquid crystals are unique in that the molecules possess
some orientational order, while maintaining fluidic properties. The driving forces for the
formation of a LC phase (mesophase) are interactions between the anisometric molecules
(dipole—dipole interactions, van der Waals interactions, m—mn stacking, and etc.). In
general, liquid crystals can be divided into two main types; thermotropic LCs and
lyotropic LCs. Thermotropic LCs show mesophases depending on temperature and
pressure. Their basic building units are usually individual molecules, which have
pronounced shape anisotropy, such as rods, disk, etc. Thermotropic LCs have been
successfully used in display devices. The schematic representations of LC phases are

shown in Figures 1.4 and 1.5.
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Figure 1.4. Schematic representation of liquid crystalline phase.

Lyotropic LCs are formed on the dissolution of lyotropic LC molecules in a solvent.
A feature of lyotropic LCs that distinguishes them from thermotropic LCs is the self-
assembly of molecules into supermolecular structures that represent the basic unit of
these mesophases.”* The most common lyotropic LC system are those formed by water
and surfactants (amphiphiles), such as soaps, synthetic detergents, and lipids. Surfactant

molecules are formed by a hydrophilic part chemically bound to a hydrophobic part.
10



Mixtures of these surfactant molecules with a solvent under certain conditions of

temperature and concentration produce several different types of mesophases.

Figure 1.5. Schematic representation of lyotropic LC and thermotropic LC.

LCs display a variety of mesophases based on their chemical structures. Among many
types of LC phases, the least ordered mesophase is called the nematic phase exhibiting
rod-like molecules. The nematic phase can give an orientational order of the molecules,
but without long-range positional ordering. In this phase, the rod-like molecules tend to
align themselves parallel to each other with their long molecular axis on average parallel
to a preferential direction (Figure 1.6a). This preferential direction is called the “director”
of the phase (). The rod-like molecules are free to rotate around the long molecular axis,
and to some degree, rotation around their short molecular axis can also occur.

In the smectic mesophases, the mesogenic molecules have an orientational order like
the nematic phase, but molecules also exhibit positional order. The molecules in the
smectic A phase are arranged in layers and have on average their long molecular axis
perpendicular to the layer planes. Or, in other words, the long molecular axis is on

average parallel to the normal to the layer planes (Figure 1.6b). The smectic C phase is

11



very close to the smectic A phase, however, the molecules are now not perpendicular to
the layer planes, but are tilted (Figure 1.6c). The tilt angle is the angle between the long
molecular axis and the axis normal to the layer planes. Moreover, when a molecule has
both orientational and positional orders in their mesophase, it is called the smectic B
phase (Figure 1.6d).

The columnar phases are another class of mesophases that molecules can assemble
into cylindrical structures to play a role as mesogens due to their rich aromaticity through
n—n stacking. These LCs are called discotic liquid crystals because they tend to stack up
in one dimension. In the columnar nematic phase, short columns are ordered in a nematic
way (Figure 1.6e). This phase is also called nematic columnar phase. In the columnar
phases, the mesogens are stacked one of top of another to form columns. The columns
themselves can be arranged in different two-dimensional lattices. In the hexagonal
columnar phase, the molecules are stacked into columns that are further arranged into a

hexagonal lattice (Figure 1.6g).
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Figure 1.6. Schematic representation of (a) the nematic phase, (b) the smectic A phase,
(c) the smectic C phase, (d) the smectic B phase, () the discotic nematic phase, (f) the

columnar nematic phase and (g) the hexagonal columnar phase.
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Polymeric quaternary ammonium compounds represent a class of polyelectrolytes
that mainly derive unique properties from the density and distribution of positive charges
along a macromolecular backbone. The typical properties of the quaternary polymer are
independent of the electrostatic forces. The flexibility of the polymer chain as well as the
formation of H-bonds, hydrophobic interactions or charge transfer interactions also play
an important role in practical applications. Due to manifold application in industrial
processes and daily life, the quaternary ammonium polymers have been researched for
many years like other polyelectrolytes, and still continue to be an active area of research
in diverse fields such as chemistry, physics, biology, environmental science, medicine,
material science, and nanotechnology.

Cationic charged organic compounds have a few structural varieties due to a limited
number of functional groups. The majoritiy of reported syntheses and applications are
based on the presence of quaternary nitrogen centers in their chemical structures since
they are synthetically accessible, and have good hydrophilicity for aqueous applications
and high thermal stability. Macromolecular chemical structures can be transformed into
polycationic structures by two different synthetic routes: the chain- or step-growth
polymerization reaction of suitable monomers and the cationic functionalization of

reactive precursor polymers (Scheme 1.5 and 1.6).
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Scheme 1.5. Representative polymerization reactions to prepare cationic polymers.
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Scheme 1.6. Representative cationic functionalization of reactive precursor polymers.

The first approach can lead to polymer with full functionality, but the molecular

weight of the polyelectrolytes is often difficult due to the sensitivity of their conformation

in aqueous media or reduced reactivity of the monomers. Most well-known cationic

quaternary polyelectrolytes are synthesized via free radical polymerization in aqueous

media. The reaction in aqueous system can have a low chain transfer to the solvent and a

protection of the propagating polymer radical by a strongly bound hydration shell, thus

hindering the termination reaction. Furthermore, the formation of hydrogen bonds

. .. 25
between the monomer and water may increase the reactivity of the monomers.” To

obtain well-defined molecular architectures with predictable and narrow polydispersity
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index, controlled free radical polymerizations (CRPs) such as atom transfer radical
polymerization (ATRP) and the reversible addition fragmentation transfer (RAFT) have
been successfully extended to the synthesis of cationic homo- and block-copolymers.
The narrow molecular weight distributions of the polymers via CRPs improve the
precision of any physicochemical or physical measurements supporting their applications

in structure-property relationships.
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Scheme 1.7. Chemical structures of main-chin cationic polymers.

Many cationic polyelectrolytes can be obtained by functionalization of reactive
precursor polymers. Because the neighboring effect may involve complex reaction
kinetics during the chemical modification, the reaction sometimes cannot be carried out
to 100% conversion. Furthermore, the solubility of the polymer can be modified during
the polymer-analogous reaction resulting in a hindrance of the accessibility of the

functional groups. There are several well-known ways to introduce quaternary nitrogen in
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the polymer: First, the quaternization of a halogen containing polymer with a tertiary
amine; Second, the quaternization of a polymeric tertiary amine with an alkyl or aryl
halide; and Third, the quaternization of polymer containing OH-groups by appropriate
agents like 2,3-epoxypropyltrimethyl ammonium chloride. In general, the quaternization
reaction needs high dielectric-constant solvents to dissolve all components of the initial
polymer, alkylating agent and modified polymer.”” The representative cationic polymers

are shown in Scheme 1.8.
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Scheme 1.8. Chemical structure of side-chain cationic polymers.

Conjugated polymers also can be used for biosensors via fluorescence quenching
experiments in both solution and solid thin films. Typically these sensors rely on a signal
amplification that occurs when excitation of the conjugated polymer is transferred to a
reporting dye, or via binding-induced changes in the emission of the conjugated polymer
itself.*® Solubility in aqueous media of conjugated polymers is essential for interfacing
with biomacromolecules that are only soluble in aqueous solution. In general, ionic

16



n—conjugated organic polymers can be water-soluble by introducing charged functional
groups in the polymer main or side chain.”’ Therefore, water-soluble conjugated
polymers usually contain two parts: one is the m=—conjugated backbone guaranteeing their
good optical properties, the other is the charged functionalities ensuring for the solubility
in water. The combination of conjugated polymer and ionic functionality can further

extend their applications in new materials that can be used for microelectronic or

0 2

photovoltaic ~ devices.”” For example, polythiophenes,’’ polyfluorene,”* and
poly(phenylenevinylene)®® can have solubility in water with amino acid, ammonium or
charged imidazole moiety and these substituted polymers can have specific metal ion
recognition which can be used in drug delivery and cell imaging.

Poly(pyridinium salt)s could be classified as one of the polyviologens, which has 4,4'-
bipyridinium salt moiety in their polymer backbones.’* These polymers can be obtained
from 4,4'-bipyridine and dihaloalkanes or dihaloarylalkanes through the Menschutkin
reaction. Due to the lowest cathodic redox, viologens can easily be reduced to highly
colored cation salts.* Katriztky et al. first reported the poly(pyridinium salt)s via a ring-
transmutation polymerization reaction. However, polymers synthesized by this method
usually have low molecular weights (M, ~ 10,000 g/mol) resulting in poor mechanical
properties in most applications. A new class of poly(pyridinium salt)s with two N-aryl
pyridinium salts separated by 1,4-phenylene unit was developed and studied by Harris et
al.’® This reaction involved a ring-transmutation reaction in N,N-dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO) at elevated temperature. Even though this method

provided high enough molecular weights supported by inherent viscosity, the synthesized

polymers showed limited solubility to only high boiling polar organic solvents. The
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solubility and thermal stability were significantly improved by exchanging the inorganic
counterions to organic counterions such as tosylate, triflimide, or dodecylbenzene
sulfonate.”” Bhowmik et al. have continuously explored the behavior and properties with
various aromatic and aliphatic moieties in these classes of ionic polymers.”® The
interesting properties of poly(pyridinium salt)s are their photoluminescence properties in
solution and solid states. They can emit light from UV to green based on their chemical
structures. Moreover, the polymers can have high thermal transition and stability. Most
poly(pyridinium salt)s display high glass transition (7,) > 150 °C, which is a desirable
characteristic for many applications, and thermal stability (7,;) > 200 °C.*’~® Furthermore,
it has been reported that poly(pyridinium salt)s can have liquid crystalline properties such
as thermotropic (in melt) or lyotropic (in solution). These interesting physical, optical and
solution behaviors make the poly(pyridinium salt)s high-performance materials that are
desirable for various opto- and micro-electronic applications. Due to their excellent
solubility in organic solvents and polycationic property, poly(pyridinium salt)s have
potential for use in multi-layered polyelectrolyte assemblies via layer-by-layer (LBL)
approach based on electrostatic interactions. The representative poly(pyridinium salt)s are

shown in Scheme 1.9.
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Scheme 1.9. Chemical structures of poly(pyridinium salt)s with organic counterions.

1.3. Objective

In this chapter, we report the synthesis of ionic polymers, poly(pyridinium salt)s with
various rigid aromatic moieties and organic counterions in dimethyl sulfoxide (DMSO)
through ring-transmutation polymerization reaction. Their chemical structures, thermal,
solution, and optical properties are characterized by several experimental techniques. We
found that poly(pyridinium salt)s containing a 9,9-dioctyl-9H-fluorene segment in the
repeating units, and they can have lyotropic liquid-crystalline property. Introduction of
macrocounterions into poly(pyridinium salt)s can make them soluble in water. Due to the

m conjugation in polymers, the synthesized polymers can have light emission
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characteristics in solution and solid states. We believe that this series of materials is the

cornerstone that could open a new field in the area of materials science.

1.4. Results and Discussion

1.4.1. Poly(pyridinium salt)s derived from 9,9-dioctyl-9H-fluorene-2,7-diamine

Polymer 1 was synthesized with a reaction between bispylium salt, M, and 9,9-
dioctyl-9H-fluorene-2,7-diamine in DMSO at 130—135 °C for 48 h in nitrogen. To
increase the reactivity of the reaction, a small amount of toluene was added to the
solution to remove the generated water during the reaction by using a Dean-Stark trap
set-up. Polymers 2—5 were made by a metathesis reaction in MeOH by changing the

tosylate counterion to various organic counterions as outlined in Scheme 1.10.
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Scheme 1.10. Synthesis of poly(pyridinium salt)s—fluorene polymers.

Their chemical structures were confirmed by FTIR, 'H, and PF NMR spectroscopy

and elemental analysis. The signals of carbon nuclei of polymers could not be obtained
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even at elevated temperatures because of viscous solutions of these polymers in DMSO.
Moreover, the relatively high viscosity of each of these copolymers and the broadness of
their proton spectra were suggestive of the high molecular weight polymers. The FTIR
spectra showed the representative characteristic peaks for polymer 1: 1620—1448 (C=C
and C=N aromatic ring stretching), 1196 (C—N"), 1119 (S=O asymmetric stretching) and
1033-1010 (S=0O symmetric stretching). After exchange of tosylate to triflimide, an
additional C—F stretching vibration peak at v = 1350 cm™ in polymer 2 was recorded
indicating the presence of triflimide counterion. Moreover, polymers 3 and 4 displayed
unique additional peaks at vy = 1736 cm™ (C=0 stretching) from dioctyl sulfosuccinate
counterion and 1458 and 1365 cm™ (N=N and C-N stretching) from methyl orange,
respectively. The expanded "H NMR spectra of polymer 1 showed characteristic broad
peaks at 6 = 8.82 and 8.62 ppm for the protons of the aromatic moieties of
poly(pyridinium salt) and a set of resonances at 6 = 7.45, 7.08 and 2.27 ppm for the
protons of the aromatic moiety and methyl group in the tosylate counterion (Figure 1.7).
A broad triplet at & = 0.88 revealed the presence of dioctyl fluorene moiety in the
repeating units (not shown). Exchange of the counterion from tosylate to triflimide was
confirmed by the disappearance of tosylate resonances and appearance of a new signal at
& = —78.7 ppm in the '’F NMR spectrum, signifying in the completion of the reaction.
For polymer 3, new additional peaks from the dioctyl sulfosuccinate counterion appeared
in the range of the aliphatic region, and their 'H integral ratios were in good agreement
with each other. After changing the counterion from tosylate to methyl orange, a new set
of signals was observed at 6 = 7.79, 7.70, 6.8 (aromatic protons) and 3.06 (—N(CHs),) in

the 'H NMR spectrum. These results indicated the metathesis reaction went to
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completion without causing any side reactions. The polymer 5, which had
dodecylbenzene sulfonate as the counterion, showed the expected proton signals in its

NMR spectrum.
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Figure 1.7. Expanded 'H NMR spectra (delay time = 1 s, number of scans = 16 scans) of

polymers 1-5 (10 mg/mL in ds-DMSO at 25 °C).

Molecular weight properties (M, and PDI) of the polymers were investigated using
GPC with the interdetector signals such as refractometer, viscometer and low- and right-
angle light scattering detectors. To minimize the polyelectrolyte interaction between
polymers, a small amount of LiBr was used to suppress the ionic interactions between the
polymer chains and those with GPC column packing material.”® The data including radii
of gyration and hydrodynamic radii for the synthesized polymers are compiled in Table
1.1 and their GPC chromatographs are displayed in Figure 1.8. For polymers 1-5,
number-average molecular weights (M,,) were in the range of 96.5-107.8 kg/mol and PDI
values were between 1.12 and 1.88. As expected, the molecular weights and PDI indices
of these polymers are essentially in a similar range, since polymers 2—5 were synthesized

by the metathesis reactions of polymer 1 with the corresponding salts in an organic
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solvent. It is reasonable to assume that all of these ionic polymers had sufficiently high
enough molecular weights for a meaningful comparison of their lyotropic liquid-
crystalline properties. In other words, thermal, solution, optical, and physical properties
can be studied without concern for the secondary effects that might occur from polymers

with radically different molecular weights.
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Figure 1.8. Gel permeation chromatography (2 mg/mL in DMSO with 0.01 M LiBr) of

polymers 1-5. M, is relative to pullulan standard of P-50.

Table 1.1. Molecular weights of poly(pyridinium salt)s—fluorene polymers

Polymer M.’ M, PDI* dn/dc (mL/g) R;, (nm)” R, (nm)°

1 96.5 181.8 1.88 0.1417 133 50.0
2 103.6 155.8 1.50 0.0878 12.7 244
3 107.8 130.0 1.21 0.0885 12.4 24.2
4 96.6 108.1 1.12 0.1089 11.8 33.0
5 103.9 124.1 1.19 0.0945 12.2 28.8

“ Number-average molecular weight in kg/mol.
» Weight-average molecular weight in kg/mol.
“ Polydispersity index (M,,/M,).

¢ Hydrodynamic radius.

¢ Radius of gyration

In general, highly n—conjugated polymers have some limitations when it comes to

processing them into thin films or fibers due to their poor solubility in common organic
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solvents. To increase the solubility of the polymers, long alkyl chains or flexible linkages
were introduced to enhance the interaction between polymer and solvents. As reported
earlier, poly(pyridinium salt)s with various linkages in the main chain or with organic
counterions showed good solubility in organic solvents while maintaining sufficiently
high molecular weights.”” The synthesized poly(pyridinium salt)s—fluorene polymers
displayed good solubility in DMSO, CH;CN, and MeOH that motivated us to study the
lyotropic LC properties of the synthesized polymers in these solvents. It has been
reported that many poly(pyridinium salt)s exhibit lyotropic LC properties in both aprotic
polar solvents and protic polar solvents at various critical concentrations (C*) depending
on the rigidity of backbones of the polymer structures.*” Polymer 1 containing tosylate as
a counterion formed an isotropic solution in the range of 0—10 wt %, a biphasic phase at
20 wt % and a lyotropic phase at 30 wt % in DMSO. Furthermore, such lyotropic
properties of polymer 1 were observed at 20 wt % in acetonitrile and methanol,
respectively. Similarly, polymer 2 with triflimide counterions displayed lyotropic
properties at 30 and 20 wt % in DMSO and CH3CN. However, there was no development
of a LC phase in CH3OH because of its poor solubility resulting in the phase separation
of polymer and solvent. In contrast to polymers 1 and 2, polymer 3 formed the lyotropic
LC phases at relatively high concentrations (40 wt % in DMSO and 30 wt % in CH3CN
and CH3;OH) in these solvents because of the bulky and long alkyl chain counterions
which caused its increased solubility in these solvents. In general, there are several key
factors that determine the formation of lyotropic properties in a polymer such as rod-like
structures with an extended chain character to facilitate the alignment of the polymer

chain along a particular direction or sufficient solubility to exceed the C".*' The solubility
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and chain stiffness of a polymer are dependent on the microstructure, molecular weight,
polymer—polymer and polymer—solvent interactions, and temperature.*” Therefore, the
presence of bulky—flexible organic counterions in the poly(pyridinium salt)s might
enhance these interactions, resulting in increased solubility and formation of a lyotropic
phase at high concentrations. However, in case of polymer 4, the formation of LC was
not observed in CH3CN and CH30H but in DMSO. This is because the solubility of
polymer 4 was poor in CH3CN and CH3;OH resulting in less interaction between polymer
and solvents. However, due to its high solubility in DMSO, a fully-grown LC texture was
observed at a high concentration (50 wt %) in this solvent. Polymer 5 was highly soluble
in DMSO and CH3;0H, but not in CH3CN. Its isotropic or biphasic solutions were
observed over a broad range of concentrations (0—50 wt %) in these solvents. This
phenomenon may arise from the increased solubility of polymer S due to long aliphatic
chain in the counterions. Therefore, the lyotropic properties of polymer 5 were found to
be at relatively high concentrations (35 wt % in DMSO and 40 wt % in CH3OH) in these
solvents. Table 1.2 summarizes the solution properties of polymers 1-5 in various organic
solvents and Figure 1.9 shows the representative photomicrographs of lyotropic phases of
some of these ionic polymers.

Table 1.2. Solution properties of poly(pyridinium salt)s—fluorene polymers

Polymer 1 2 3 4 5
0—-10% I
DMSO 20% B 0-30% I 0—40% 1 0-30% I
20% B*
(e=48.9) 30% L 40% L 50% L 35% L
30% L*
CH;CN 10% B 0-20% 1
20% L - -
(e=37.5) 20% L 30% L
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CH;0H 10% B 20% B 30% B
(e=32.6) 20% L 30% L 40% L

“ I = Isotropic; B = Biphasic (anisotropic + isotropic); and L = Lyotropic.

Figure 1.9. Photomicrographs of (a) polymer 1 at 30 wt % in DMSO , (b) polymer 2 at
20 wt % in CH3CN, (c¢) polymer 3 at 30 wt % in CH3CN, and (d) polymer 5 at 40 wt % in
MeOH under crossed polarizers exhibiting lyotropic LC phase, respectively

(magnification 400x).

For fabrication and processing of polymers, amorphous materials are a particularly
interesting class of materials for various optoelectric applications.*” Therefore, thermal
properties of the synthesized ionic polymers were evaluated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) analysis and summarized in
Table 1.3. Polymer 1 displayed 7, at 148 °C and one endotherm at 190 °C (not shown)
that is attributed to the loss of entrapped solvent molecules. This finding is supported by
TGA analysis (vide supra). Change of the counterion form tosylate to triflimide
significantly lowered the glass transition temperature by 41 °C. This decrease in 7, was

presumably related to the fact that the bulky size of triflimide counterion may provide a
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mechanism for the decrease in electrostatic interactions between this anion and
pyridinium moiety. This phenomenon is in excellent agreement with the analogous
poly(pyridinium salt)s as well as ionic liquids.”® Unlike those of polymer 2, DSC
thermograms of polymers 3 and 4 did not provide any meaningful information with
regard to their glass transition temperatures. However, it is worth noting that 7, of the
polymer decreased steadily with the size of counterion that is associated with the
respective ionic polymer, from 148 °C for polymer 1 to 67 °C for polymer 5. This result
indicated that the large size of counterions resulted in the significant increase of the
segmental mobility of the polymer chain at relatively low temperature (Table 1.3 and
Figure 1.10).

High thermal stability is generally required for polymers used at high operating
temperatures. Although highly n—conjugated aromatic materials can increase the thermal
stability of materials, poor solubility often is associated with their rigid structures. In this
study, poly(pyridinium salt)s—fluorene polymers with various organic counterions were
found to have excellent 7s in the range of 302—423 °C (Figure 1.11). Moreover, polymer
2 displayed the highest 7; among the polymers in this series. This characteristic trend
may be attributed to the high 7, of lithium triflimide and non-nucleophilic character of

triflimide counterion.’®*

Table 1.3. Thermal properties of poly(pyridinium salt)s—fluorene polymers

Polymer 1 2 3 4 5
T,° (°C) 352 423 305 302 362
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® Glass transition was recorded from a heating rate of 10 ‘C/min in nitrogen.
® Thermal decomposition was recorded at 5 wt % weight loss in nitrogen.
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Figure 1.10. DSC thermograms of the polymers 1, 2, and S obtained at a heating rate of

10 °C/min in nitrogen.
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Figure 1.11. TGA thermograms of the polymers 1-5 obtained at a heating rate of 10

°C/min in nitrogen.

One of the interesting characteristics of m-conjugated polymers is their optical
property in solution and solid states. The poly(pyridinium salt)s—fluorene polymers
synthesized in this study exhibited good solubility in common organic solvents (vide
supra). Therefore, the optical properties of the polymers were examined by UV—Vis and
photoluminescene spectroscopy (PL) in various organic solvents. The absorption spectra
of fluorene homopolymer are at An.x 373 nm in chloroform and 381 nm in THF,
respectively.* This absorption peak was not observed in any of these UV—Vis absorption
spectra of polymers 1-5 in the identical solvents. Moreover, polymers 1-5 showed
essentially identical Ay in the range of 340—351 nm various organic solvents such as
DMSO, acetonitrile, methanol, tetrahydrofuran (THF) or chloroform as detected in their

absorption spectra. These results suggested that the absorption spectra of these polymers
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are a composite of m—m transitions of both phenylated bispyridinium and 9,9-dioctyl-
fluorene moieties. In other words, the interactions between various organic solvents and
the chromophores of polymers did not cause any significant changes in the energies of
their ground states. The optical band gaps (E.s) of the polymers as determined from the
onset of wavelength (low energy region) in the UV—Vis absorption spectra are

summarized in Table 1.4.

Table 1.4. Optical properties of poly(pyridinium salt)s—fluorene polymers

Polymer 1 2 3 4 5
UV abs (nm)” 347 347 347 351(429) 347
Band gap (eV) 3.04 3.04 3.04 2.99 3.04
PL Aes DMSO (nm) 534 534 533 538 533
PL Aery CH3CN (nm) 535 532 534 - 531
PL Ay CH3OH(nm) 529 528 527 527 528
PL Ay THF (nm) — 517 493 - 497
PL Aen CHCI; (nm) — 524 524 - 518
PL her film (nm) 570 528° 483" - 495"
“ Recorded in DMSO.

b Thin film cast from CH;0H.
“Thin film cast from CH3;CN.

The light emission spectra of the polymers were recorded in various organic solvents
and displayed in Figure 1.12. In DMSO, there was a minor change in the emission peak
maxima for each of these polymers 1-5 which suggests that fluorescence was not
affected by the nature of counterions. In contrast, a hypsochromic effect was observed on

changing the polarity of the solvents from DMSO to THF. Polymer 2 exhibited Aem = 534

nm at excitation wavelength of 383 nm in DMSO; whereas Ae, = 517 nm at excitation
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wavelength of 341 nm in THF. Like polymer 2, polymer 3 exhibited Aem = 533 nm at
excitation wavelength of 347 nm and Ay, = 493 nm at excitation wavelength of 344 nm in
DMSO and THF, respectively. However, the emission spectra of polymer 4 were recorded
in DMSO and MeOH that exhibited A, peaks at 538 and 527 nm (excitation wavelengths
at 357 and 344 nm, respectively. Unlike other polymers in the series, its emission spectra
could not be measured in other solvents because of its poor solubility. These data implied
a positive solvatochromism phenomenon that is the Ay, peaks were shifted to the longer
wavelengths with the increasing solvent polarity. Polymer 5 followed a similar trend in
the PL study. From the results of the optical studies, the fluorescence in the solution state

was dependent on the polarity of the solvents not on chemical structures of the

counterions.
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Figure 1.12. Emission spectra of (a) polymers 1-5 in DMSO, (b) of polymers 1-3 and 5
in acetonitrile, (¢) of polymers 1-5 in methanol, and (d) of polymers 2,3, and 5 in THF at

various excitation wavelengths.
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To evaluate the optoelectronic applications, the light-emitting properties of the
polymers in their solid states were studied. Polymer 1 emitted A.n, peak at 570 nm (green)
with an excitation wavelength at 392 nm. Compared to that of the solution spectrum, a
bathochromic shift of 41 nm was observed. This emission property may be attributed to
fact that the more ordered structures were built up during the film formation resulting in
the more n—=n stacking in the solid state. By exchanging the counterion to triflimide, 2,
which has bulkier counterions than tosylate, a blue shift was found compared to that of
polymer 1 which means the size of counterions may hinder the formation of ordered
structures. Furthermore, the polymer 3 containing the largest counterion in size exhibited
the most blue-shifted (A, = 483 nm at excitation wavelength of 330 nm) emission peak
(Figure 1.13). The overall shape of the fluorescence spectra in their solid states was
dependent on the size of counterions, but that of the fluorescence spectra in solutions was
independent of the size of counterions. Although further study is needed, these data imply
that these polymers emit blue and green light in the solid states, and these emissions are
affected by the size of the counterions. Furthermore, the full-width at half-maximum
(FWHM) values of PL spectra in the solution and solid states of these ionic polymers
were greater than 100 nm suggesting that their light-emission stemmed from a number of

chromophoric species.
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Figure 1.13. Emission spectra of polymers 1-3 and 5 in thin films cast from CH3;OH or

CH;CN at various excitation wavelengths.
1.4.2. Water-soluble poly(pyridinium salt)s containing macrocounterions

The synthetic route for the preparation of water-soluble poly(pyridinium salt)s is

presented in Scheme 1.11. As reported elsewhere,**

polymers I-1-I-5 were
synthesized through the ring-transmutation polymerization reaction with the
bis(pyrylium) salt, M, and various diamines in DMSO. Water generated during the
reaction was removed by an azeotropic distillation to enhance the degree of
polymerization. To make water-soluble poly(pyridinium salt)s, the tosylate counterions
were exchanged to macrocounterion via the metathesis reaction. Initially, the reaction
was carried out in DMSO at elevated temperature because of the polymer’s high

solubility in this solvent. However, a complete exchange reaction was not obtained and

therefore the solvent was changed from DMSO to methanol for its completion. After the
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reaction was heated to reflux in methanol for 48 h, the solvent was completely removed
by a rotary evaporator and excess diethyl ether was added into gel-like polymer to
remove any remained macrocounterion salts and precipitate out the desired polymer. To
characterize the chemical structures of the polymers, FTIR, 'H, and *C NMR analysis

were conducted.
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Scheme 1.11. Synthesis of water-soluble poly(pyridinium salt)s with macrocounterions.

In FTIR result, polymers II-1-1II-5 contained the representative characteristic peaks:
1620 (C=C aromatic ring stretching), 1458 (C—H aliphatic bending), 1200-1111 (C-N"
and S=0 asymmetric stretching) and 1033 (S=O symmetric stretching). As shown in
Figure 1.14, the '"H NMR spectrum of polymer I-2 showed unique resonances at & = 8.87
and 8.67 ppm for the hydrogens of the poly(pyridinium salt)’s aromatic group and a set of
resonances at 6 = 7.10 and 2.27 ppm for the hydrogens of the aromatic and methyl
hydrogens in the tosylate counterions. Their hydrogen integration ratios matched with
each other, meaning the desired poly(pyridinium salt)s were successfully synthesized.

Exchange of counterions from tosylate to macrocounterions was confirmed by the
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disappearance of doublet peaks of aromatic tosylate counterions at 7.10 ppm and a
methyl peak at 2.27 ppm and appearance of new peaks at 7.10—7.50 and 6.84 ppm for
aromatic hydrogens from macrocounterions. Moreover, their chemical structures were
further confirmed by >C NMR analysis. The unique methyl peak in tosylate at 21.2 ppm
disappeared in °C NMR spectra after the metathesis reaction. These results suggested
that the tosylate counterions were completely converted to the macrocounterions. The
other polymers, which had different linkages in their repeating units, showed the identical

trends in their NMR spectra.
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Figure 1.14. Expanded "H NMR spectra of polymers (a) I-2 and (b) II-2 (10 mg/mL in

ds-DMSO).

Good solubility of polymers in organic solvents and H,O can be of significant interest

for their diverse applications because of their easy processing in thin film states. The
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solubility of polymers II-1-1I-5 was examined in various organic solvents and H>O. As
summarized in Table 1.5, the enhanced solubility of these polymers was observed when
compared to those of polymers I-1-I-5. The change of solubility might be caused by the
introduction of flexible, bulky macrocounterions. These macroions resulted in the
decrease of molecular packing between polymer chains and also provided a favorable
mechanism for the interactions of oligooxyethylene groups and various polar solvents

including water.

Table 1.5. Solubility of polymers II-1-II-5°

Polymer 1I-1 I1-2 I1-3 11-4 II-5
H,O +5 + + + +
DMSO + + + + +
CH;CN + + + + +
CH;OH + + + + +
Acetone +P + + + +
THF + + + + +

“ Solubility was measured in 10 mg/mL concentration.
by represents soluble and + represents partially soluble.

The thermal properties of the polymers II-1-II-5 were evaluated by DSC and TGA
measurements. Their DSC and TGA thermograms are shown in Figures 1.15 and 1.16,
respectively, and their thermal properties are summarized in Table 1.6. As reported
earlier, some of poly(pyridinium salt)s (I-4 and I-5) had thermotropic LC properties at
elevated temperatures and their liquid crystal-to-isotropic liquid transition (7;) were over
100 °C.** Polymers I-1-1-3 had T, over 200 °C from the previous results and their
melting transitions (7;s) could not be measured because of their thermal decomposition

prior to 7;s. Even though glass transition temperatures (7gs) were not detected in DSC
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thermograms, polymers II-1 and II-2 showed solid-to liquid crystal transitions (7},s) at
34 and 32 °C, respectively. They also exhibited T; values at 200 and 160 °C as determined
by VTXRD (vide infra). In contrast, polymer II-3—II-5 did not form LC phase, but
transformed from solid-to-liquid phase (7,s) at relatively low temperatures of 29-34 °C
as supported by VIXRD studies (not shown). The reasons for their low 7,,s were related
to both the presence of flexible linkages in their backbones and the presence of flexible
oligooxyethylene macrocounterion. In contrast, polymers II-1 and II-2 exhibited
thermotropic LC phase at relatively low temperatures (Table 1.6) that persisted up to their
Tis of 200 and 160 °C, respectively, because of the presence of rod-like structural

moieties in their main chains.
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Figure 1.15. DSC thermograms of polymers II-1-1I-5 obtained from the second heating

cycle at a heating rate of 10 °C/min.
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TGA analyses suggested that polymers I-1-I-5 exhibited two-step decomposition
processes (not shown). The first decomposition started around 300 °C due to the cleavage
of the C—S bond in tosylate counterion which is consistent with the previously reported
results of other poly(pyridinium salt)s.>’ >’ The second degradation was from the main
chain decomposition of poly(pyridinium salt)s. The Tgs values of polymers II-1-TI-5
were slightly increased which were presumably related to the higher thermal stability of
the macrocounterions when compared to tosylate counterions. Note here that
decomposition of sodium tosylate occurs at 155 °C and that of macrocounterion salt
occurs at high temperature of 235 °C. Therefore, the thermal stability of the salt
(precursor) that is used for the preparation of an ionic polymer can affect its
decomposition temperature. Polymer II-4 showed the lowest thermal stability at 261 °C
when compared with those of other polymers, which is related to low thermal stability of

aliphatic linkage than aromatic linkages.
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Figure 1.16. TGA thermograms of polymers II-1-1I-5 obtained at a heating rate of 10

°C/min.
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Table 1.6. Thermal properties of polymers II-1-1I-5

Polymer I1-1 I1-2 I1-3 11-4 I1-5
T (°C) 34¢ 29¢ - — -

Ti (°C) 200" 160° 32¢ 34¢ 31°
Ts? (°C) 322 313 318 261 329

“Solid to liquid crystal phase temperature determined by DSC.

? Liquid crystal to isotropic phase temperature determined by VTXRD.

“ Solid to liquid phase temperature determined by DSC.

Y Thermal decomposition was recorded at the temperature at which 5 wt % loss of
polymer occurred in nitrogen.

To investigate the microstructures of polymers II-1-1I-5, VITXRD analysis was
performed. The polymers containing flexible linkages (II-3—II-5) showed amorphous
characteristics at room temperature, and thermal treatment did not induce the formation
of crystal structures. However, the polymers II-1 and II-2 exhibited some crystalline
structures on 1% cooling and 2™ heating cycles, and the phases they formed on melting
were identified as lamellar structures on the basis of VITXRD experiments. For II-1, an
additional transition occurred around 150 °C on heating and 130 °C on cooling cycles.
The isotropic liquid phase of II-1 was almost reached at 200 °C. In both temperature
ranges, the structure was identified as lamellar.

Even though polymer II-2 presented an amorphous phase up to ca. 160 °C from the
1* heating cycle, the ordered lamellar structure occurred on 1* cooling cycle from the
isotropic liquid phase. The lamellar phase became an amorphous phase below 40 °C. This
thermal behaviour is fully reversible on further heating and cooling cycles. The X-ray
patterns recorded on cooling cycle at 80 and 140 °C for II-1, and at T = 100 °C for II-2,

chosen as representative examples, exhibited a set of eight (II-1) to four (II-2) sharp and

39



small-angle reflections in the ratio 1:2:3:4:5:6:7:8, 1:2:3:5, and 1:2:3:4, respectively, in
agreement with a lamellar arrangement, and the presence of a diffuse scattering at 4.5 A

corresponding to the molten lateral chains.
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Figure 1.17. X-ray diffraction patterns for polymer II-1 registered on 1* cooling at 80 °C.
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Figure 1.18. X-ray diffraction patterns for polymer II-1 registered on 1* cooling at 140

°C.

6000

-2
T =100°C
(cooling)

001

5000 |

4000 |

2000 |

Intensity (counts
S
s

1000 |

Figure 1.19. X-ray diffraction patterns for polymer II-2 registered on 1st cooling at 100

°C.

As noted, II-1 exhibited an additional phase, above the highly segregated mesophase
(e.g., with very sharp peak), of the same nature. For I1-2, the intensity of the reflections
decreased with diffracting angles, whereas for II-1, the fifth reflection, (005), was highly
intense (Figures 1.17—1.19 and Table 1.7). The large volume of the oligooxyethlene chain
permits to wrap the rigid monomeric units of the polymers to yield highly segregated
structures.

A possible representation of the lamellar ordering is shown in Figure 1.20. The
polymers are a priori more or less correlated within the layers (laterally), but not between

layers, where they can behave independently.
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Figure 1.20. Schematic diagram of lamellar structures of polymers II-1 and I1-2.

Table 1.7. XRD data for polymers II-1 and II-2

Polymer Temperature Aneas. (A) | distance dieor. (A)

63.90 VS, sh 001 64.07

31.96 S. sh 002 32.04

21.16 M, sh 003 2136

15.85 M. sh 004 16.02

%0 °C 13.1 S, sh 005 12.81

0 10.7 W, sh 006 10.68

9.15 W. sh 007 9.15

- 8.02 W. sh 008 8.01
45 VS, br - hep
4.35 M, sh — h,

64.0 VS (sh) 001 64.15

32.0 W. sh 002 32.08

. 21.15 S, sh 003 2138

140°C 13.03 VS, br 005 12.83
45 M, sh - hep
436 - he

67.0 VS, sh 001 66.95

33.62 M, sh 002 33.47

. 222 M. sh 003 2231

11-2 100 °C 16.74 W, sh 004 16.73
8.9 massif - -
4.5 VS, br — hen

Even though poly(pyridinium salt)s with various organic counterions and aromatic
linkages can have thermotropic LC properties, some polymers with BF, or triflate as a
counterion do not have thermotropic LC properties due to their decomposition

temperatures prior to their melting temperatures.**® As we reported before, polymers I-4
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and I-5 developed LC texture at 220 and 155 °C, respectively. These LC textures
persisted up to their decomposition temperature or 7;. By transferring counterions from
tosylate to triflimide, their Ty, T,, and 7; were decreased because the triflimide counterion
provided reduced electrostatic interactions between negatively charged anions and
positively charged bispyridinium ions. These reduced interactions appear to be associated
with the increased ion mobility and reduced lattice energy in the crystalline state. In a
similar vein, macrocounterion also provided the lamellar LC phase for polymer II-1 and
I1-2 at relatively lower temperatures. Figure 1.21 shows the crystalline phases of polymer
II-1 and II-2 recorded at room temperature. Furthermore, when these two polymers were
heated to above 7; and then cooled to room temperature, the birefringent LC textures of
polymers related to lamellar LC phases were observed with the polarized light
microscope under crossed polars. The observation of these textures in polymers with
macrocounterions suggested their lamellar phase (Figure 1.22).>”* These results suggested
that the incorporation of the bulky macrocounterion was conducive to the thermotropic
LC property of poly(pyridinium salt)s due to the significant reduction of strong ionic
interactions between positive and negative charges, which are in excellent agreement

with other thermotropic LC poly(pyridinium salt)s.*’
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Figure 1.21. Photomicrographs of polymers II-1 and II-2 at room temperature under

crossed polarizers exhibiting crystalline phases (magnification, 400x).

Figure 1.22. Photomicrograph of polymers (a) II-1 and (b) II-2 from their 7; under

crossed polarizers exhibiting thermotropic LC phase (magnification, 400x).

Due to chromophores, 4,4'-(1,4-phenylene)bis(2,6-diphenylpyridiniun) ions, in
polymer main chain, optical properties both in solution and solid state of polymers Il-
1-11I-5 were studied and their results were compiled in Table 1.8. They showed almost
identical absorption maxima between 337 and 345 nm in H,O as detected in their
UV—Vis spectra. By changing the solvents (CH;CN, CH3;OH, acetone, THF, and CHCl,),
no significant differences in their absorption spectra were observed, suggesting closely
spaced m—n* transitions occurred in all of these polymers in various polar solvents. This
phenomenon implies that the polarity of solvents and the interaction between solvents
and backbone of polymers were less sensitive in energies of the ground states of
chromophores for this class of ionic polymers. The optical band gaps (E.s) of these
polymers as determined from the onset of wavelength in the UV—Vis spectra in H,O were
between 3.00 and 3.21 eV. These band gaps were higher than those of other conjugated
polymers such as poly(p-phenylene vinylene)s,” but comparable with other

37-39

poly(pyridinium salt)s. Furthermore, polymers I-1-I-5 had essentially similar Apax
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peaks in their absorption spectra when compared with those of polymers II-1-1I-5 in the
identical organic solvents. The results suggested that the UV—Vis spectra of all polymers

were independent of the counterions and polarity of solvents.

Table 1.8. Optical properties of poly(pyridinium salt)s

Polymer 11-1 11-2 11-3 11-4 II-5
UV abs (nm)* 345 337 345 330 337
Band gap (eV)* 3.04 3.00 3.04 3.21 3.00
PL Zem H2O (nm) 492 496 447 445 533
PL Zem CH3CN (nm) 500 527 446 442 542
PL Aem CH30H (nm) 497 522 451 443 542
PL Zem Acetone (nm) 487 - 446 442 534
PL Zem THF (nm) 492 482 413 439 527
PL Aem CHCI3 (nm) 463 - 421, 443 440 500, 520
PL Aem film (nm)” 463 466 461 518 512
“ Obtained from H,O.

? Thin film cast from methanol.

The PL spectra of polymers II-1-1I-5 in H,O are shown in Figure 1.23. In the case of
polymer II-1, there was a major Aem peak at 492 nm, along with a weak shoulder at the
shorter and longer wavelength side, at an excitation wavelength of 330, 338 and 350 nm.
In CH30H, it showed a major Aem peak at 497 nm with a shoulder peak at 523 nm when
excited at wavelengths of 325, 335 and 345 nm. Polymers II-1 and II-2 exhibited
essentially identical emission spectra in water. However, when non-linear, bulky or
flexible linkages were introduced in the polymer chain (II-3, II-4 and II-5),
hypsochromic shifts in their photoluminescent peaks were obtained. For polymer II-3, a
major Aem peak at 447 nm, which is independent of the excitation wavelengths used,

appeared in H,O. In CH3CN, CH3OH, acetone, THF, and CHCI; solvents, similar blue
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shifted emission peaks were observed resulting in no effect on the polarity of solvents.
For better comparison, the emission spectra of polymers I-1, I-2 and I-4 were examined
in the identical solvents. Polymer I-2 showed a maximum emission peak at 518 nm in
methanol, which is similar to that of polymer II-2. In case of polymer I-3 and II-3, they
showed almost identical Aem at 448 and 446 nm in CH3CN, respectively. Furthermore, 1-4
displayed Aem at 440 and 442 nm when excited at 310 and 305 nm wavelengths of light in
methanol and acetonitrile, respectively, and its maximum emission peaks are close to
polymer II-4 in the identical solvents. By changing the counterion from tosylate to
macrocounterion, PL spectra results were not different in the identical solutions
suggestive of the fact that the structure of linkages in the polymer main chain has more
effect on optical property than the structure of the counterion. Furthermore, the FWHM
values of emission spectra for polymers II-1-II-5 in various solutions were slightly
narrow in relatively non-polar solvents such as THF and CHClI; that can be considered an

indication of isolated emitting chromophores.*
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Figure 1.23. Emission spectra of polymers (a) II-1, (b) I1-2, (¢) II-3, (d) II-4 and (e) II-5

in H,O at various excitation wavelengths.

The films of polymers II-1-1I-5 were prepared from casting in methanol on quartz
plates. The solid state emission spectra of all polymers are shown in Figure 1.24, and
their maximum emission peaks are compiled in Table 1.8. In thin films, polymer II-1
showed a Aey at 465 nm at excitation wavelength 325, 345 and 360 nm, respectively. In
contrast to its solution emission spectra in methanol, its cast film of polymer II-1 from
methanol exhibited a single A, peak at low wavelegth when compared with those of its
solution spectra. Similarly, the cast films of polymers II-2 and II-5 exhibited
hypsochromic shifts of 56 and 30 nm in their A, values, when compared with those of
their solutions spectra. Even though polymer I-3 displayed a similar emission spectra in
the solution and solid state, polymer II-4 was red shifted by 75 nm in its A., value. This
property may be attributed to the fact that the FWHM values of emission spectra in the
thin film of polymer II-4 (143 nm) were much wider when compared with those in
methanol solutions (78 nm). These features strongly suggest that there are more ordered
structures in the solid-state morphology of polymer II-4. In general, both intramolecular
and intermolecular m—x interactions of chromophores of polymers are responsible for the
formation of ordered structures, causing a red-shifted emission and low quantum yields
of light-emitting polymers in the solid state.” Although further study is needed, we
speculate that these n—n interactions of chromophores, polarity of solvents, and aromatic
linkages in the polymer backbone can play an important role in the emission spectra of

poly(pyridinium salt)s in the solid state.
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Figure 1.24. Emission spectra of polymers (a) II-1, (b) II-2, (¢) II-3, (d) II-4 and (e) II-5

in thin films cast from methanol at various excitation wavelengths.
1.5. Experimental
1.5.1. General Comments

4,4'-Oxydianiline, benzidine, 2,2'-bis(4-aminophenyl)hexafluoropropane, nonane-1,9-
diamine, methyl orange, dodecylbenzene sulfonic acid (sodium salt), dioctyl
sulfosuccinate (sodium salt) and poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl ether
potassium salt were purchased from commercial vendors (Sigma-Aldrich and TCI
America) and 4,4'-oxydianiline was purified by sublimation before use. The bis(2-(2-(4-
aminophenoxy)ethoxy)ethyl) ether, 9,9-dioctyl-9H-fluorene-2,7-diamine and the 4,4’-
(1,4-phenylene)bis(2,6-diphenylpyrylium p-toluene sulfonates), M, were synthesized

according to the reported procedures.”’ >’
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'H, F and °C NMR spectra were obtained using a Varian NMR spectrometer (400
MHz for 'H, 376 MHz for "°F, and 100 MHz for 13C) with three RF channels at room
temperature, and chemical shifts were referenced to tetramethylsilane (TMS) for proton
and carbon nuclei and CFCl; for fluorine nuclei. NMR samples were prepared by
applying gentle heat to dissolve the polymer (10 mg for 'H and "°F and 30 mg for °C) in
ds-DMSO (1 mL). Differential scanning calorimetry (DSC) measurements of polymers
were conducted using a TA module DSC Q200 series instrument in nitrogen at heating
and cooling rates of 10 °C/min. The temperature axis of the DSC thermograms was
calibrated before using the reference standard of high purity indium and tin.
Thermogravimetric analyses (TGA) of polymers were performed using a TGA Q50
instrument in nitrogen. The TGA data were collected at temperatures between 30 and 600
°C at a heating rate of 10 °C/min. The UV—Vis absorption spectra of polymer solution in
organic solvents were recorded at room temperature using Varian Cary 50 Bio
UV—Visible spectrophotometer in quartz cuvettes. Photoluminescence spectra in
solutions and thin films were recorded using a PerkinElmer LS 55 luminescence
spectrometer with a xenon lamp light source. Thermotropic and lyotropic liquid crystal
properties of the materials were obtained using a polarized optical microscopy (POM,
Nikon, Model Labophot 2) equipped with crossed polarizer. The VIXRD measurements
of two polymer II-1 and II-2 were carried out on both samples for both heating and
cooling cycles, with temperature steps of 20 and 10 °C, respectively. Samples were
exposed to an X-ray beam for about one hour at each temperature. The XRD patterns
were obtained using the following setup. A linear monochromatic CuK,; beam (A =

1.5405 A) was obtained using a sealed-tube generator (900 W) equipped with a bent
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quartz monochromator. The crude powder was filled in Lindemann capillaries of 1 mm
diameter and 10 wm wall thickness. The diffraction pattern was recorded with a curved
INEL CPS120 counter gas-filled detector linked to a data acquisition computer;
periodicities up to 60 A can be measured, and the sample temperature can be controlled
to within £0.05 °C from 20 to 200 °C. In each case, exposure times were varied from 1 to

24 h.
1.5.2. Synthesis of Polymer 1

The bis(pyrylium) salt, M, (5.00 g, 5.65 mmol), 9,9-dioctyl-9H-fluorene-2,7-diamine
(2.38 g, 5.65 mmol), and DMSO (120 mL) were placed in a 250 mL three-necked, round
bottomed flask equipped with a magnetic stirrer. A small amount of toluene (6 mL) was
added to remove the water generated during the reaction by azeotrope, which was
facilitated by using Dean-Stark trap and water condenser. The solution was heated at
130—135 °C on stirring for 48 h in nitrogen. After the reaction was completed, the
solution was concentrated by a rotary evaporator until the solution became viscous. It was
then poured into water to precipitate the polymer. The precipitated solid was washed with
water several more times to remove any residual salts and collected by vacuum filtration.
The collected polymer was additionally washed a few times with boiling water and dried
in vacuo at 110 °C for 48 h. Data for polymer 1: Anal. Cacld for Cg3;Hg,N2OgS,
(1267.68): C, 78.64; H, 6.52; N, 2.21; S, 5.06. Found: C, 76.67; H, 6.62; N, 2.27; S, 4.79;
FTIR (KBr film, v cm™): 3047 (=C—H aromatic stretching), 1620—1448 (C=C and
C=N aromatic ring stretching), 1196 (C—N"), 1119 (S=O asymmetric stretching) and

1033—1010 (S=0O symmetric stretching).
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1.5.3. General Procedure for Synthesis of Polymers 2—5

Polymers 2—5 were synthesized through a metathesis reaction from the respective
polymer 1 with excess appropriate counterion salts. In general, polymer 1 (1.00 g, 0.789
mmol) was dissolved in MeOH (50 mL) and a solution of counterion salts (1.73 mmol,
2.2 equiv based on the polymer ratio) was added into the solution while keeping the
temperature at 40 °C. The solution was heated to reflux on stirring for 48 h. After the
reaction was completed, the solution was concentrated by a rotary evaporator until it
became viscous. The concentrated solution was poured into water to precipitate out the
polymer. The solid polymer was then suspended in water and stirred for 2 h to remove
any residual salts and this procedure was repeated one or two more times until all tosylate
counterions were completely exchanged to the target counterions. The complete
exchange of counterions was confirmed by the analysis of 'H NMR spectrum. The
purified polymer was dried in vacuo at 80 °C for 24 h. Data for polymer 2: Anal. Cacld
for C73HesF12N4O5Ss (1485.58): C, 59.02; H, 4.61; N, 3.77; S, 8.63. Found: C, 59.29; H,
4.59; N, 3.86; S, 8.43; FTIR (KBr film, viax cm'l): 3063 (=C—H aromatic stretching),
1620—1466 (C=C and C=N aromatic ring stretching), 1350 (C—F stretching), 1196
(C—N"), 1119 (S=O asymmetric stretching) and 1057 (S=O symmetric stretching); for
polymer 3: Anal. Cacld for C;o9oH4,N2014S, (1786.43): C, 74.03; H, 8.09; N, 1.58; S,
3.63. Found: C, 73.25; H, 7.90; N, 1.65; S, 3.48; FTIR (KBr film, vpax crn'l): 3055
(=C—H aromatic stretching), 1736 (C=0 stretching), 1620—1458 (C=C and C=N aromatic
ring stretching), 1242—1158 (C—N" and S=O asymmetric stretching) and 1034 (S=O

symmetric stretching); for polymer 4: Anal. Cacld for Co;HosNgO¢S, (1534.99): C, 75.95;
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H, 6.31; N, 7.30; S, 4.18. Found: C, 74.01; H, 6.40; N, 6.96; S, 3.83; FTIR (KBr film,
Vimax cm’™'): 3048 (=C—H aromatic stretching), 1620—1458 (C=C and C=N aromatic ring
stretching), 1458 (N=N), 1365 (C—N stretching), 1196—1111 (C—N" and S=0O asymmetric
stretching) and 1026 (S=0O symmetric stretching); for polymer 5: Anal. Cacld for
CiosH126N206S, (1576.26): C, 80.01; H, 8.06; N, 1.78; S, 4.07. Found: C, 78.37; H, 8.02;
N, 1.87; S, 3.91; FTIR (KBr film, vpax cm'l): 3055 (=C—H aromatic stretching),
1620-1458 (C=C and C=N aromatic ring stretching), 1195-1134 (C-N" and S=O

asymmetric stretching) and 1034—1011 (S=0O symmetric stretching).
1.5.4. General Procedure for Synthesis of Polymers I-1-1-5

The bis(pyrylium) salt, M, was reacted with an appropriate diamine by a ring-
transmutation reaction to yield each of the target polymers. Equal mole ratio of
monomers was placed in three-necked, round-bottomed flask equipped with a magnetic
stirrer in DMSO. A small amount of toluene was added to remove the water generated
during the reaction by azeotropic distillation, which was facilitated by using Dean-Stark
trap and water condenser. The temperature was increased up to 130—135 °C and the
solution was stirred for 48 h in nitrogen. After the polymerization reaction was completed,
the solution was cooled to room temperature. Excess of DMSO was removed by a rotary
evaporator until the solution became viscous. It was then poured into water to precipitate
the polymer. The precipitated solid was washed with water several more times to remove
any residual impurities and collected by vacuum filtration. The collected polymer was
additionally washed a few times with boiling water and dried in vacuo at 110 °C for 48 h.

Data for polymer I-1: Anal. Cacld for CesHsoN2OsS2 (1031.24): C, 76.87; H, 4.89; N,

52



2.72; S, 6.22. Found: C, 73.56; H, 5.10; N, 2.52; S, 7.50; for polymer I-2: Anal. Cacld for
CesHsoN207S, (1047.24): C, 75.70; H, 4.81; N, 2.67; S, 6.12. Found: C, 72.96; H, 4.78; N,
2.58; S, 6.00; for polymer I-3: Anal. Cacld for CeoHsoN,OgFsS, (1181.27): C, 70.16; H,
4.27; N, 2.37; S, 5.43. Found: C, 66.87; H, 4.95; N, 2.50; S, 5.23; for polymer I-4: Anal.
Cacld for C¢3HeoN206S, (1005.29): C, 75.27; H, 6.02; N, 2.79; S, 6.38. Found: C, 74.96;
H, 7.35; N, 2.89; S, 5.93; for polymer I-5: Anal. Cacld for C74HesN2O1;S; (1223.48): C,

72.65; H, 5.44; N, 2.29; S, 5.24. Found: C, 70.58; H, 5.51; N, 2.58; S, 4.41.
1.5.5. General Procedure for Synthesis Polymers II-1-1I-5

Polymers II-1-1I-5 were prepared by the metathesis reaction from the respective
tosylate polymers with excess macroion salt. For example, polymer I-1 (500 mg, 0.485
mmol) was dissolved in methanol (25 mL) and DMSO (a few drops) and macro
counterion (1.02 mmol, 2.1 equiv based on polymer molar ratio) was added into the
round-bottomed flask. The reaction was heated to reflux for 48 h on stirring. At the end
of the metathesis reaction, excess methanol was removed by a rotary evaporator to form a
viscous solution, and diethyl ether was poured to precipitate the polymer. This procedure
was repeated one or two more times until all tosylate counter ions were completely
exchanged to macroions, which was confirmed by "H NMR spectrum. Collected gel-like
polymer was washed with diethyl ether until clean layer appeared to remove any
remained excess macroions. The purified polymer II-1 was dried in vacuo at 80 °C for 24

h.

1.6. Conclusions
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A series of poly(pyridinium salt)s with various diamines and organic counterions was
prepared via the ring-transmutation polymerization and metathesis reaction. The chemical
structures of the synthesized polymers were fully characterized by using FTIR and NMR
spectroscopic techniques. The poly(pyridinium salt)s having fluorene repeating units in
the chemical backbone provided M, values in the range of 96.5—108 kg/mol, and PDI
values were between 1.12 and 1.88 determined by GPC analysis. All the polymers had
excellent thermal stabilities, which were dependent on the chemical structures of
polymers and organic counterions. The poly(pyridinium salt)s with macrocounterions
were soluble in water, which is useful for processing these materials into thin films. The
synthesized polymers displayed liquid-crystalline properties either lyotropic or
thermotropic based on the chemical structures of their backbones. Because of the
presence of chromophores, the light emission properties of poly(pyridinium salt)s were
studied by UV—Vis and photoluminescence spectrometers, and they fluoresced light in
the non-polar solvents, polar solvents and in the solid states. In the solutions, they usually
emitted light ranging from blue to green and exhibited positive solvatochromism
phenomenon. In some cases, light emissions were dependent on their size of counterions

in the solid states.
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CHAPTER 2

DISPERSION OF SINGLE-WALLED CARBON NANOTUBES WITH

POLY(PYRIDINIUM SATL)S VIA A COGULATION METHOD
2.1. Abstract

The dispersion of single-walled carbon nanotubes (SWNTs) with poly(pyridinium
salt)s having various aromatic moieties is accomplished via the non-covalent coagulation
method in dimethyl sulfoxide (DMSO). The interactions between SWNTs and polymers
were characterized by using various spectroscopic techniques. The concentration of
incorporated SWNTs was tuned by adjusting the weight ratio of SWNTs to polymer.
High concentration of the composites (>33 wt % of SWNTs) became viscous or
aggregated due to strong van der Waals interactions.

The 'H NMR results suggested that the strong interactions between polymers and
SWNTs were observed because of their broadened and reduced intensity of proton
signals. These results supported the strong n—r and cationic—r interactions through main-
chain poly(pyridinium salt)s and SWNTs. The UV-Vis absorption spectra were
independent on the incorporation of SWNTs resulting in no energy change on the ground
state. The resulting composites displayed high quenching efficiency in the
photoluminescent properties due to the efficient energy or electron transfer between the
polymers and SWNTs. TEM revealed well-dispersed SWNTs in the polymer matrices.
When compared with the effect of aromatic repeating units, more m conjugated

poly(pyridinium salt)s provided better interaction with SWNTs. The enhanced thermal
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stability of the composites was founded in TGA analysis and the fully-grown lyotropic
LC properties of the poly(pyridinium salt)s were disrupted by the introduction of

SWNTs into the polymer.
2.2. Introduction

Since the discovery of carbon filaments by Radushkevich and Lukyanovich' in 1976,
these materials are considered one of the most attractive in the field of nanotechnology
due to their outstanding thermal, electrical, mechanical and optical properties.'™ The
discovery of carbon nanotubes (CNTs) by Ijima in 1991 has lead to a new class of
engineered composite nanomaterials with superior properties.” CNTs are allotropes of
carbon with a cylindrical nanostructure. Nanotubes have been constructed with length-to-
diameter ratio of up to 132,000,000:1, significantly larger than for other material. These
cylindrical carbon molecules have unusual properties, which are valuable for
nanotechnology, electronics, optics and other fields of materials science and technology.
Based on their extraordinary thermal conductivity and mechanical and electrical
properties, carbon nanotubes find application as additives to various structural materials.
There are two main types of carbon nanotubes that can have high structural perfection.
Single-walled carbon nanotubes (SWNTSs) consist of a single graphite sheet seamlessly
wrapped into a cylindrical tube and multi-walled carbon nanotubes (MWNTSs) comprise
an array of such nanotubes that are concentrically nested like rings of a tree trunk (Figure

2.1).
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Figure 2.1. Schematic diagrams of (Left) single-walled carbon nanotubes and multi-

walled carbon nanotubes and (Right) types of single-walled carbon nanotubes.

CNTs possess unique electrical properties. The diameter being in the nanometer range
gives rise to quantum effects and the differences in the conducting properties are caused
by the molecular structure. CNTs can either be conducting or semiconducting, depending
on their chirality. They are metallic if the structure is armchair and all other structures are
predicted to be semi-conducting. The geometry of the nanotubes determines band
structure and thus the energy band gap. The energy band gap of semiconducting CNTs
highly depends on the nanotube diameter. The conductivity and resistivity of SWNTs
ropes can be measured by placing electrodes on different parts of the CNTs, and the
resistivity is on the order of 10™* Q-cm at 27 °C. This means SWNT ropes are the most
conductive carbon fibers known. The current density that is possible to achieve is 10’
A/em?, however in theory the SWNT ropes should be able to sustain much higher stable
current densities, as high as 10> A/cm”. Furthermore, it has recently been reported that
SWNTs can route electrical signals at high speeds (up to 10 GHz) when used as

. . . . 4
interconnects on semi-conducting devices.™
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The CNTs are expected to have high stiffness and axial strength as a result of the
carbon—carbon sp” bonding. The practical application of the nanotubes requires study on
the elastic response, the inelastic behavior and buckling, yield strength and fracture.
Experimental and theoretical investigations of these properties have been conducted.
Nanotubes are the stiffest known fiber, with a measured Young's modulus of 1.4 TPa.’
They have an expected elongation to failure of 20—30%, which combined with the
stiffness, projects to a tensile strength well above 100 GPa, by far the highest known.°

Mechanical properties of engineering fibers are summarized in Table 2.1.

Table 2.1. Mechanical properties of engineering fibers

Material Specific Density E (TPa) Strength (GPa) Strain at Break (%)
Carbon nanotubes 1.3-2.0 1.4 100 > 10

HS Steel 7.8 0.2 4.1 <10

Carbon Fiber - PAN 1.7-2.0 02-0.6 1.7-5.0 0.3-2.4

E/S glass 2.5 0.07 24 4.8

Kevlar 1.4 0.13 3.6-4.1 2.8

Prior to CNTs, diamond was the best thermal conductor. CNTs have now been shown
to have a thermal conductivity at least twice that of diamond. They have the unique
property of feeling cold to the touch, like metal, on the sides with the tube ends exposed,
but similar to wood on the other sides. The specific heat and thermal conductivity of
carbon nanotube systems are determined primarily by phonons. The measurements yield
linear specific heat and thermal conductivity above 1 K and below room temperature,
while a behavior of the specific heat is observed below 1 K. The linear temperature
dependence can be explained with the linear k-vector dependence of the frequency of the

longitudinal and twist acoustic phonons. The behavior of the specific heat below 1 K can
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be attributed to the transverse acoustic phonons with quadratic k dependence. The
measurements of the thermoelectric power (TEP) of nanotube systems give direct
information for the type of carriers and conductivity mechanisms. These outstanding
beneficial characteristics make CNTs useful for a wide range of applications in
biomedical, nanocomposite, electronics, optics, and sensing.” Transport properties of

conductive materials are summarized in Table 2.2.

Table 2.2. Transport properties of conductive materials

Material Thermal conductivity (W/m.k)  Electrical conductivity (S/m)
Carbon nanotubes > 3000 10%-10’

Copper 400 6x 10

Carbon Fiber - Pitch 1000 2-8.5x 10°

Carbon Fiber - PAN  8-105 6.5-14 x 10°

CNTs have attracted particular interest because they have remarkable mechanical and
other physical properties. The combination of these properties such as stiffness, electrical
conductivity, permeability, and thermal stability with polymers suggests that CNTs are
ideal candidates for high performance polymer composites; in a sense they may be the
next generation of carbon fibers. Although tens or hundreds of kilograms of CNTs are
currently produced per day, the development of high-strength and high-stiffness polymer
composites based on these carbon nanostructures has been hampered by the lack of of
high quality nanotubes in large quantities. In addition, a number of fundamental
challenges arise from the small size of CNTs. Although significant advances have been
made in recent years to overcome difficulties with the manufacture of polymer
nanocomposites, processing remains a key challenge in fully utilizing the properties of

the nanoscale reinforcement. A primary difficulty is achieving a good dispersion of the
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CNTs in a composite, independent of CNTs shape and aspect ratio. Without proper
dispersion, aggregation of CNTs tends to act as defect sites which limit the mechanical
performance; such agglomerates also adversely influence physical composite properties
such as optical transmissivity. When dispersing CNTs in a low viscosity medium,
diffusion processes and particle-particle and particle-matrix interactions play an
increasingly important role as the diameter drops below 1 um. It is not only the absolute
size but rather the specific surface area of the CNTs, and the resulting interfacial volumes,
which significantly influence the dispersion process. Therefore, the insolubility and
improper orientation of CNTs limit their ultimate properties and performance. In order to
maximize the improvement in material properties with CNTs, one must carefully control
the dispersion of CNTs within the polymer matrix in common organic solvents. To
overcome these conventional problems associated with the dispersion of CNTs, the
functionalization and dispersion of CNTs have been studied over two decades and

resulted in the development of a number of functionalization methods.®

Over the years, numerous effort has been aimed at finding appropriate media to
solubilize CNTs. Various solvents have been examined in order to solubilize and/or
disperse SWNTs. Non hydrogen-bonding Lewis bases, such as dimethylformamide
(DMF), N-methylpyrrolidone (NMP) and hexamethylphosphoramide (HMPA), with high
electron pair donicity and low hydrogen-bonding parameters have demonstrated the
ability to readily form stable dispersions of SWNTs produced by different techniques.”'’
However the high electron pair donicity alone has proven to be insufficient as dimethyl
sulfoxide (DMSO) is not an effective solvent for SWNTs although it contains three lone

pairs.'" A systematic study of the efficiency of a series of amide solvents to disperse as-
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produced and purified laser-generated SWNTs suggests that the favorable interaction
between SWNTs and alkyl amide solvents is attributed to the highly polar @ system and
optimal geometries of the solvent structures.'” Ortho-dichlorobenzene (0-DCB) and
monochlorobenzene (MCB) have also been demonstrated to be effective solvents for
SWNTs. The high solubility of SWNTs in these solvents was attributed to m—n stacking
due to the similarity of the aromatic solvent molecules and carbon nanotube side wall."
However, this concept is somehow undermined by the poor solubility of SWNTs in
toluene,'' since it also contains a phenyl ring. It was also reported that in 0-DCB
dispersions, sonication caused the decomposition and polymerization of 0-DCB and the
homopolymer coated on the tubes was proposed to contribute to the stabilization of
SWNTs in 0-DCB suspension.'* A theoretical study indicated that the interaction between
0-DCB and SWNTs surface was enhanced when there were defects on the side wall,
which would suggest that the high solubility of SWNTs in 0-DCB is probably due to the
destruction of nanotube surface during sample preparation.'” The solubility of SWNTs in

various organic solvents are summarized in Table 2.3.

Table 2.3. Room temperature solubility of SWNTs in various organic solvents

Solvent mg/L
1,2-Dichlorobenzene 95
Chloroform 31
1-Methylnaphthalene 25
1-Bromo-2-metylnaphthalene 23
N-Methylpyrrolidone 10
Dimethylformamide 7.2
Tetrahydrofuran 4.9
1,2-Dimethylbenzene 4.7
Pyridine 4.3
Carbon disulfide 2.6
1,3,5-Trimethylbenzene 2.3
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The enhanced dispersion of CNTs can occur via covalent functionalizations, requiring
treatment with strong oxidizing reagents, or non-covalent modification of CNTs. The
covalent functionalization of CNTs with strong oxidizing reagents is a well-known
method to disperse CNTs in organic solvents. This covalent modification can be obtained
both by either modification of carboxylic acid groups on the SWNTs or direct addition of
reagents to the sidewalls of SWNTs. Carboxylic acid groups are introduced at the defect
sites of SWNTs by nitric acid oxidation, and long alkyl chains, polymers, and sugars
have been attached by esterification and amidation reactions (Figure 2.2).'® Fluorine,'’
aryl cations,'® hydrogen,19 nitrenes,”’ carbenes,”' radicals,”> and 1,3-dipoles23 could be
introduced along the side wall of SWNTs. These functionalizations can improve the

processability and solubility of SWNTs but also alter the intrinsic properties of SWNTs.
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Figure 2.2. Oxidation of CNTs and derivatization reaction with amines or alcohols.

Furthermore, the covalent functionalization of SWNTs could be performed via atom
transfer radical polymerization (ATRP) from initiator functionalized SWNTs. The
chemically modified SWNTs with the presence of polymers will help the SWNTs to be
dissolved in good solvents with a low degree of functionalization. The covalent
modification can be approached from grafting “from” or “to” (Figure 2.3). The grafting
“from” process is based on the initial immobilization of an initiator on the nanotube
surface, followed by the in situ polymerization of appropriate monomers with the
formation of the polymer molecules bound to the nanotubes. The grafting “to” approach
is based on attachment of end-functionalized polymer molecules to a functional group on
the nanotube surface via chemical reactions. Furthermore, this approach also can be
obtained by a living radical mechanism such as 2,2,6,6-tetramethylpiperidine (TEMPO)

group (Figure 2.4).%*

(@) %COOCHZCHZOJ—fBr

i (b)
CHs In CuBr/pr/DMF NaN3/DMF
SWNT-Initiator “MPB, 110°C ~ 25°c
X
CuBr/Bpy/oDCB
110 °C
SWNTs, oDCB

Nﬁn
Q0 |,

130 °C
%COOCHZCHZOJ—‘—(»CHZCH¥Br}
Figure 2.3. Covalent functionalizations of SWNTs via grafting (a) “from” and (b) “to

CH3

through the atom transfer radical polymerization.
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Figure 2.4. Covalent functionalization of SWNTs by TEMPO.

Even though the covalent functionalizations can expand the application of CNTs by
tuning the chemical structures of initiators, they have drawbacks due to precise control of
initiator and substrate concentrations. Furthermore, this approach inevitably disrupts long
range m—conjugation lengths of CNTs resulting in the significant decrease of electrical
conductivity, diminished mechanical strength and other undesired properties.*> Therefore,
non-covalent modification is an attractive approach because it can modify the material
characteristics without altering the intrinsic properties of CNTs. For example, one of the
most common methods for preparing the dispersion of CNTs is melt processing that is
particularly useful for dealing with thermoplastic polymers. In this method, amorphous
polymers can be processed above their 7, while semi-crystalline polymers need to be
heated above their 7, to induce sufficient softening for process. In general, melt

processing involves the blending of polymer with CNTs by application of intense shear
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forces and the merit of this technique is its simplicity and speed. However an optimized
processing condition is required not only for different nanotube types, but also for the
whole range of polymer-nanotube combinations.”® Some representative examples of

thermoplastic polymers are shown in Scheme 2.1.

(d) (e) ()
Scheme 2.1. Chemical structures of thermoplastic polymers for melting processing: (a)
polystyrene, (b) polyethylene, (c) polypropylene, (d) poly(methyl methacrylate), (e)

nylon 6, and (f) polyethyleneterephthalate.

The CNTs are expected to serve as mechanical reinforcements for lightweight
composite systems with the further promise of multifunctionality and the use of CNTs as
polymer composite reinforcements has been accomplished through epoxy resin. Because
of the intrinsic van der Waals attraction of the CNTs to each other, which is associated
with their high aspect ratio, CNTs are held together as bundles and ropes, having very
low solubility in most solvents. The dispersion property becomes more important when
CNTs are blended into the polymer. In principal, the polymer-CNTs composites can be
cured when mixed with a catalyzing agent or hardener. In most cases, the nanotube
dispersion is performed by using sonication before curing. Even though Ajayan and co-
workers first reported the dispersion of MWNTSs in epoxy resins, Raman response to

tension and compression in cured epoxy composites showed poor load transfer behavior
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especially under tension.”” A latter study reported the difficulty in breaking up the
entanglements of the nanotubes although ultrasonication and the intense stirring process
improved the dispersion of the nanotubes. Even on the millimeter scale the distribution of
nanotubes was not uniform in the epoxy resins.”®

Surfactants, biomolecules and polymers are widely used as dispersants and non-
covalent modifier of CNTs.**** Among them, the polymers can be a good candidate as
efficient dispersants because of their long chain structure that can wrap themselves
around CNTs by disrupting the van der Waals interactions between the walls of CNTs.
Conjugated polymer-based functionalizations of CNTs are particularly interesting
because of their extensive w conjugated backbones that can interact with the side walls of
CNTs through n—n interactions. These approaches provide enhanced thermal-/photo-
stability, high mechanical strength, and high electrical conductivity of CNTs as well as
excellent optoelectronic properties of conjugated polymers. Even, they can be used in the
purification and extraction of a specific type SWNTs from various types of nanotubes.”
It has been reported that the conjugated polymers assist the dispersion of CNTs in organic
solvents by helical wrapping or non-helical adsorption through n stacking depending on
the flexibility of the polymer backbone.

Poly(phenylenevinylene) derivatives (Scheme 2.2) showed potential characteristics
for use as a polymeric dispersion agent for CNTs. The polymer chin tends to form a
helical structure due to the dihedral angle caused by the m-phenylene linkages in the
polymer backbone and the eightfold increases in electrical conductivity was observed
from the composite materials of CNTs.** Furthermore, it was shown using spectroscopic

techniques such as UV—Vis absorption and Raman as well as electron microscopy that
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the purification of CNTs from carbonaceous impurities was possible using poly(m-

phenylene-co-2,5-dioctoxy-p-phenylenevinylene) as an extracting agent.>

OCgH17 n OCgH17 n OCgH17 N= n
oY 7Y aY
OR
(a) (b) (c)

CgH170 CgH170 CgH170

Scheme 2.2. Chemical structures of poly(phenylenevinylene) derivatives (a) poly(m-
phenylene-co-2,5-dioctoxy-p-phenylenevinylene), (b) poly(5-alkoxy-m-phenylene)-co-
(2,5-dioctoxy-p-phenylene)-vinylene), (¢)  poly(2,6-pyridinylenevinylene)-co-(2,5-
dioctoxy-p-phenylene)vinylene, and (d) stilbene-like dendrimer.

A group of pyrene containing poly(phenyacetylene)s also showed the efficient
dispersion of MWNTs in chloroform or THF solutions with a maximum concentration of
about 0.64 mg/mL. The thermal properties of the composites were stable up to 338 °C
and they emitted blue-green light more efficiently when the conjugation length of the
backbone is longer.”” The representative of pyrene containing polymers are shown in

Scheme 2.3.

Scheme 2.3. Chemical structures of a group of pyrene containing poly(phenylacetylene)s.
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Poly(phenylenevinylene)s having a rigid backbone could also be used to disperse
SWNTs in various organic solvents and the maximum dispersion was observed to be 2.2
mg/mL in chloform.’® Because they cannot wrap around the SWNTs owing to its rigid
backbone, the major interaction between polymer backbone and nanotube surface is most
likely through n—mn interactions. Like other conjugated polymers, stable supramolecular
assemblies in chloroform with SWNTs were observed with longer n—extended repeating
units. Furthermore, fluorene based conjugated polymers posses the potential use as a
dispersant due to their « stacking property. In both cases, the strong emission-quenching
of fluorescence was monitored because of photoinduced charge transfer from polymers
(donor) to SWNTs (acceptors).”’ The examples of poly(phenyleneethynylene)s and

polyfluorenes are shown in Scheme 2.4.

OC1oH24 OC1gH21 OC1gH21 OC+oH24 —

~

n

- Vo _ N _ /N
= >\ Vil N7 — 77" = N\ 7 —'/n = >\ 7 — N\ Y/
C1oH210 C1oH210 C1oH210 C1oH210 —

Ci2Ha5(_-C12Has
LI~ LI~
-0, il
CgHi7” "CgHi7 CgHi7” "CgHyz CyoHos

Scheme 2.4. Chemical structures of linear conjugated poly(phenyleneethynylene)s and
conjugated polyfluorenes.

Dispersing CNTs in aqueous media is an important issue because of the following
reasons: water solubility of polymer/CNTs composites enables their processing under
environmentally friendly conditions, layer-by-layer assembly through electrostatic

interactions can be possible and the water dispersible composites can be important
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#7490 Conjugated

materials for biomedical, chemo- and bio-sensor applications.
polyelectrolytes have been found to strongly interact with CNTs through n—m and
cationic— interactions resulting in their dissolution in common organic solvents and
water.”' For example, sulfonated polystyrene,”® poly(N-cetyl-4-vinylpyridinium
bromide-co-N-ethyl-4-vinylpyridinium brornide-co-4-vinylpyridine),42b and polycationic

poly(diallyldimethylammonium) chloride**

provided enhanced dispersion of CNTs with
varying degree of success. Furthermore, sulfonated poly(phenylene) and
poly(phenyleneethynylene) were incorporated with single-walled carbon nanotubes
(SWNTs) through non-covalent functionalization and they displayed the formation of
stable complex in aqueous solution.” The introduction of SWNTs with sulfonated
polyaramide, poly(1,4-phenylene-benzobisoxazole) or sulfonated
poly[bis(benzimidazobenzisoquinolinones)] in Scheme 2.5 displayed lyotropic LC
properties or potential use in a fuel cell membrane for the development of high-
performance SWNTs-composite materials.** Recently, amphiphilic linear conjugated
polymers has been utilized to dissolve SWNTs in aqueous media and almost 20% of the
solubilized tubes were found to be individualized through helical wrapping mechanism.
The hydrophobic conjugated polymers and water-soluble conjugated polyelectrolytes in
the presence of a phase transfer catalyst could be used to disperse SWNTs in numerous

: . 38-40
organic solvents and aqueous media.
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Scheme 2.5. Chemical structures of non-conjugated and conjugated polyelectrolytes.

The alignment of CNTs can be achieved by using liquid crystalline properties.*” It has
been reported that the self-organization of the hosts induces alignment of dispersed
SWNTs and the alignment can be controlled by applying an external electric or magnetic
field when SWNTs are dispersed into the thermotropic liquid-crystalline hosts. By
dynamically changing the orientation of SWNTs, the alignment control of SWNTs can
tune the electronic conductivity. Liquid-crystalline (LC) phases of acid-functionalized
CNTs in water and protonated CNTs in superacids also have been reported in the
literature.*® The construction of LC composites containing CNTs can be of importance in
the development of nanoscopic smart devices such as light-emitting diodes, photovoltaic

cells, electrical switches and sensors.*” The examples are shown in Figure 2.5.
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Figure 2.5. Schematic illustration of self-organizing processes for the composite of liquid

crystalline oligomers and SWNTs.
2.3. Objective

In this chapter, we report the use of ionic polymers, poly(pyridinium salt)s with
various rigid aromatic moieties, to disperse SWNTs in dimethyl sulfoxide (DMSO) and
their chemical structures, morphology, solution, and optical properties are characterized
by several experimental techniques. We found that SWNTs have better interaction with
poly(pyridinium salt)s containing more © cores due to their strong n—n and cationic—m
interactions. To our knowledge, this result reported the first example of SWNTs
dispersion in DMSO system that affords a high concentration up to 33 wt %. We believe
that this series of materials is the cornerstone that would open a new field in materials

science.

2.4. Results and Discussion

DMSO/Toluene
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Scheme 2.6. Synthesis of poly(pyridinium salt)s.
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Poly(pyridinium salt)s were synthesized by using the ring-transmutation
polymerization reaction of bis(pyrylium salt)s with the respective aromatic diamines. The
detailed procedures were described in the experimental section. Five different aromatic
moieties were introduced along the polymer main chains to study the effect of
microstructures of this class of ionic polymers on the dispersion of SWNTs by providing
for favorable m—n or m—cationic interactions of various aromatic moieties (Scheme 2.6). It
is reported in the literature,” that amide containing solvents such as N,N-
dimethylformamide (DMF) and N,N-dimethylacetamide (DMAc) can dissolve the
poly(pyridinium salt)s and disperse SWNTs efficiently, undesirable photodecomposition
can cause the degradation of polymers in these solvents. To prevent this problem, DMSO
was chosen to disperse SWNTs with ionic polymers. Different weight ratio of SWNTs (5,
20, 33 and 50 wt %) to poly(pyridinium salt)s (I-1-1-5) was solubilized in DMSO using a
sonicator at room temperature via a coagulation method. However, note here that the
concentration of SWNTs in the composites is subjected to experimental errors because it
is hard to determine the exact amount of the SWNTs is present to the polymer matrix in
each composition.

In an experiment, the desired amount of SWNTs was added to a solution of polymer
in DMSO, and the mixture was sonicated for 2 h. The resulting dark suspension was
centrifuged for 1 h to settle down the unbounded SWNTs and the clean dark solution was
precipitated in ethyl acetate for the prevention of aggregation that enabled one to obtain a
better dispersion of SWNTs in polymer matrix.* However, solutions with higher

concentrations (>30 wt % SWNTs) became viscous and this property may be related to
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physical interactions between SWNTs and poly(pyridinium salt)s and similar observation
was also reported previously.”

The 'H NMR spectra of polymer/SWNTs composites revealed the non-covalent
interactions between these two components. For example, the spectra of polymers (I-1
and I-5) displayed unique aromatic pyridinium proton signals at ca. 9.05 ppm and sharp
doublet peaks of tosylate aromatic proton signals at 7.46 and 7.09 ppm, respectively
(Figures 2.6 and 2.7). After incorporation of SWNTs into the polymer, the intensity of
proton signals was significantly broadened and reduced. Similarly, the "H NMR spectra
of composites of I-2, I-3, and I-4 are also provided in Figures S1, S2, and S3 in the
Appendix 2. These results supported the strong n—n interactions through main-chain
poly(pyridinium salt)s and SWNTs. In general, the proton signals of aromatic moieties
that provide n—n interactions with the surface of SWNTs were broader and weaker. On

the other hand, the proton signals of alkyl side chain showed less reduced intensity.”’
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Figure 2.6. Expanded 'H NMR spectra of I-1/SWNT composites (delay time = 1 s,
number of scans = 16): (a) I-1 (10 mg/mL in ds-DMSO); and (b) I-1-50 wt % (10 mg/mL

in de-DMSO).
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Figure 2.7. Expanded '"H NMR spectra of I-5/SWNTs composites (delay time = 1 s,
number of scans = 16): (a) I-5 (10 mg/mL in ds-DMSO); and (b) I-5-20 wt % (10 mg/mL
in ds-DMSO).

The optical properties of the composites were studied by UV—Vis and
photoluminescent spectroscopy. Polymers I-1-1-5 exhibited absorption maxima at 347,
335, 350, 351 and 344 nm in their absorption spectra in DMSO (Figures 2.8, 2.9, S4, S5,
and S6). When SWNTs were incorporated to the polymers to produce the composites,
their absorption spectra remained essentially identical to those of polymers indicating that
there were no significant changes in the electronic structures of their ground states.

In stark contrast, the strong emission of both I-1 and I-2 was quenched with the
increased ratio of SWNTs. However, more pronounced quenching was observed in I-

2/SWNTs composite compared to I-1/SWNTs. In case of I-1/SWNTs composite, the
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intensity was quenched by 88% while I-2/SWNTs composite was 71%. This result
implies that different types of interactions between polymers and SWTNs exist that are

® or better n—n

related to the conformational flexibility or rigidity of the polymers®®
interaction between polymer I-1 and SWNTs. To extend the relationship between
chemical structures of polymers and SWNTs, the other composites were further studied.
Their photoluminescence spectra, recorded in DMSO with excitation wavelengths at 395,
275 and 403 nm, showed Ay, peaks at 448, 383 and 530 nm (Figures 2.9, S4, S5, and S6).
Like composites I-1/SWNTs and I-2/SWNTs, the dramatic quenching of light emission
from these ionic polymers was observed with the increased weight percentage of SWNTs
in polymers. The quenching efficiencies of I-4/SWNTs and I-5/SWNTs composites were
96 and 90%, respectively, whereas that of I-3/SWNTs composite was to an extent of 25%
only. The difference in quenching property presumably is related to the fact that polymers
I-4 (anthracene moieties) and I-5 (phenylated anthracene moieties) provide more n—x or
n—cationic interactions with SWNTs than I-3 (fluorinated benzidine moieties) resulting in
better dispersion of SWNTs in polymer matrices. Furthermore, the strong quenching of
emission most likely stems from the fact that efficient energy or electron transfer between

the polymers and SWNTs occurs, instead of disruption of n—conjugation.”'%**
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Figure 2.8. UV—Vis absorption spectra of I-1/SWNT composites in DMSO (left arrow)

and emission spectra of I-1/SWNT composites at excitation wavelength of 357 nm in

DMSO (right arrow).
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Figure 2.9. UV—Vis absorption spectra of I-4/SWNTs composites in DMSO (left arrow)
and emission spectra of I-4/SWNTs composites at excitation wavelength of 275 nm in

DMSO (right arrow).

The dispersion of SWNTs in polymers was studied by using transmission electron
microscopy (TEM) technique. Some representative images are shown in Figures 2.10 and
2.11. In general, SWNTs are heavily entangled due to van der waals intercations between
adjacent tubes. Upon dispersion of SWNTs with poly(pyridinium salt)s in DMSO, they
exfoliated to form much finer bundles. When compared the dispersion of SWNTs, I-
1/SWNTs, I-4/SWNTs, and I-5/SWNTs composites revealed more dispersed SWNTs
than I-2/SWNTs and I-3/SWNTs composites due to more n—n interactions supported by
'H and photoluminescent spectroscopy. A high resolution TEM image of polymer/SWNT
composite (Figures 2.10d and 2.11c¢) revealed the presence of a thin layer of an
amorphous coating with a thickness around 3 nm on the surface of the SWNT walls in
each case. The TEM images of other compoistes are shown in Figure S7 in the Appendix

2.
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Figure 2.10. TEM images of (a) I-1-5 wt % (b) I-2-5 wt % and HRTEM images of (c) I-
1-5 wt %; (d) I-2-50 wt % (The scale bars in a, b and c, d represent 50 and 10 nm,

respectively).

IR

Figure 2.11. TEM images of (a) I-3-20 wt %, (b) I-4-20 wt %, (c) I-4-20 wt % and (d) I-

5-20 wt % (The scale bars in a, b, ¢, and d represent 50, 50, 20 and 50 nm).
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The poly(pyridinium salt)s used for the dispersion of carbon nanotubes exhibit
lyotropic LC properties in DMSO above their critical concentrations at room temperature.
These results motivated us to study the lyotropic LC properties of the composites using
polarizing optical microscope (POM) technique. For the entire range of concentrations,
any entanglement of SWNTs was not observed under POM study. LC structures of
polymers I-1 and I-2 composed of small and large batonnets, polygonal arrays, and
rounded droplets were identified as an anisotropic and isotropic phase. These unique
textures are indicative of their lamellar phase.”> However, by increasing the ratio of
SWNTs, I-1-20 wt % exhibited a biphasic image in which an LC phase coexisted with an
isotropic and anisotropic solutions (Figure 2.12). This result is possibly due to an
interruption of dispersed SWNTs in the formation of lyotropic phase. However, at the
identical concentration of SWNTs (5 wt %), I-2/SWNT composites required a little
higher concentration for fully-grown lyotropic phase that means the rod-like structure is
more favorable to form the LC properties. Furthermore, polymer I-3 showed a fully-
grown LC texture at 20 wt % in DMSO and I-3/SWNTs composites with varying SWNT
concentrations did not provide any visible entanglement of SWNTs. I1-3-20 wt %
composite displayed a biphasic solution. The birefringence of LC phase of 1-3-50 wt %
was significantly reduced suggesting an interruption of dispersed SWNTs in the
formation of lyotropic phase of ionic polymer. Like I-3/SWNTs composites, both 1-4-20
wt % and 1I-5-20 wt % showed significantly reduced birefringence in their LC textures
(Figure 2.13). However, at the same concentration of SWNTs (20 wt %), I-4 and I-5
composites showed more reduced birefringence LC images than I-3/SWNT composites

(Figure S9). These results imply that the more conjugated m —m interactions of rigid
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aromatic moieties as well as cation—n interactions of pyridinium moieties are favorable
for the dispersion of SWNTs, which were also supported by other techniques employed
in this study (vide supra). On the other hand, these interactions also reduced the
birefringence of lyotropic LC phases of poly(pyridinium salt)s in DMSO, especially with

the incorporation of higher wt % nanotubes in various composites studied.

Figure 2.12. Photomicrographs of (a) composite I-1-5 wt % SWNTs 30 wt % in DMSO,
(b) composite I-1-20 wt % SWNTs 30 wt % in DMSO, (c) composite I-2-20 wt %
SWNTs in 40 wt % DMSO, and (d) composite I-2-50 wt % SWNTs 40 wt % in DMSO

under crossed polarizers (magnification 400x).

(b) 1-3-50 wt %

(d) 1-4-20wt % (N 1-5-20wt %
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Figure 2.13. Photomicrographs of (a) composite I-3-5 wt % SWNTs 20 wt % in DMSO,
(b) composite I-3-50 wt % SWNTs 20 wt % in DMSO, (c) composite I-4-5 wt % SWNTs
in 40 wt % DMSO, (d) composite I-4-20 wt % SWNTs 40 wt % in DMSO, (e) composite
I-5-5 wt % SWNTs 20 wt % in DMSO, and (f) composite I-5-20 wt % SWNTs 20 wt %
in DMSO under crossed polarizers exhibiting lyotropic LC phase, respectively

(magnification 400x).

The characterization of polymer/SWNTs composites by Raman spectroscopy
revealed no significant change in the signals of SWNTs upon non-covalent
functionalization. The spectral shift of tangential mode also known as G band at ca. 1590
cm’ remained relatively unchanged when compared with pristine SWNTs (Figure 2.14).
The intensity of disorder-induced D band at ca. 1320 cm™ was low compared to that of
G-band and did not significantly increase suggesting that non-covalent interactions of
ionic polymers and nanotubes did not cause any defects on the surfaces of nanotubes. In
stark contrast, the intensity of D-band in covalently functionalized nanotubes is
comparable to or even larger than that of G-band.”* More information of other composites

is shown in Figures S11 and S12 in the Appendix 2.
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Figure 2.14. Raman spectra of (a) I-1-50 wt %, (b) I-2-50 wt %, (c) I-3-50 wt %, (d) I-4-
20 wt %, and (d) I-5-20 wt %.

To investigate the morphology of the composites, we examined the microstructures
with X-ray scattering technique. In Figure 15, the representative X-ray power diffraction
(XRD) plots of composites, I-1-0 wt % and I-1-50 wt % in 30 wt % DMSO, were
recorded at room temperature with angle range between 5 and 60°. A broad diffraction
peak which means the semi crystalline structure of poly(pyridinium salt)s with relatively
low intensities at 20 = 20° was observed in both composites that corresponded to the d-
spacing in the range of 4.43—4.96 A are the results of ©—n stacking of the polymer

.55
chains.
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Figure 2.15. XRD plots of I-1-0 wt % and (b) I-1-50 wt % in 30 wt % DMSO taken at

room temperature.

To evaluate thermal stability of the composites, TGA analysis was performed
between 30 and 600 °C under nitrogen atmosphere and thermal decmoposition of SWNTs
is provided in Figure S10 in the Appendix 2. The composites without SWNTs displayed
two step degradation. The first weight loss was assigned to the decomposition of the
tosylate counterion and the second curve was related to the degradation of the polymer
main chain (Figure 2.16). Even though the poly(pyridinium salt)s showed the good
thermal stability in nitrogen, the addition of SWNTs into the polymer increased the
degradation temperature of the composites approximately 30—70 °C. The observed results
concluded that a well-dispersed SWNTs induces better interfacial adhesion beween
SWNTs and polymer resulting in higher thermal stability. Furthermore, the SWNTs may
restrict the thermal motion of the poly(pyridinium salt)s hindering the diffusion of the

degradation products from solid to gas phase.**¢
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Figure 2.16. TGA thermograms of (a) polymers I-1-I-5 and (b) composites I-1-20

wt %—1-5-20 wt % obtained at a heating rate of 10 °C/min in nitrogen.
2.5. Experimental
2.5.1. General Comments

Benzidine, 4,4 -oxydianiline, DMSO, lithium triflimide and common organic solvents
were purchased from commercial vendors (Sigma-Aldrich, Alfa-Aesar, Acros Organics,

and TCI America) and wused without any further purification. 2,2'-

85



Bis(trifluoromethyl)benzidine was received as a gift from Polaroid Corporation and it
was then purified by recrystallization from ethanol/water mixture before use. The 4,4'-
(1,4-phenylene)bis(2,6-diphenylpyrylium p-toluene sulfonates), M, 2,6-
diaminoanthracene and 9,10-bis(4-aminophenyl)anthracene was synthesized according to
the reported procedure.’® Single-walled carbon nanotubes (ave. diameter = 1.1 nm, length
= 5-30 pm and data for SWNTs: C, 98.52; Co, 0.79; Fe, 0.06; Mo, 0.22; CI, 0.23; S,

0.18) were purchased from Cheap Tubes Inc. and used without further purification.

The "H NMR spectra were recorded with a Varian NMR spectrometer operating at
400 MHz at room temperature. The proton chemical shifts were referenced to
tetramethylsilane (TMS). The NMR samples were prepared in ds-DMSO with a
concentration of 10 mg/mL. Dilute solution for UV-Vis and photoluminescence
spectroscopy study was prepared by dissolving 0.5 mg of the dry polymer/SWNTs
composite in 15 mL of the DMSO at room temperature. A few drops of the resulting
solutions were transferred to a quartz cell and diluted further with DMSO to adjust the
optical density to obtain a light colored solution. UV—-Vis absorption spectra were
recorded with a Varian Cary 3 Bio UV-Vis spectrophotometer at room temperature.
Photoluminescence spectra in solutions were recorded with a Perkin—Elmer LS 55
luminescence spectrometer with a xenon lamp light source. Lyotropic LC properties of
the composites were studied using a polarized optical microscope (POM, Nikon, Model
Labophot 2) equipped with crossed polarizer. Samples of these composites for lyotropic
properties were made by dissolving known amounts of composites into known amounts
of DMSO. Thermogravimetric analyses (TGA) of the composites were performed using a

TGA Q50 instrument in nitrogen. The TGA data was collected at temperatures between
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30 and 600 °C at a heating rate of 10 °C/min. A Tecnai-G2-F30 supertwin transmission
electron microscope (TEM) system with a 300 keV Schottky field emission gun was used
to characterize the morphology of the samples. Bulk morphology was analyzed using the
conventional bright field (BF) mode, and all TEM images were recorded using a slow-
scan CCD camera attached to a Gatan GIF 2000 energy filter. To prepare samples by the
solution-drop method, 3 wt % of composite in DMSO was placed onto a 3 mm diameter
carbon-coated copper grid using a small tipped transfer-pipette. The solvent was
evaporated from the sample under reduced pressure inside TEM chamber, leaving the
fine particulate objects deposited on the carbon film, which was then used in the TEM
study. The major components of the Raman microscope are a Lexel Ramanlon krypton
ion laser (647.1 nm), a Nikon MM-40 measuring microscope, a Jobin-Yvon TRIAX 550
monochromator, and a Princeton Instruments Spec-10 liquid nitrogen cooled CCD. The

Raman system is calibrated using emission lines from a neon lamp.

2.5.2. General Procedure for Synthesis of Polymers I-1-1-5

The bis(pyrylium salt), M, (1.00 g, 1.13 mmol) and diamine (1.13 mmol) was
dissolved in DMSO (25 mL) under nitrogen atmosphere. The solution was stirred at
130-135 °C for 48 h. The water generated during the reaction was removed by a
toluene/water azeotrope. After the reaction completed, the solution was concentrated
under reduced pressure and it was precipitated in distilled water. It was further purified
by re-dissolving in methanol and by subsequent re-precipitation with the addition of
distilled water. The solid was collected and dried in vacuo at 110 °C for 72 h. Data for

polymer I-1: Anal. Cacld for CesHsoN2OgS, (1031.24): C, 76.87; H, 4.89; N, 2.72; S,
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6.22. Found: C, 73.56; H, 5.10; N, 2.52; S, 7.50; for polymer I-2: Anal. Cacld for
CesHsoN207S;, (1047.24): C, 75.70; H, 4.81; N, 2.67; S, 6.12. Found: C, 72.96; H, 4.78;
N, 2.58; S, 6.00; for polymer I-3: Anal. Cacld for CssHasN2O6FsS, (1167.26): C, 69.97;
H, 4.14; N, 2.40; S, 5.49. Found: C, 66.92; H, 4.44; N, 2.39; S, 5.53; for polymer I-4:
Anal. Cacld for CegHsoN2O6S; (1055.26): C, 77.40; H, 4.78; N, 2.65; S, 6.08. Found: C,
76.81; H, 5.34; N, 2.73; S, 5.18; for polymer I-5: Anal. Cacld for CgyHsgN,OS,
(1207.49): C, 79.58; H, 4.84; N, 2.32; S, 5.31. Found: C, 77.05; H, 5.58; N, 2.27; S, 5.07.
2.5.3. General Procedure for Preparation of Polymer/SWNTs composites

An amount of 50 mg of polymer was dissolved in 4 mL of DMSO and 25 mg of
SWNTs (33 wt % of SWNTs content based on the total weight) was transferred into the
polymer solution. The dark solution was mixed by sonication for 2 h with a water-bath
temperature maintained at room temperature. The resulting solution was centrifuged (30
min under =~ 20,000 g) to settle down insoluble solids. The homogeneous dark solution
was precipitated in ethyl acetate and the precipitated black solid was filtered and dried in
vacuo at 80 °C for 48 h.

2.6. Conclusion

In summary, we have demonstrated the dispersion of SWNTs using poly(pyridinium
salt)s of rigid aromatic moieties via non-covalent interactions in DMSO. The chemical
structures of the composites were investigated by '"H NMR spectroscopy. The UV—Vis
absorption spectra were indicative of closely spaced n—n* transitions suggesting that their
absorption maxima were less sensitive to the incorporation of SWNTs. In stark contrast,

in their PL spectra recorded for various composites prepared varying the weight
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percentage of SWNTs in poly(pyridinium salt) matrices in DMSO, a strong quenching
effect of light emission of each of the ionic polymers was observed due to the efficient
energy or electron transfer between the polymer and SWNTs. The morphology of the
composites was further studied by TEM analysis suggestive of exfoliation of nanotubes
that occurred in the ionic polymer matrices and the TGA analysis revealed the increased
thermal stability of the composites. This method allows the convenient preparation of a

new family of SWNTs dispersions in main-chain ionic polymers.
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CHAPTER 3

SOLUTION, OPTICAL AND THERMAL PROPERTIES OF BIS(PYRIDINIUM

SALT)S INCLUDING IONIC LIQUIDs
3.1. Abstract

Bis (pyridinium salt)s containing different alkyl chain lengths and various organic
counterions were prepared by the ring-transmutation reaction of bis(pyrylium tosylate)
with aliphatic amines in dimethyl sulfoxide at 130—135 °C for 18 h and their tosylate
counterions were exchanged to other anions such as triflimide, methyl orange, and dioctyl
sulfosuccinate by the metathesis reaction in a common organic solvent. Their chemical
structures were investigated by 'H, "F, and *C NMR spectroscopic techniques. The
thermal properties of bis(pyridinium salt)s were studied by DSC and TGA measurements.
Some of the dicationic salts provided low melting points below 100 °C and some of them
displayed amorphous properties. Polarized optical microscopy studies revealed the crystal
structures prior to melting temperatures in some cases. Their optical properties were
examined by using UV—Vis and photoluminescent spectroscopy; and they emitted blue
light both in the solution and solid states regardless of their microstructures, counterions,
and the polarity of organic solvents. However, most of these salts exhibited
hypsochromic shift in their emission peaks in the solid state when compared with those of
their solution spectra. Due to unique properties of methyl orange anion as a pH indicator,

two of the salts showed different color change in varying concentrations of triflic acid in
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common organic solvents, demonstrating their potential use as an acid sensor in methanol,

acetonitrile and acetone.

3.2. Introduction

Ionic liquids (ILs) are molten salts at room temperature and composed of cations and
anions in their chemical structures. These new liquids have received great interest
because of their unusual properties as liquids. The most important properties of
electrolyte solutions are nonvolatility and high ion conductivity. These are essential
characteristics of advanced electrolyte solutions that are critical to energy devices put in
outdoor use. Moreover, environmental problems are becoming very important issues for
upcoming future and the nonvolatile electrolyte solution can be a good candidate to
approach the field of green chemistry. ILs will have unlimited structural vibrations due to
the easy preparation of many components. So there are unlimited possibilities open to the
new field of ionic liquids. The properties of organic ionic liquids are summarized in

Table 3.1.

Table 3.1. Basic characteristics of organic ionic liquids

Low melting point - Treated as liquid at ambient temperature
* Wide usable temperature range

Non-volatility * Thermal stability
* Nonflammability

Composed by ions - High ion density
* High ion conductivity

Organic ions * Various kinds of salts
- Designable
* Unlimited combination
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Because ILs are composed of only ions, they show very high ionic conductivity,
nonvolatility, and nonflammability. The nonflammable liquids with high ion conductivity
are practical materials for use in electrochemistry. Furthermore, the nonflammability and
nonvolatility inherent in ion conductive liquids open new possibilities in other fields as
well. Most of the interest in ILs is concentrated on the design of new solvents. While the
development of “new solvents” has led the direction of possible applications for ionic
liquids, there is more potential for the development of electrochemical applications.

ILs have been known for a long time, but their extensive use as solvents in chemical
processes for synthesis and catalysis has recently become significant. Some of ILs
reported in early 1900s."” In 1940s, aluminum chloride-based molten salts were utilized
for electroplating at ambient temperatures. In the early 1970s, Wilkes and co-workers
tried to develop better batteries for nuclear warheads and space probes which required
molten salts to operate.” Wilkes and his colleagues continued to improve their ILs for use
as battery electrolytes and then a small community of researchers began to make ILs and
test their properties. In the late 1990s, ILs became one of the most promising chemicals
as solvents.

Initial ILs such as organo-aluminate ILs have some limitations due to their instability
to air and water.’ After the air stable ILS such as 1-n-butyl-3-methlyimidazolium
tetrafluoroborate ([bmim][BF4]) and 1-n-butyl-3-methlyimidazolium
hexafluorophosphate ([bmim][PF¢]) reported, the number of air and water stable ILs has
been studied extensively. Recently, many research groups have found that ILs are more
than just green solvents and they have found several applications such as replacing them

with volatile organic solvents, making new materials, conducting heat effectively,
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supporting enzyme-catalyzed reactions, hosting a variety of catalysts, purification of

gases, homogenous and heterogeneous catalysis, biological reactions media and removal

of metal ions. The chemical structures of ILs are shown in Figure 3.1 and Table 3.2.
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Figure 3.1. Common ionic liquids based on imidazolium and pyridinium.

Table 3.2. Most widely used ILs and their structures

Ionic liquid

Structure Common name

1-Butyl-3-methylimidazolium
tetrafluoroborate

1-Butyl-3-methylimidazolium triflate

1-Butyl-3-methylimidazolium methide

1-Butyl-3-methylimidazolium dicyanamide

1-Butyl-3-methylimidazolium
hexafluorophosphate

1-Butyl-3-methylimidazolium nitrate

1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide
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There are a great number of different cation and anion combinations to synthesize ILs.
The wide variety of cation and anion combinations can tune the physical and chemical
properties of ILs. The well-known cations for ILs are based on imidazolium, pyridinium,
phosphonium and ammonium structures. The properties of ILs can be determined by
mutual fit of cation and anion, size, geometry, and charge distribution. Among the similar
class of salts, small chemical modification in types of ions can influence the physico-
chemical properties and the overall properties of ILs result from the composite properties
of the cations and anions and include those that are superacidic, basic, hydrophilic, water
miscible, water immiscible and hydrophobic. It has been reported that the anion controls
the water miscibility, but the cation also has an influence on the hydrophobicity or

hydrogen bonding ability (Figure 3.2).°
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Figure 3.2. Most commonly used cation structures and possible anion types.

In general, the properties of ILs can be determined by the types of anions. The
incorporation of different anions results in an increasing number of alternative ILs with

various properties. The incorporation of different anions results in an increasing number
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of alternative ILs with various properties. The types of anions can be divided by two
different anions: anions with fluorine group such as PF¢, BF4, CF3SO;5; , (CF3S0;,),N
and without fluorine groups such as AlCls. The most popular anions consist of chloride,
nitrate, acetate, hexafluorophosphate and tetrafluoroborate.” The most widely
investigated ILs are with PF¢ and BF,4. Especially PFg is the most prominent anion in
ILs research. Since the anion chemistry has a large effect on the properties of ILs,
although the cations are the same, significant differences can be observed with different
anions in ILs. For example ILs with I-n-butyl-3-methylimidazolium cation and PF¢
anion is immiscible with water, whereas ILs with same cation and BF, anion is water
soluble. The results indicate that different ion pairs can determine physical and chemical
properties of the liquid. Even though PFs and BF4 anions are commonly used in ILs
research, they have some limitation to be used in real applications such as decomposition
of anions in the presence of water and liberate HF."

The cation of ILs is generally a bulk organic structure with low symmetry. Most ILs
are based on ammonium, sulfonium, phosphonium, imidazolium, pyridinium, picolinium,
pyrrolidinium, thiazolium, oxazolium and pyrazolium cations. Many research groups
mainly focus on room temperature ILs composed of asymmetric N,N-dialkylimidazolium
cations associated with a variety of anions. The melting point of ILs is generally below
100 °C and Chiappe and Pieraccini have reported as the size and asymmetry of the cation
increases, the melting point decreases. Further, an increase in the branching on the alkyl
chain increases the melting point. The melting point of ILs is essential because it
represents the lower limit of the liquidity and with thermal stability it defines the interval

of temperatures within which it is possible to use ILs as solvents.’
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To synthesize ILs, there are three basic methods: metathesis reactions, acid—base
neutralization, and direct combination. Alkylammonium halide can be obtained by the
reaction between the appropriate halogenoalkane and amine. Pyridinium and imidazolium
halides are also synthesized by metathesis reaction. On the other hand,
monoalkyllammonium nitrate salts are best prepared by the neutralization of aqueous
solutions of the amine with nitric acid. Tetraalkylammonium sulfonates are also prepared
by mixing sulfonic acid and tetraalkylammonium hydroxide. In order to obtain pure ILs,
products are dissolved in an organic solvent such as acetonitrile and treated with
activated carbon, and the organic solvent is removed under vacuum. The final method for
the synthesis of ILs is the direct combination of halide salt with a metal halide.
Halogenoaluminate and chlorocuprate ILs are prepared by this method. "

ILs can have reasonable ionic conductivities compared with those of organic
solvents/electrolyte systems at elevated temperatures. However, at room temperature the
conductivity is generally lower than those of concentrated aqueous electrolytes. Due to
the ion pair formation and/or ion aggregation, their conductivity can be reduced.'
Generally, ILs are more viscous than common molecular solvents and their viscosities are
range from 10 mPas to about 500 mPas at room temperature. There are several factors
which can control the viscosity of ILs such as van der Waals interactions, electrostatic
forces, and alkyl chain lengths in the cation. This is because stronger van der Waals
forces between cations can lead to increase in the energy requirement for molecular
motion. Furthermore, hydrogen bonding in the anions has a pronounced effect on
viscosity. For example, the anions such as BF4 and PF¢ can from viscous ILs due to

their formation of hydrogen bonding. "
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In general, ILs have higher density than water with values range from 1.0 to 1.6 g/cm’
and the density can be decreased with increase in the length of alkyl chain in the cation.
The chemical structure of anion can affect the density of ILs. For example, the order of
increasing density for ILs with different anions is CH3SO; , BF4, CF;CO, , CF3SOs ,
C3F,CO,~ and "N(Tf),." As a class, ILs have been defined to have melting points below
100 °C and most of them are liquid at room temperature. Like the density of ILs, there
are several factors affecting the melting points of ILs. The increase size of anions can
lead to a decrease in melting points.'* Furthermore, cation size and symmetric structures
play an important role on the melting points of ILs. For example, large cations and
increased asymmetric substitution result in a decreased melting point.'”” Moreoever, ILs
are thermally stable up to 450 °C and the thermal stability is limited by the strengths of
their heteroatom-carbon and heteroatom-hydrogen bond, respectively.'

To date, most chemical reactions have been carried out in molecular solvents and
most of our understanding of chemistry has been based upon the behavior of molecules in
the solution phase in molecular solvents. Recently, however, ILs has emerged as a new
class of solvents for green chemistry. They have many fascinating properties which make
them of fundamental interest to all chemists, since both the thermodynamics and kinetics
of reactions carried out in ionic liquids are different to those in conventional molecular
solvents. These results stem from the fact that ionic liquids have no measurable vapor
pressure, and hence can emit no volatile organic compounds (VOCs) in the enviroment.

As a favorable separation technique in industry, extraction is an energy-efficient
technology using two immiscible phases (conventionally an organic phase and an

aqueous phase). Many organic solvents, however, are toxic and flammable VOCs. To
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improve the safety and environmental friendliness of this conventional separation
technique, ILs can be used as ideal substitutes because of their stability, nonvolatility and
adjustable miscibility and polarity. ILs can be hydrophilic and hydrophobic depending on
the structures of cations and anions.'® Some ILs with hydrophobic character allows them
to extract hydrophobic compounds in biphasic separations. Metal cations (Li", K*, Na’,
Cs', Mg2+, Pb**, Ni**, Cd*", Zn*, Hg2+, Fe*, among others) tend to remain in the
aqueous solution being hydrated. Therefore, in order to remove metal ions from the
aqueous phase into hydrophobic ILs, extractants are normally needed to form complexes
to increase the metal’s hydrophobicity.'” The solvation of crown-ether complexes in ILs
is more thermodynamically favored than conventional organic solvents.'® This is why ILs
can be used to solvate metal ions from aqueous solution.

It has been reported that ILs could dissolve transition metal complexes and support
organic chemistry. For example, nickel complexes dissolved in acidic chloroaluminate
ionic liquids catalyze the dimerization of alkenes'’ while Ziegler-Natta catalysts in a
similar solvent can polymerize ethylene.”* However Zaworotko’s water-stable ionic
liquids containing tetrafluoroborate, hexafluorophosphate, nitrate, sulfate and acetate
anions expanded the ILs applications. With these ILs Chauvin and Dupont demonstrated
their potential in hydrogenation catalysis® and showed that reaction rates and
selectivities could be enhanced. It has been proven that activation of a pre-catalyst can be
thermodynamically hindered in IL, affording no catalysis at all if reaction conditions are
not adapted properly.22 In addition to catalyst activation, sufficient retention of the
catalyst in the IL is important in order to provide good recycling. The most versatile

approach used to anchor homogeneous catalysts in IL phases is to attach charged groups
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to the ligands bound to the metal catalyst center. The imidazolium tagged

liganda/catalysts are shown in Figure 3.3.
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Figure 3.3. Imidazolium tagged ligands/catalysts that enhance immobilization in ionic

liquids and improve catalyst recycling/use.

Applications of ILs in sensor are recently being explored by many researchers. One of
the early achievements is the use of ILs as the sensing materials for organic vapors.”>**
Furthermore, ILs containing methyl orange (MO) or methyl red (MR) displayed the
potential use in aqueous and non-aqueour acid sensors. Imidazolium and pyridinium
based ILs with methyl orange and methyl red exhibited different color change and
absorption based on acid concentrations (Figure 3.4).”> The melting points of MO and
MR are 300 and 180 °C, respectively. However, the incorporation of cations significantly

decreases the melting points due to their disruption of the crystal packing by bulky and

asymmetric cations.
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ILs are being considered as alternatives to conventional electrolyte materials. It has
been reported that some ILs exhibit ionic conductivity of over 10? S/cm at room
temperature which is close to the level for fuel cell applications.”® Doyle et al.
synthesized proton conducting membranes based on perfluorinated ionomer and ILs. In
this system, proton conductivitiy of synthesized materials provided 0.1 S/cm at 180 °C.*’
Generally, traditional membranes lose their proton conductivity above 130 °C. However,
it was thought that ILs could be used thermally stable solvents in transporting protons due
to their nonvolatility. Moreover, ILs have been studied for proton transfer toward fuel
cell electrolytes under water-free condition and these ILs are called Bronsted acid-base
ILs.”

In general, multi-charged ILs have been shown to have a greater range of physical
properties than traditional monocationic types such as higher density, glass transition,
melting point, surface tension, and shear viscosity.”’ Since the number of possible
combinations of cationic and anionic moieties in multi-charged ILs are greater than those
of monocationic such liquids, multi-charged ILs can be considered as an extension to the
structural variations of ILs, when properly designed. For example, ammonium-based

30,31

dicationic phosphate salt liquids, imidazolium-based dicationic ILs,** pyridinium

based dicationic ILs,* and pyrrolidinium cation based ILs** were synthesized to explore
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their physical properties. Note here that they displayed better physical properties than
those of monocationic ILs. Even though materials chemist face a challenge to synthesize
multi-charged ILs because of strong, long-range intermolecular interactions, however, the
incorporation of the bulky organic anions such as bis(trifluoromethylsulfonyl)imide
( N(T1)2) not only decreases the melting point but also increases the thermal stability of

ILs. Some representative structures of dicationic ILs are shown in Figure 3.5.
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Figure 3.5. Chemical structures of dicationic ionic liquids.

Armstrong and co-workers reported the effect of chemical structural modifications on
the physicochemical properties of symmetrical tricationic ILs containing N(Tf),,
hexafluorophosphate ( PF¢), tetrafluoroborate ( BF4), and trifluoromethanesulfonate
(TfO ). The densities of ILs with similar cationic moieties are affected by the counterions
in the order N(Tf), > PF¢ > TfO > BF,; and the thermal decomposition temperatures
of multi-charged ILs are higher than those of monocationic ionic liquids. The melting
points of tricationic ILs are affected by the flexibility of the central core systems while
keeping their solubility in water and heptanes which is similar to that of monocationic

and dicationic ILs.* Furthermore, the mesitylene core with bis and trisimidazolium salts
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can have thermotropic liquids-crystalline (LC) properties with various organic anions ( I,
"BF4, and N(Tf),).”*® Their versatile applications, but not limited to, range from
stationary phases for gas chromatography to high-temperature lubricants to dye-
sensitized solar cells to even photocontrollability of liquid crystal alignment.’’
Furthermore, dicatioinic ILs such as dicationic arginine-diglycerides,*® viologen-based

940 .- - . . . . 41
%40 imidazolium-based dicationic organic salts,"' and

dicationic organic salts,
bisamidinium-based dicationic tectons** showed LC properties.

It has been reported that aromatic bis(pyridinium salt)s with various counterions such
as tosylate, triflimide, tetraphenylborate and
tetrakis[3,5]bis(trifluoromethyl)phenyl]borate (Figure 3.6). They displayed good thermal
stabilities in the range of 257-461 °C which are dependent on the nature of both the
anions and dications. Furthermore, good solubilities in a wide range of common organic

solvents are observed which is suitable for thin films and fiber processing and they

displayed blue and green light in both solution and solid state.*’
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Figure 3.6. Chemical structures of bis(pyridinium salt)s.

3.3. Results and Discussion
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The two organic salts 1a and 2a were synthesized by using a ring-transmutation
reaction of bispyrylium salt, M, with the respective aliphatic amines in DMSO. To
increase the reactivity of reaction, small amount of toluene was added into the solution to
remove the water generated in the reaction by a Dean-Stark trap set-up. The crude
products were purified by column chromatography and tosylate counterions were further
exchanged to other counterions such as triflimide, dioctyl sulfosuccinate (AOT), and
methyl orange through the metathesis reactions in a common organic solvent. The overall

reaction is shown in Scheme 3.1.

DMSO/Toluene
130-135°C, 48 h

o0 ©
/—Cﬁ —CaHo Li(Na)X
0 coo R=
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reflux, 48 h

b-1d:20-24
Scheme 3.1. Chemical structures of bis(pyridinium salt)s 1a—1d and 2a—2d.

The chemical structures of these salts were characterized by the analyses of 'H, F,
and °C NMR spectra. Their '"H NMR spectra are provided in Figure S to S8 in the
Appendix 3. The salt 1a showed aliphatic protons at 0.354 (—~CH,CHs), 0.710 (—CH,CH3),
and 1.28 (—CH,CH,CH3) ppm, respectively. Unique — NCH>CH,— appeared at 4.39 ppm
due to the quaternary nitrogen. Tosylate peaks were observed at 7.65 (Harom), 7.00 (Harom),
and 2.23 (C¢H4CH;) ppm, respectively. After exchanging tosylate to triflimide, the

tosylate peaks disappeared and the two protons of — NCH>CH,— and aromatic peaks (1 in
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Figure 7) from the pyridinium moiety slightly were shifted to upfield in the spectrum. In
the case of 1c these proton signals were shifted to down field, but in the case of 1d they
were shifted to upfield with respect to those of 1a. These results suggested that chemical
structures of anions have an effect on the chemical shifts of methylene and aromatic
protons of quaternary nitrogen of dicationic moiety. These findings are in excellent
agreement with those observed in imidazolium salts either in ionic liquids or in
polymerized ionic liquids with various organic and inorganic counterions***® as well as
in other tricationic salts of mesitylene and stilbazolium moieties.”” Moreover, a fluorine
peak of triflimide at —78.7 ppm in the "’F NMR spectrum and elemental analysis further
supported the completion of exchange reaction. To have bulky counterion in the salt,
AOT counterion was introduced in the bis(pyridinium salt) moieties via the identical
metathesis reactions. The appearance of additional unique peaks of dioctyl sulfosuccinate
counterion was confirmed by the analyses of 'H and '*C NMR spectra, which were
suggestive of the complete exchange reaction of counterions. Additionally, the methyl
orange counterions were also incorporated into bis(pyridinium salt)s. The introduction of
methyl orange was revealed by the appearance of unique dimethyl protons (—N(CHs),)
signal at 2.98 ppm in the '"H NMR spectrum and their integral ratio was consistent with
the aromatic moieties suggesting of the completion of exchange reaction. The carbon
signal of -N(CH3), at 40.3 ppm in *C NMR spectrum further supported the presence of

counterions.
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Figure 3.7. Expanded aromatic region of '"H NMR spectra of (a) 1a, (b) 1b, (c) 1c, and
(d) 1d (An asterisk indicates CDCls). X in the generalized chemical structures in this

figure represents the corresponding anions.

Like the salt 1a, 2a showed similar '"H NMR spectrum. Two doublet and methyl
peaks from tosylate counterions were detected at 7.63, 7.01 and 2.25 ppm, respectively.
The unique triplet peak from — NCH>CH,— was found to be located at chemical shift of
4.38 ppm. The extra aliphatic protons appeared in the range of 0.68 to 1.50 ppm. After
exchanging the tosylate to triflimide, all protons of tosylate completely disappeared and a
new set of fluorine signal of triflimide appeared at —78.8 ppm which is a similar
characteristic of salt 1a. Similarly, the salts 2¢ and 2d showed characteristics to those of
1c and 1d. In case of 2d, dimethyl protons (—N(CHs),) signal of methyl orange appeared

at 3.06 ppm and that of carbon of -N(CH3), at 40.3 ppm in its "H and *C NMR spectra,
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respectively. The whole 'H NMR spectra of pyridinium salts 1a—2d are shown in Figures
S1-S8 in the Appendix 3.
Table 3.3. Unique chemical shifts of 1a—2d from their '"H NMR spectra recorded in

CDCl; at room temperature

Entry  aromatic meta to N* aromatic (ppm) (2) —"NCH,CH,— (ppm)
(ppm) (1)
la 7.93 7.82 4.39
1b 7.82 7.74 431
lc 8.02 7.93 4.46
1d — — 4.39
2a 7.93 7.82 4.38
2b 7.82 7.74 4.29
2¢ 8.02 7.93 4.43
2d — — 4.37

“ Could not be determined due to the overlapped peaks from methyl orange counterion.

High thermal stability is generally required for high-operating temperature devices.
Therefore, thermal stabilities of organic salts were studied by thermogravimetric analysis
(TGA) measurements between 30 and 600 °C in nitrogen and their plots are displayed in
Fig 4. Although highly m—conjugated aromatic materials can exhibit high thermal
stability of materials, their poor solubility in organic solvents often is encountered due to

*4 In this study, bis(pyridinium salt)s with varying short

their rigid chemical structures.
and long alkyl chain lengths (butyl and octyl) and various organic counterions were
found to have Tys in the range of 202-305 °C. Generally, organic salts 1a—1d showed
higher thermal stability than those of 2a—2d. These results stemmed from the fact that the
longer aliphatic chains reduced the thermal stability of bis(pyridinium salt)s. Moreover,

1b and 2b containing triflimide as a counterion provided better stability among other

counterions. This characteristic trend may be attributed to the decomposition temperature
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and nucleophilic character of lithium triflimide. Generally, the anions of strong acids
being the weak nucleophiles impart excellent thermal stability of cationic moieties.>’

Table 3.4. Thermal stabilities of bis(pyridinium salt)s

Compounds 1a 1b 1c 1d 2a 2b 2c 2d

T4 (°C) 233 305 238 202 220 286 234 225

* Thermal decomposition was recorded at 5 wt % weight loss in nitrogen.

100 fegummimim iy o e = = o 1a
" @

60

Weight (%)

20

I I I I I
100 200 300 400 500 600

Temperature ("C)

Figure 3.8. TGA thermograms of the compounds 1a—1d obtained at a heating rate of 10

°C/min in nitrogen.
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Figure 3.9. TGA thermograms of the compounds 2a—2d obtained at a heating rate of 10

°C/min in nitrogen.
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Amorphous ionic materials* have drawn much attention over the past decades due to
their easy processing into thin films or fibers thereby avoiding cumbersome and

. . .. . 51
expensive techniques such as vapor deposition technique.

Therefore, the thermal
transitions of organic salts were evaluated by DSC measurements to explore these
properties. The salt 1a showed several endotherms prior to its melting endotherm (7},) at
220 °C in the first heating cycle, which was then followed by its thermal decomposition
at higher temperature (Figure 3.10). The low-temperature endotherms (124 and 180 °C)
were related to crystal-to-crystal transitions, which were verified by polarizing optical
microscopy (POM) studies (Figure 3.13) and 1a showed a stable glass transition 7y at ca.
75 °C upon slow cooling at a rate of 10 °C/min after melting. From the second heating
cycle, 1a only showed a distinct 7, at ca. 72 °C without any other thermal transitions.
These results suggested 1a could not revert to its crystallinity after melting and it became
an amorphous material.

Unlike the organic salt 1a, 1b containing triflimide counterion also exhibited several
endotherms prior to its 7, at 260 °C and then followed decomposition at higher
temperature. All of the low-temperature endotherms are related to polymorphism which
was also verified on observation of highly birefringent crystal phases by using POM
studies (Figure 3.13). There were sharp textural defects and absence of homogeneity in
the domains suggesting their crystalline phases. The polymorphism phenomenon is quite

common in many ionic liquids and liquid-crystalline ionic compounds.*’**°

Furthermore,
their crystallization processes of 1b from liquid phase were observed in the cooling cycle

(10 °C/min) and T,, from the second heating was found to be at 200 °C. These thermal

transitions were at variance to those of la suggesting that 1b possessed crystalline
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properties as opposed to amorphous properties. In contrast to 1a and 1b, 1c¢ provided T,
at 77 °C from the first heating cycle, but no 7, in the DSC thermogram; while 1d did not
provide any detectible melting transition in the DSC thermogram. This result stemmed
from the fact that the bulky counterions (AOT) promoted the amorphous state of salt 1c.
In the case of 2a, T, appeared at 47 °C and the melting point was found to be ca. 90 °C by
using Fisher Jones melting point apparatus. In contrast to 1a, the glass transition of 2a
was recorded from the first heating cycle and the thermal transition trend may be
attributed to that fact that the longer aliphatic groups can provide the increase of the
segmental mobility of bis(pyridinium salt)s resulting in the appearance of 7, from the
first heating cycle.

Like salt 1b, 2b showed crystal to crystal transitions at 80 and 86 °C, respectively,
and 7,, was observed at 143 °C. The lowered 7, was attributed to the decrease in
molecular packing of the longer octyl groups. Note here that no liquid-to-crystal phase
transition (7,) appeared from the slow cooling cycle, however, and its Ty, appeared in the
second heating cycle. These results suggested that during the cooling cycle it did not
crystallize because octyl aliphatic moiety may hinder the crystallization process, but did
crystallize in the heating cycle exhibiting melting peak (Figure S9). The salts 2¢ and 2d
did not provide any meaningful transitions in the respective DSC thermograms.

The ILs, whose melting points are generally below 100 °C, are usually considered as
ionic liquids in the field of ionic liquids, and Chiappe and Pieraccini have reported as the
size and asymmetry of the cation increases, the melting point decreases. Further, an
increase in the branching on the alkyl chain increases the melting point. The melting

point of ILs is crucial because it represents the lower limit of the liquidity and with
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thermal stability it defines the interval of temperatures within which it is possible to use
ILs as solvents.”® As recorded from the DSC thermograms, 1a and 1b had T}, at 220 and
260 °C, respectively. Even though no 7,, of 1¢ was detected in DSC thermogram, the
melting point of 1¢ was found to be at ca. 180 °C as determined in the Fisher Jones
melting point apparatus and the decomposition of 1d was prior to its melting point. These
results supported that size and asymmetry of the anions had an effect on the 7, of organic
salts. In the series of 2a—d, the melting points of 2a and 2¢ were observed at ca. 90 and
60 °C which can be considered as ionic liquids while 2b melted at 143 °C. The DSC
thermograms of 2a—2d are shown in Figures S9 in the Appendix 3.From the results of
thermal properties, the increase size and chemical structures of anions and long alkyl
chains can lead to decrease in melting transitions. Therefore, dicationic bis(pyridinium
salt)s, when properly designed, could be the basis of new generation of ionic liquids that

expands further the repertoire of this novel type of solvents.
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Figure 3.10. DSC thermograms of 1a—1d obtained from the first heating cycle at a rate

of 10 °C/min in nitrogen.
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Figure 3.11. DSC thermograms of 2a—2d obtained from the first heating cycle at a rate

of 10 °C/min in nitrogen.
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Figure 3.12. Photomicrographs of (a) 1a taken at 220 °C, (b) 1b taken at 200 °C, (c) 1¢
taken at 45 °C, and (d) 2b taken at 135 °C under crossed polarizers exhibiting crystal

phase (magnification 400x).

One of the interesting characteristics of conjugated compounds is about their optical
property in solution and solid states. The bis(pyridinium salt)s synthesized in this study
exhibited good solubility in common organic solvents due to their long aliphatic groups
and organic counterions. Therefore, the optical properties of synthesized organic salts
were characterized by UV—Vis and photoluminescent spectroscopy (PL). All of the salts
showed essentially almost identical A,y in the range of 327—337 nm in various organic
solvents such as CH;CN, CH30H, acetone, tetrahydrofuran (THF) or CHCI; as detected
in their absorption spectra with the exception of 1d and 2d. These absorption spectra
could be an indication of closely spaced m—m transitions of aromatic moieties of
bis(pyridinium salt)s. In the cases of 1d and 2d, there was an additional absorption peak
of methyl orange at 421 and 424 nm, respectively, that stems from the conjugated -
transitions of this organic counterion. These results suggest that the interactions between
various organic solvents and the chemical structures of ionic compounds did not cause
any significant changes in the energies of their ground states. The optical band gaps (E,)
of all of the organic salts as determined from the onset of wavelength (low energy region)
in each of the UV—Vis absorption spectra are summarized in Table 3.5. These values were
in the range of 3.18—3.24 eV that are comparable to those of other bis(pyridinium salt)s

. . . . 4
with organic counterions reported previously.*
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Table 3.5. Optical properties of bis(pyridinium salt)s

Compounds 1a 1b  1c 1d 2. 2b  2¢ 2d
UV abs (nm)“ 328 329 329 327,421 328 337 332 327,424
Band gap (V)" 3.21 3.21 321 3.24 320 3.20 3.18 3.23

PL Aew CH:CN (nm) 442 440 442 442 441 443 442 442
PL A CH;OH(nm) 442 441 442 443 442 443 442 442
PL Aem Acetone (nm) 442 442 441 442 442 443 442 443
PL Aen THF (nm) 3787439 442 439 381 439 443 439 444
PL Aew CHCL; (nm) 439 441 441 —¢ 441 441 441 @ ¢
PL Aew film (nm)° 441 424 424 —° 433 423 420 @ ¢

“ Obtained in MeOH.

®Determined from onest of wavelengths in MeOH.
¢ Cast from CHCl;.

“ Shoulder peak.

¢ Not detected.

The light emission properties of organic salts were studied in several organic solvents
(both low and high polarity) in which their UV—Vis spectra are recorded; and their solid-
state light- emission properties were also examined. Salts 1a—d emitted visible light
having the A.m peaks in the narrow range of 439—442 nm in various organic solvents with
the exception of 1d, which showed a A.m peak at 381 nm (> 400 nm) in THF (Figure
3.13). The salt 1d emitted UV light in THF when excited at 300 nm wavelength of light.
These results suggested that L., peaks were independent of the types of organic anions
used. As discussed (vide supra), long alkyl chains in bis(pyridinium salt)s had an effect
on their thermal properties. However, there was no significant difference in the light

emission properties for 1a—d and 2a—d (Figures 3.13 and 3.14). These results supported

that the light emission properties in various organic solvents were independent of the
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chemical structures of bis(pyridinium salt)s used. Note here that the recoded excitation
spectra of these salts (not shown) faithfully reproduced their UV-vis absorption spectra
that provided the compelling evidence for their photoluminescent properties. The light
emission properties for the majority of salts in solutions did not exhibit positive
solvatochromic effect.”””® Moreover, In contrast to other bis(pyridinium salt)s with
conjugated aromatic and heterocyclic moieties,” the synthesized ionic compounds

emitted blue light because of lack of conjugated moieties, since they are connected to

butyl or octyl groups.
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Figure 3.13. Emission spectra of 1a—1d in (a) CH3CN, (b) CH30H, (c) Acetone, and (d)

THEF at various excitation wavelengths.
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Figure 3.14. Emission spectra of 2a—2d in (a) CH3;CN, (b) CH30H, (c) Acetone, and (d)

THF at various excitation wavelengths.

We also explored the photoluminescence properties of these organic salts in the thin
films cast from CHCI; to assess their potential for optoelectronic applications. The salts
la—c exhibited Aem values in the blue region similar to those in solutions (Figures 3.15
and 3.16 and Table 3.5) in the solid state. However, 1a showed a slight bathochromic
shift by 2 nm, but 1b and 1lc¢ showed a hypsochromic shift of 17 nm. These results
indicated that 1b and 1c¢ were less ordered in the solid state due to the bulky size of
counterions reducing the n—n stacking and causing a blue shift. Similarly, 2a—¢ showed
similar light emission properties in the solid state like 1a—c¢ as shown in Figure 3.16.
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However, the A, value of 2a (433 nm with excitation wavelength at 310 nm) showed a
hypsochromic effect compared to that of 1a (441 nm with excitation wavelength at 330
nm). It also showed a hypsochromic shift in the solid state when compared with that
solution spectrum. Salts 2b and 2¢ showed relatively large hypsochromic shifts in their
spectra when compared with those of solution spectra.”="** This blue shift might be
caused by the variation of alkyl chain lengths of bis(pyridinium salt)s which means that
the longer aliphatic groups could reduce the n—= stacking of chromophores resulting in a
hypsochromic shift in thin films. Their full-width at half-maximum (fwhm) values of
2a—c were wider than those of compounds 1a—c suggesting their light-emission stemmed

from a number of chromophoric species.
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Figure 3.15. Emission spectra of 1a—1¢ cast from CHCl; with excitation wavelength at

330 nm.

116



1.0

iz 2a excited at 310 nm
----2b excited at 310 nm
a——l - 2c excited at 310 nm
5 O
8
=
5]
‘® 06 [
o
£
w
o
lg 04 |
™
E
5]
Z 02
0.0 L : : : : —
350 400 450 500 550 600

Wavelengths (nm)

Figure 3.16. Emission spectra of 2a—2c¢ cast from CHCl; with excitation wavelength at

310 nm.

The traditional dye such as methyl orange (MO) is widely used in the chemistry
laboratory and industrial processes. However, due to insolubility of MO in common
organic solvents, the use and availability of MO is somewhat limited. One of the most
well-known properties of MO is about its pH sensing application in aqueous media. It has
been already studied that monocationic ionic liquids with MO and MR displayed their pH
sensing performance in aqueous and non-aqueous solutions.”

For organic salts 1d and 2d containing MO as counterions were soluble in many
organic solvents such as DMSO, CH;CN, methanol, ethanol, acetone, chloroform, and
ethyl acetate. The good solubility of 1d and 2d can make them to be used as an organic
acid sensor in these organic solvents. The absorption spectra of 1d and 2d in three
organic solvents (CH3CN, CH3OH, and acetone) were studied with the variation of HOTf

(CF3SOsH) concentrations (10" to 10™* M). Generally, the differences in sensin
g
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performance might be caused by different degrees of dissociation of the strong acid
HOTf in various organic solvents.”> These results stemmed from the fact that the
dissociation of HOTf mainly depends on the deprotonation ability of the solvent (Scheme
3.2). However, no significant color changes were observed based on the polarity of
solvents. In contrast, the indicator performance between 1d and 2d was clearly different.
While the color of 1d and 2d was deep red with the 0.1 M HOTf concentration in
methanol, the color of 2d changed to light orange by decreasing the concentration of
HOTTf to 0.01 M; while the red color of salt 1d did not visibly change on decreasing the
identical concentration of HOTf (Figures 3.17 and 3.18). Similar results were also found
in acetone and acetonitrile media (Figures S10—S13). Since the color change of the
solutions are mainly caused by the transformation between the azo from and the
zwitterionic form, the differences in indicator performance of 1d and 2d might be
affected by different alkyl chain lengths in bis(pyridinium salt)s. By changing the HOTf
to weak acid such as lactic acid in the identical solvents, there was no visibly color
change suggestive of no dissociation of lactic acid occurred in the organic solvents

examined.?’
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Scheme 3.2. Possible mechanism of MO counterion and pure MO in organic solvents.
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From the UV—Vis spectra, there are two distinctive absorption peaks at 326 and 425
nm in methanol which are related to pyridinium salts and MO counterions, respectively.
By adding the different HOTf concentrations, the absorption of MO (Aups = 425 nm)
shifted to higher wavelengths (Aws = 516) nm while the bis(pyridinium salt) absorption
still remained unchanged (Figures 3.17 and 3.18). The observed absorption behavior
suggested that only MO counterion formed zwitterionic form from the dissociated proton
of HOTT. Other solvents (acetonitrile and acetone) provided the identical absorption
spectra. Moreover, the emission spectra of 1d and 2d in methanol with different
concentrations of HOTf were studied to see the effect of organic acid in their emission
properties. However, no significant change in the light emission was observed suggesting

the concentrations of HOTf have negligible effect on their emission properties.
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Figure 3.17. UV-Vis spectra of 1d (2 x 10° M) in methanol with varied HOTf

concentrations.
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Figure 3.18. UV—Vis spectra of 2d (2 x 10° M) in methanol with varied HOTf

concentrations.

3.4. Experimental
3.4.1. General Comments

Butylamine, hexylamine, lithium triflimide, methyl orange, dodecylbenzene sulfonic
acid (sodium salt), dioctyl sulfosuccinate (sodium salt) and common organic solvents
were purchased from commercial vendors (Sigma-Aldrich, Alfa-Aesar, Acros Organics,
and TCI America) and used without any further purification.

'H, "F, and >C NMR spectra were obtained using a Varian NMR spectrometer (400
MHz for 'H 376 MHz for "°F, and 100 MHz for °C) with three RF channels at room
temperature, and chemical shifts were referenced to tetramethylsilane (TMS). The NMR

samples were prepared in CDCl; with a concentration of 10 mg/mL and 30 mg/mL,
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respectively. Differential scanning calorimetry (DSC) of ionic compounds was conducted
on TA module DSC Q200 series under a nitrogen atmosphere at heating and cooling rates
of 10 °C/min. Thermo gravimetric anlaysis (TGA) of the compounds were performed
using a TGA Q50 instrument in nitrogen. The TGA data was collected at temperatures
between 30 and 600 °C at a heating rate of 10 °C/min. The temperature axis of the DSC
thermograms was calibrated before using the reference standard of high purity indium

and tin. UV-Vis absorption spectra were recorded with a Varian Cary 3 Bio UV—Vis

spectrophotometer at room temperature. Photoluminescence spectra in the solution and

solid states were recorded with a Perkin—Elmer LS 55 luminescence spectrometer with a

xenon lamp light source.
3.4.2. General Procedure for Synthesis of Compounds 1a and 2a

The bis(pyrylium salt), M, (4.00 g, 4.53 mmol) and aliphatic amine (10.4 mmol, 2.30
equiv based on M) was dissolved in DMSO (100 mL) and toluene (10 mL) under
nitrogen atmosphere. The solution was stirred at 130-135 °C for 18 h. The water
generated during the reaction was removed by a toluene/water azeotrope. After the
reaction completed, the solution was removed under reduced pressure and the viscous
residue was washed with water. The crude product was dried in vacuo at 80 °C for 24 h
and it was further purified by column chromatography (CHCl;:MeOH = 4.5v:0.5v).

Data for compound 1a: Anal. Cacld. for Ce;HgoN206S; (993.28): C, 74.97; H, 6.09;
N, 2.82; S, 6.46. Found: C, 73.65; H, 6.05; N, 2.83; S, 6.09; '"H NMR (400 MHz, CDCl;,
ppm) & = 035 (t, 6H, —CH,CH;), 0.72 (q, 4H, —CH,CH,CHj3), 1.26 (q, 4H,
—NCH,CH;,—), 2.23 (s, 6H, CuomCHs), 4.38 (t, 4H, -NCH,CH,—), 7.00 (d, 4H, Harom),
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7.47-7.51 (m, 12H, Huom), 7.64 (d, 4H, Hyom), 7.80 (s, 4H, Hyom), 7.86-7.89 (m, 8H,
Harom), 7.92 (8, 4H, Hyrom); °C NMR (100 MHz, CDCl3, ppm) & = 12.5, 19.2, 21.2, 31.4,
54.6, 126.0, 127.8, 128.8, 129.1, 129.5, 129.6, 130.8, 132.8, 136.7, 138.5, 144.6, 153.6,
156.4.

Data for compound 2a: Anal. Cacld. for C;0H76N,O¢S, (1105.49): C, 76.05; H, 6.93;
N, 2.53; S, 5.80. Found: C, 73.69; H, 7.01; N, 2.62; S, 5.69; "H NMR (400 MHz, CDCls;,
ppm) & = 0.69 (br, 8H, —CHuiiphaic), 0.81 (t, 6H, —CH,CHs), 0.86—1.15 (m, 12H,
—~CHujiphatic),  1.33 (t, 4H, —NCH,CH,—), 225 (s, 6H, CuomCH3), 4.38 (t, 4H,
—NCH,CHy-), 7.01 (d, 4H, Hyom), 7.50-7.53 (m, 12H, Huom), 7.64 (d, 4H, Hyom),
7.85-7.88 (m, 12H, Hyom), 7.99 (s, 4H, Hyrom); °C NMR (100 MHz, CDCl;, ppm) & =
14.0, 21.2, 22.4, 25.9, 27.8, 28.4, 29.4, 31.4, 54.8, 125.9, 126.9, 128.4, 129.1, 129.4,

129.6, 130.8, 132.8, 136.8, 138.7, 144.2, 153.6, 156.4.
3.4.3. General Procedure for Synthesis of Compounds 1b-1d—2b-2d

The compounds 1a or 2a were reacted with target counterions through a metathesis
reaction in MeOH under reflux. For example, the compound 1a (430 mg, 0.389 mmol)
was dissolved MeOH (20 mL) and excess of lithium triflimide (246 mg, 0.856 mmol)
were added. The solution was stirred under reflux for 48 h and the solvent was removed
by a rotary evaporator. The remained solid was completely washed water to remove any
residual salt. The reaction step was repeated one or two more times until all the tosylate
counterions were completely exchanged to triflimide counterions, which was confirmed

by 'H NMR spectrum. The washed solid was dried in vacuo at 80 °C for 48 h.
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Data for compound 1b: Anal. Cacld. for Cs;H4sN4OgF >S4 (1211.18): C, 51.57; H,
3.83; N, 4.63; S, 10.59. Found: C, 51.71; H, 3.80; N, 4.59; S, 10.64; "H NMR (400 MHz,
CDCls, ppm) & = 0.41 (t, 6H, —CH,CH), 0.77 (q, 4H, —-CH,CH,CH3), 1.41 (q, 4H,
~NCH,CH,-), 4.39 (t, 4H, -NCH,CHy—), 7.54-7.61 (m, 12H, Hyom), 7.68—7.71 (m, 8H,
Hurom), 7.74 (s, 4H, Hyom), 7.82 (s, 4H, Hyom); 'F NMR (376 MHz, CDCls, ppm) & =
—78.8; °C NMR (100 MHz, CDCls, ppm) & =12.4, 19.3, 31.5, 54.7, 118.2, 121.4, 124.6,
127.1,128.9, 129.3, 129.4, 131.2, 132.4, 137.0, 154.1, 156.5.

Data for compound 1¢: Anal. Cacld. for CgsH20N2014S, (1494.03): C, 70.74; H, 8.10;
N, 1.88; S, 4.29. Found: C, 66.90; H, 8.31; N, 1.67; S, 4.63; "H NMR (400 MHz, CDCl,,
ppm) & = 0.42 (t, 6H, ~CH,CH3), 0.76—0.89 (m, 32H, —CHujiphatic), 1.22—1.61 (m, 34H,
~CH.iphatic)> 2.98-3.03 (m, 2H, —CH.iphatic)> 3.15-3.22 (m, 2H, —CHujiphatic), 3.87—4.06
(m, 12H, —~CHujiphatic), 4.46 (t, 4H, -NCH,CH,-), 7.54—7.63 (m, 12H, Hyom), 7.88-7.91
(m, 8H, Harom), 7.93 (s, 4H, Hyom), 8.02 (s, 4H, Huom); "C NMR (100 MHz, CDCl;,
ppm) & = 10.8-10.9,12.6, 14.0, 14.1, 19.3, 23.0, 23.4, 23.7, 28.8-28.9, 30.0 (d), 30.3 (d),
31.6, 34.1, 38.4, 38.5, 28.6, 38.7, 46.6, 54.7, 61.1, 67.0, 67.8, 126.8, 129.2, 129.5, 129.7,
130.9, 132.8, 136.8, 153.7, 156.6, 169.3, 171.8.

Data for compound 1d: Anal. Cacld. for C;6H7aNsOeS, (1259.58): C, 72.47; H, 5.92;
N, 8.90; S, 5.09. Found: C, 70.75; H, 6.04; N, 8.36; S, 4.73; "H NMR (400 MHz, CDCls,
ppm) & = 036 (t, 6H, —CH,CH;), 0.72 (m, 4H, —CH,CH,CH3), 1.29 (br, 4H,
—NCH,CHy-), 3.07 (s, 12H, -N(CHs),), 4.39 (t, 4H, -NCH,CH,-), 6.71 (d, 2H, Hyrom),
7.51-7.63 (m, 12H, Hyom), 7.63 (d, 2H, Hyom), 7.78=7.87 (m, 24H, Hyom); °C NMR
(100 MHz, CDCls, ppm) & =12.5, 19.2, 31.5, 40.3, 54.6, 121.6, 125.0, 126.6, 126.9,

129.2,120.4, 129.5, 130.1, 132.7, 136.5, 143.5, 147.9, 152.5, 153.0, 153.4, 156.4.
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Data for compound 2b: Anal. Cacld. for CeoHsN4OgF12S4 (1323.40): C, 54.45; H,
4.72; N, 4.23; S, 9.69. Found: C, 54.39; H, 4.74; N, 4.04; S, 9.45; "H NMR (400 MHz,
CDCls, ppm) 6 = 0.73 (br, 8H, —CHaiiphatic), 0.81 (t, 6H, —CH,CH3), 0.86—1.17 (m, 12H,
—CH,iiphatic), 1.42 (t, 4H, -NCH,CH,—), 4.29 (t, 4H, -NCH,CH,—), 7.52-7.60 (m, 12H,
Hasom), 7.67-7.71 (m, 8H, Harom), 7.74 (s, 4H, Haom), 7.81 (s, 4H, Harom); 'F NMR (376
MHz, CDCls, ppm) & = —78.8; °C NMR (100 MHz, CDCl;, ppm) & =14.0, 22.4, 26.0,
27.8,284,29.5,31.4,54.9,115.0, 118.2, 121.4, 127.1, 128.9, 129.3, 129.4, 131.2, 132.4,
137.0, 154.1, 156.5.

Data for compound 2¢: Anal. Cacld. for CosH136N2014S4 (1606.24): C, 71.78; H, 8.53;
N, 1.74; S, 3.99. Found: C, 68.74; H, 8.61; N, 1.68; S, 4.31; '"H NMR (400 MHz, CDCl,
ppm) & = 0.73 (br, 8H, “CHaiphatic), 0.79—1.60 (m, 80H, —CHajiphatic), 2.98—3.03 (m, 2H,
—CH,iiphatic), 3.15—3.22 (m, 2H, “CHaiiphatic), 3.87—4.06 (m, 12H, ~CHiphaiic), 4.43 (t, 4H,
—NCH,CH;,—), 7.52—7.62 (m, 12H, Haom), 7.87 (d, 8H, Harom), 7.93 (s, 4H, Harom), 8.02
(s, 4H, Hyrom); °C NMR (100 MHz, CDCls, ppm) & =10.8 (d), 10.9 (d), 14.0, 14.1 (d),
22.4, 23.0, 23.4, 23.6, 26.0, 27.9, 28.5, 28.8 (d), 28.9, 29.6, 30.0, 30.1, 30.3 (d), 34.2,
38.4, 38.5, 38.7 (d), 55.0, 61.8, 67.0, 67.7 (d), 126.9, 129.2, 129.4, 129.7, 130.9, 132.8,
136.9, 153.8, 156.6, 169.2, 171.7.

Data for compound 2d: Anal. Cacld. for Cg4HooNsOeS, (1371.79): C, 73.55; H, 6.61;
N, 8.17; S, 4.67. Found: C, 73.04; H, 6.70; N, 8.05; S, 4.59; "H NMR (400 MHz, CDCls,
ppm) 6 = 0.68 (br, 8H, —CHaiiphaiic), 0.80 (t, 6H, —CH,CHj3), 0.86—1.00 (m, 8H,
—CHiiphatic), 1.14, (q, 4H, -NCH,CH,CH>—), 1.32 (br, 4H, -NCH,CH,—), 3.06 (s, 12H,
—N(CHs)»), 4.37 (t, 4H, -NCH,CH,~), 6.69 (d, 4H, Harom), 7.52 (m, 12H, Harom), 7.63 (d,
4H, Hyrom), 7.78-7.86 (m, 20H, Haom), 7.90 (s, 4H, Hyrom); °C NMR (100 MHz, CDCl;,
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ppm) 6 = 14.0, 22.4, 25.9, 27.8, 28.5, 29.4, 31.4, 40.3, 54.8, 111.5, 121.6, 125.0, 126.0,
126.6, 126.8, 128.3, 129.2, 129.4, 129.5, 130.9, 132.7, 136.6, 143.5, 147.9, 152.5, 153.0,

153.4, 156.4.

3.5. Conclusions

A series of bis(pyridinium salt)s with different alkyl chain lengths and organic
counterions were prepared via the ring-transmutation and metathesis reactions. The
chemical structures of synthesized organic salts were fully characterized by 'H, '°F, and
BC NMR spectroscopy techniques and elemental analysis. All of the organic salts had
excellent thermal stabilities (> 200 °C), dicationic salts with long octyl group exhibited
lower thermal stabilities than those with butyl group. Some of bis(pyridinium salt)s
displayed amorphous properties based on the DSC analyses while some showed ionic
liquid properties. Because of the presence of chromophores, the photoactive properties of
these salts were examined by UV—Vis and photoluminescence spectroscopy. No
significant differences in their UV—Vis spectra were found suggesting an indication of
closely spaced n—n transitions and they emitted blue light in the various organic solvents
and in the solid states. In the solutions, they usually emitted blue light; and majority of
them exhibited no positive solvatochromic effect. Their A., peaks were shifted
hypsochromically in the solid states when compared with those of their solution spectra.
Due to the pH indicating property of MO counterions, bis(pyridinium salt)s with MO
showed different visual color change properties in several organic solvents with the

variation of concentrations of HOTT.
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APPENDIX 1

SUPPLEMENTARY INFORMATION FOR CHATPER 1
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Figure S1. FTIR spectra of polymers II-1-1I-5 taken at room temperature.
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Figure S2. Expanded 'H NMR spectra [delay time = 1 s, number of scans = 16] of

polymers (a) I-1 and (b) II-1 [10 mg/mL in d,-DMSO at 25 °C].
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Figure S3. Expanded 'H NMR spectra [delay time = 1 s, number of scans = 16] of

polymers (a) I-3 and (b) II-3 [10 mg/mL in ds-DMSO at 25 °C].
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Figure S4. Expanded 'H NMR spectrum [delay time = 1 s, number of scans = 16] of

polymer II-4 [10 mg/mL in de-DMSO at 25 °C].
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ppm

Figure S5. Expanded 'H NMR spectrum [delay time = 1 s, number of scans = 16] of

polymer II-5 [10 mg/mL in de-DMSO at 25 °C].
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APPENDIX 2

SUPPLIMENTARY INFORMATION FOR CHATPER 2

10
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Figure S1. 'H NMR spectra of I-2/SWNT composites (delay time = 1 s, number of scans

=16): (a) I-2 (10 mg/mL in ds-DMSO); and (b) I-2-50 wt % (10 mg/mL in ds-DMSO).
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Figure S2. 'H NMR spectra of I-3/SWNTs composites (delay time = 1 s, number of

scans = 16): (a) I-3 (10 mg/mL in ds-DMSO); and (b) I-3-20 wt % (10 mg/mL in ds-

DMSO).
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(b) 1-4-20 wt %
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]
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|
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Figure S3. 'H NMR spectra of I-4/SWNTs composites (delay time = 1 s, number of

scans = 16): (a) I-4 (10 mg/mL in dse-DMSO); and (b) I-4-20 wt % (10 mg/mL in ds-

DMSO).
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Figure S4. UV—Vis absorption spectra of I-2/SWNT composites in DMSO (left arrow)
and emission spectra of I-2/SWNT composites at excitation wavelength of 364 nm in

DMSO (right arrow).
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Figure S5. UV—Vis absorption spectra of I-3/SWNTs composites in DMSO (left arrow)
and emission spectra of I-3/SWNTs composites at excitation wavelength of 395 nm in

DMSO (right arrow).
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Figure S6. UV—Vis absorption spectra of I-5/SWNTs composites in DMSO (left arrow)
and emission spectra of I-5/SWNTs composites at excitation wavelength of 403 nm in

DMSO (right arrow).
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Figure S7. TEM images of (a) SWNTs, (b) I-1-20 wt %, (c) I-1-50 wt %, (d) I-2-20 wt

% and (e) I-2-50 wt %.
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(a) 1-1-50wt% * (b) I-2-5wt%

Figure S8. Photomicrographs of (a) I-1-50 wt %, and (b) I-2-5 wt % taken under crossed

polarizers at room temperature exhibiting lyotropic solutions (magnification 400x%).
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Figure S9. Photomicrographs of (a) composite I-3-0 wt % SWNTs 20 wt % in DMSO,
(b) composite I-3-5 wt % SWNTs 20 wt % in DMSO, (¢) composite 1-4-0 wt % SWNTs
in 40 wt % DMSO, (d) composite I-4-50 wt % SWNTs 40 wt % in DMSO, (e) composite
I-5-0 wt % SWNTs 20 wt % in DMSO, and (f) composite I-5-50 wt % SWNTs 20 wt %
in DMSO under crossed polarizers exhibiting lyotropic LC phase, respectively

(magnification 400x).
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Figure S10. TGA thermogram of the SWNTSs obtained at a heating rate of 10 °C/min in

nitrogen.

140



Intensity

1 .3 1 " 1
1200 1300 1400 1500 1600 1700
Raman Shift (cm™)

1800

Figure S11. Raman spectra of (a) I-1, (b) I-1-20 wt %, (c) I-1-33 wt %, and (d) I-1-50 wt

%.
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Figure S12. Raman spectra of (a) I-2, (b) I-2-20 wt %, (c) I-2-33 wt %, and (d) I-2-50 wt

%.
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ppm

Figure S1. '"H NMR spectrum of 1a [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S2. '"H NMR spectrum of 1b [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S3. '"H NMR spectrum of 1c [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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ppm
Figure S4. '"H NMR spectrum of 1d [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S5. '"H NMR spectrum of 2a [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S6. '"H NMR spectrum of 2b [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S7. "H NMR spectrum of 2¢ [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S8. "H NMR spectrum of 2d [delay time = 1 s, number of scans = 16; 10 mg/mL

in CDCl; at 25 °C].
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Figure S9. DSC thermograms of 2a—d obtained from (a) 1* and (b) 2nd heating and

cooling cycles at a rate of 10 °C/min in nitrogen.
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Figure S10. UV—Vis spectra of 1d (2 x 10° M) in CH;CN with varied HOTf

concentrations.
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Figure S11. UV—Vis spectra of 1d (2 x 10° M) in acetone with varied HOTf

concentrations.
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Figure S12. UV-Vis spectra of 1d (2 x 10° M) in CH;CN with varied HOTf

concentrations.
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Figure S13. UV—Vis spectra of 1d (2 x 10° M) in acetone with varied HOTf

concentrations.
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