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ABSTRACT
OF THE THESIS OF

Elissa Oussama Shehayeb for Master ofScien@
Major: Chemistry

Title: Synthesis of Novel Pyrene and Isoindiased Compounds for Electronic
Applications

In thisthesis, we report the synthesis and characterization of new pyrene and isoindigo
based compounds theduld be used in organic electronic applicatiofise performed
reactions included various SuztMiyauracoupling, nucleophilic aromatic substitution,
and condensation reactions.

In Chapter 2, we report tleynthesis of five novel isoindigo derivatives achieved

through Suzuki coupling using either the respective boronic acid or boronic acid pinacol
ester, n the presence of freshly synthesized Pdg¢RRatalyst. Absorption and thermal
properties were reporteBreliminary nesophase behavior of these molecules was
studied in collaboration with Pro&. Holger Eichhorn from the University of Windsor,
andthe X-ray structure of one of the compounds was determind2r bjeanette Krause
from the University of CincinnatComputational studies were performed by Prof.

Brigitte Wex from the Lebanese American University.

In Chapter 3, we report the synthesis anarabterization of two new pyrene derivatives
that serve as potential building blocks for organic fefigct transistors (OFETS). The
absorption properties of the isolated molearkealso reported.

In Chapter 4yve report the synthesis of two isoindidialdehyde derivatives, one of
which was used in the synthesis of two novel covalent organic frameworks ((D@fs)
served as photocatalysts for the conversion of carbon dioxide into formate. diiens
synthesis, characterization, and photocatalytioviéagtdf the COFs were performed in
collaboration withProf. Dinesh Shetty from the Khalifah University of Science and
Technology in Abu Dhabi, Prof. Ali Trabolsi from New York University in Abu Dhabi
and Prof. Mohamad Hmadeh from the American Universitgefut.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. ... 1
ABSTRACT e 2
TABLE OF CONTENTS.....oii e 3.
ILLUSTRATIONS ... e 6
TABLES ...t 11
ABBREVIATIONS ...t e 13
INTRODUCTION TO ORGANIC ELECTRONICS.............. 20
1.1. OrganiC EIECIIONICS. .......uuuiiiiiiiiiiiiit ettt 20
1.2. Organic vs Inorganic SemMICONAUCLOLS .............uvuvvvviimmmreeeeeeeriree e 21
1.3. Covalent Organic Frameworks (COFRS).........cccuuuuimiiiiiieeeiiiiiiiiieeeeeeeeeee e 23
1.4. AIMS and ODJECHIVES.......uuuiei i eeeeeeee e 24

SYNTHESIS OF ISOINDIGO DERIVATIVES FOR DISCOTIC

LIQUID CRYSTALS....coe e e e 28
P20 N 1 0T U Tox 1 o] o P UTUOT PR 28
2.1.1. Discotic Liquid CrystalS (DLCS).....cccuuiierriiiiiiiiiiiee e 28

20 2 1o 11 o T o TSP 42
2.2. ReSUItS and DiSCUSSION. .. .uiiiiiieeeeeeeiieeiieeee e e e e e eeeeeeeeeeeeeeaeeasmmmeeeeeeeeesnnsnnnnas 46
2.2.0. SYNINESIS....iiiii it 46
2.2.2. Xray SIrUCIUre OF 2.1C.....coii it e et 49



2.2.3. ADSOIPLION. ....ciiiieieee et 55

2.2.4. Computational StUAIES.........ooevvviiiiiimreeee e 60
2.2.5. Thermal ANAIYSIS.........uuuuuuuiiiiii e erner e e e e e e e 65
2.2.6. Mesophase Behavior...............oouvviiiiciiiceeciicces s L
2.3. Experimental SECHON..........oooi oot 71
2.3. 1. SYNINESIS... it ———— 71
2.3.2. XTAY SHUCTUIE. ...t eeeer ettt eeee e e e e e e e e eeeand 83
2.3.3. ADSOIPLION......cciiiiiiieeeee e e a e e e e e anas 84
2.3.4. Computational STUAIES........ccoviiiiiieiiii e 84

SYNTHESIS OF PYRENE DERIVATIVES FOR ORGANIC

FIELD-EFFECT TRANSISTORS........ccoi e, 85
0 0 I [ 1 0T U Tod 1o a PP P PUU P PP 85
3.1.1. Organic FieldEffect Transistors (OFETS)......uuuuiiiiiiiiiiiiiiiieeeieeeeeeeeee 85
3.1.2. Construction of OFETS.........cooiiiiiiiiiiiinenn s enere e 87
3.1.3. Deposition of SEMICONAUCTOL...........uuuuiiiiiiiiiieeeiiiieriieee e e e e e 89
R I B = 1 0 1] o ORI 92

I I8 SO0 - 11 T F SO PPPPRPPPI 98
.6, PYIBNE ... et 102
3.2. RESUILS @0 DiSCUSSION.....uuuuiiiesieeeeeeeeetetieeesa s e e e e e eeeeeeeeeeeeeeeesnnneeeseeeeeeennenes 107
3.2. L. SYNENESIS. ..o ittt a e e e 107
3.2.2. CharaCterizatiQn.........cccvviiiieeeeetiemee e et e e as 110
3.2.3. ADSOIPLION.....ccciiiiiiieee e a e e e e e e 113
3.2.4. Computational StUTIES..........ccoviiiiiiiiiiiie e 116
3.3. Experimental SECHON...........coii i 118
3.3 L. SYNENESIS. ..o 118
3.3.2. Computational StUIES...........uiiiiiiiiiiiee e 131

ISOINDIGO DIALDEHYDES AS BUILDING BLOCKS FOR
COVALENT ORGANIC FRAMEWORKS...........ccoviiiieenn. 132



W/ I [ 1 { (0 Yo [ o3 o] WU UE TP UP PR 132

4.2. ReSUItS and DISCUSSION.......cciiiiiieeiiiii it eeee e 138
4.2.1. Synthesis of dialdehyde derivatives............ccccooooviiccceee 138
4.2.2. Synthesis and Characterization of the COES..........ccoovvvvviiieeeennnneee, 139
4.2.3. APPHCALIONL. ... 144

4.3. Experimental Section: SYyNthesSiS.........cccoevviiiiiiiieee e 146

CONCLUSION. ...t e 149
SUPPORTING DATA ...t 150
REFERENCES......... e 194



ILLUSTRATIONS

Figure

1.1. The range of resistivity and conductivityimgulators, semiconductors, and
(070 [0 [1 [ (o £ VAT 21

1. 2. Some examples of organi mespdctve COFs. ng bl

............................................................................................................................ 24
1.3. The structures of the synthesized isoindigo derivaBvesc and2.2ab............ 25
1.4. The structures of the synthesized pyrene derivaBited3.2...............ccee 26

1.5. The structures of the synthesized isoindigo dialdei,des and the structures of
PlI-COF @ndCO-PI-COF......cciiiiiiiiiie e eiiiiieeeeee e e s e e e e e e e e e snnaeeee s 27

2.1. Examples of rotlke, discotic, and bent molecules along with their-ssembled
2L =T [0 1< 0 01T oL PP 29

2.2. Some examples of the alignment of DLC molecules: discotic nemadic (N
hexagonal columnar (G¢)) and rectangular columnar (Qoln their increasing

positional order with dgeasing temperature..............coovvvvivviieemeeee e 30
2.3. Schematic representation of DLC molecules alignment with (a) translational
stacking, (b) shiftedxis stacking, and (c, d) rotataboutthe-axis stackag.............. 31
2.4. Schematic representation of the helical organizati@Bi@V-TDOP.. ............... 31
2.5. Schematic representation of edgeand faceon alignment in DLCs................. 32

2.6. Polarized optical microscope (POM) images of,@a@sophases with the following
textures: (a) farshaped focal conic, (b) focal conic, (c) spherulite with maltese

crosses, and (d) straight linear defects.............oovvveiiiccciieieec e 33
2.7. Schematic representation of charge transfer in DLCS...........ciiiiieennnnnen. 35
2.8. Schematic representations of the (a) TOF and (BJRRC setups.................. 37

2.9. Graph showing the change in current upon increasing applied voltage in an SCLC
experiment. Region (a) shows ohmic current, (b) shows ditnéied SCLC, (c) shows
trapfilling, and (d) shows the traftee SCLC..........ccoovririiiiiiiiii e 39

2.10. The structures of (ARPR[t-Bu]2-[OC10H21]4, (b) TQPR[t-Bu]2-[OC20H41B]4,
and (c) TPPQPH-Bu]>-[OC20H41B]4,along with their respective 1D WAXD @ and
respective POM textures (g) at 220 °C, (h) at 30 °C, and (i) at 190.°C.............. 40

2.11. (a) The structure GIQPR[4-t-Bu-Php-[SPhytanyl}. (b) X-ray diffraction peaks
at 35 °C of initial crystal phase, at 120 °C of (Juksophase, and at cooling 18 °C of
Col- mesophase. POM textures (c) at 215 °C showing@esophase and (d) at 1C °
on cooling showing CoMesOophase..........ccoviviiiiiiiiiiieee e 41



2.12. (a) The structure of-LUC. (b) X-ray diffraction(left) and WAXD (right) peaks at
183 °C for Calmesophase and 47 °C for crystalline phase. POM textures (c) at 38 °C

showing crystalline phase and (d) at 180 °C showingr@esophase..................... 42
2.13. The structures of isomers of INAIGQ.......ccoeviiiiiiiiiiiiieeeric e 44
2.14. The HOMGL UMO el ectr oni camsd rstubstbuiedisomer of 5, 50
derivatives Of ISOINAIgO-.........uuuruiiiiii e ceeeers e e eeee e e e e e e e e e e e e eeee e 45
2.15. The structures @ 1aCand2.2abh. ..........ccoooiiiiiiiiiiiiieeee e 46
2.16. Molecular structure of both independent organic molecul2dof................. 50
2.17. Packing of several molecule2atcl (in blue)and2.1¢ll (in pink)................ 50

2.18. Definition of dihedral angles on compouhtic between oxindole groups and
between oxindole and aryl grouUp..........ccccvuuuiiiiir e 51

2.19. Isoindigo: (a) its chemical structure, (b) front view, (c) and (d) side VitING.
dimethylisoindigo: (e) its chemical structure, (f) front view, (g) and (h) side viawus.
(i) its chemical structure, (j) front view, and (k) and (I) side views..................... 52

2.20. Normalized absorption spectra2ata 2.1b, 2.1¢ 2.2aand2.2bin chloroform of
concentrations 2.726, 2.686, 1.606, 1.137, and 1x331° M respectively............... 56

2.21. Closer lookup on the absorption spectrabiac and2.2ab in chloroform
normalized at the respective peak...............cooviiiiieee i 57

2.22. Absorbance vs. concentration plots at the maximum waveleegtlsof: 2.1aat
(@) 292 nm, (b) 427 nm, (c) 520 nthlbat (d) 294 nm, (e) 429 nm)(®20 nm;2.1cat
(9) 292 nm, (h) 426 nm, (i) 518 ni@;2aat (j) 293 nm, (k) 431 nm, (I) 520 nra;2b at

(m) 294 nm, (N) 434 NM, (0) 531 NI 58

2.23. Wave functiomaps of orbitals in the main vertical transition2dfcat
B3LYP/6-311G(2d,p) level of theory and plotted at isodensity 0.03 e7hah........ 64

2.24. Representation of potential energy curves for the neutral and charged sp&ties.
2.25. TGA plots showing the decompositioratab and2.2ab. ........................... 66
2.26. DSC plots of the first cooling and second heating cycle of comfoiad......68
2.27. DSC plts of the first cooling and second heating cycle of comp@uiid........ 69
2.28. DSC plots of the first cooling and second heatinte@fccompound.1c ........ 69
2.29. DSC plots of the first cooling and second heating cycle of comf@2ad......70
2.30. DSC plots of the first cooling and seddeating cycle of compourdi2b......... 70
2.31. POM image a2.2btaken at 22.4C, 20 times magnification, and polarized. 71

3.1. Schematic representation of an organicfgffdct transistor (OFET)............... 86



3.2. Schematic representation of the thermal evaporation deposition technique1

3.3. Schematic representation of some diverttie wet printing deposition techniques.
(@) Inkjet printing, (b) aerosgét printing, (c) organic vapget printing, and (d) spray
(oo =11 o o [T TP PP PP PPPPPPPPPPPPPPN 96

3.4. Schematic representation of some transfer wet printing deposition techniques. (a)
Screen printing(b) microcontact/microtransfer printing, and (c) gravure printing98

3.5. Schematic representation of some coating deposition techniques. (a) Spin coating,
(b) bar coating, (c) zone casting, ddl dip coating............ccceeeeiiieeiieeecceeiceee e, 101

3.6. The Structure Of PYIrENE.........vvviiiiicci et ereer e 102

3.7. Structures of some pyrene derivatives used as semiconductors in OFET4.05

3.8. The chemical structuresfLand3.2 ... e 107
3.9.1H-NMR characterization @B.1L............cceeeeereieeeieee e eee e ete e remnre s 111
3.10.21H-NMR characterization @B.2.............ccoevueireeiueecieemieeeee et eeeeee s 112
3.11. Molar extinction coefficient &.1vs. wavelength at a concentration of 2.4812
10° M determined from its UWIiS SPECIIUML..........cceeviivierieiiceeeiecie e 113
3.12. Absorbance vs. concentration plot8.dfat specific maximum wavelengths (a)
282, (b) 320, (c), 335, (d) 359, (e) 384, and (f) 564.0M............eeeveeeviiiemmriernnnnn. 115
3.13. Structures of compoungds. dnd3 . @6n which the computational studies were
[S1S 0] 1 41T o IO U PR 116
4.1. The structure of porphyrin showingfit@se andb-positions........................... 137

4.2. FFIR spectra of the isoindigo dialdehydd, tetraamino porphyrid.3, PI-COF
=L 0 [ @0 I O ] 142

4.3. The top and side views of @)-COF and (b)Co-PI-COF along with the
computed most stable unit cell distances as well as the interlayer distances.of4ach.

4.4. (a) The sphup and spirdown channel energy diagrams. (b) The 3D isosurfaces of

the valence band (VB) and conduction band (CB) 6PGGOF..............ccovvvnnnnnn.n. 144
4.5. Photocatalytic C&xonversion study aCo-PI-COF. ... 145
6.1.1H-NMR of 2.5in DMSO-ds at 500 MHZ..........c.ccooevieiieiieiieeeee et 151
6.2.13C-NMR 0f 2.5in DMSO-0s at 125 MHZ...........ccveeeeieieeeeeceeeeeeeee e, 152
6.3.1H-NMR of 2.6ain CDCl at 500 MHZ........coooueieeieeeciecceee e 153
6.4.73C-NMR 0f 2.6ain CDCl at 125 MHZ.........ccocoiveieeieeeeceemeeeee e, 154
6.5.1H-NMR 0f 2.6bin CDCl at 500 MHZ............ccovveiveeeieecieeeeee e 155



6.6.13C-NMR 0f 2.6bin CDCh at 125 MHZ..........cc.coeeuiiiiirieieme e 156

6.7.*"H-NMR of 2.6¢in CDChk at 500 MHZ........cocueoveieeeeeeeeeeeeseee e 157
6.8.33C-NMR 0f 2.6¢in CDCl at 125 MHZ..........cccoveeeeeeieeeceeeeeeeeeeeeee e, 158
6.9.'H-NMR of 2.1ain CDCl at 500 MHZ............c.ccceiveveteeeeeee e 159
6.10.13C-NMR of 2.1ain CDCl at 125 MHZ..........cccooeieeieieeeceeeeee e, 160
6.11.*H-NMR 0f 2.1bin CDClk at 500 MHZ............cccvoveveeeieierceeseeeeeeeeeeeieaans 161
6.12.13C-NMR 0f 2.10in CDCl at 125 MHZ........ccooveeeeeeieeee e, 162
6.13."H-NMR 0f 2.1¢in CDCl at 500 MHZ.........ccocveeeeeeerisceemeeee e eneens 163
6.14.3C-NMR 0f 2.1¢in CDCl at 125 MHZ........coceveveeeereeeeeeeesee e e 164
6.15.'H-NMR 0of 2.2ain CDCl at 500 MHZ...........cococeieieieieeeeemeeee e 165
6.16.13C-NMR 0of 2.2ain CDCl at 125 MHZ..........cocooveieeieeeecveeeeeeeeee e, 166
6.17.'H-NMR 0f 2.2bin CDClk at 500 MHZ............ccovoveveeeeeiereeeseeeee e 167
6.18.13C-NMR 0f 2.2bin CDCl at 125 MHZ........ccooveeeeeeeeees e, 168
6.19.'H-NMR 0f 3.4in CDCl at 500 MHZ...........cocvoeereeeteeeeseeeeeeeeeeeeeeneenns 169
6.20.23C-NMR 0f 3.4in CDCl at 125 MHZ.......ccovevieeeeeeeee e 170
6.21.*H-NMR 0f 3.5in CDCl at 500 MHZ...........cccooeieieeieeeeeeeeeeeeeee e 171
6.22.13C-NMR 0f 3.5iN CDCl at 125 MHZ.......c.cooeviveeeeeetce e 172
6.23.'H-NMR 0f 3.6in CDCl at 500 MHZ............cccoceivereieeeeeeeeeeeeeee e 173
6.24.3C-NMR 0f 3.6iN CDCl at 125 MHZ.......c.covevieeeeeeeeee e 174
6.25.'H-NMR 0f 3.8in CDCl at 500 MHZ...........cccccceeereeereeeeeeeeeeeee e eeeenens 175
6.26.13C-NMR 0f 3.8iN CDCl at 125 MHZ.......c.cvevieeeeeeeeee e 176
6.27.'H-NMR 0f 3.9in CDCl at 500 MHZ............cccooeeeeeeieeeeeee e 177
6.28.13C-NMR 0f 3.9in CDCl at 125 MHZ.......c.coveveveeeeeeetee e 178
6.29.'H-NMR 0f 3.10in CDCl at 500 MHZ.........coovevieeeeietee e 179
6.30.173C-NMR 0f 3.10in CDCl at 125 MHZ......coeeeeeeeeeeeeeeeeteeee e, 180
6.31.'H-NMR 0of 3.11in DMSO-ds at 500 MHZ.........c.coveveveririerieereiee e, 181
6.32.13C-NMR of 3.11in DMSO-ds at 125 MHZ.........cccocveeeeeieeeee e 182
6.33."H-NMR 0f 3.14in CDCk at 500 MHZ.........c.cceirerereeeseeeeeeeesen e 183



6.34.13C-NMR 0f 3.14in CDChk at 125 MHZ.......ccocoveiieivieiiivieieemreecee e 184

6.35.1H-NMR 0f 3.15in CDCl at 500 MHZ........c.ccoiveiieieireecieemere e, 185
6.36.13C-NMR 0f 3.15in CDCl at 125 MHZ.........ccooiiiiiiiiiieiiireeeie e, 186
6.37.'1H-NMR 0f 3.1in CDChk at 500 MHZ...........coocoveeieeieirecceemiee et 187
6.38.13C-NMR 0f 3.1in CDCl at 125 MHZ......cceeuieieciecieeeeeeeeee e 188
6.39.1H-NMR 0f 3.2in CDChk at 500 MHZ..........c.ccvevveeieeeeiteceemeee et 189
6.40.1H-NMR of 4.1ain CDClk at 500 MHZ...........cccveovieieereeceemeeeee e, 190
6.41.23C-NMR of 4.1ain CDClk at 125 MHZ..........cccovveeeeeeieeceeeee et 191
6.42.'H-NMR 0f 4.1bin CDCl at 500 MHZ...........ccocooveieeiieee e 192
6.43.13C-NMR 0f 4.10in CDChk at 125 MHZ..........ccoeeeieeeeieeeeemeeeee e 193
Scheme

2.1. Synthesis d.1a 2.1b, 2.1G 2.28 and2.2D.........ccovvviiveniiiiiiiiiieeiiiinee e 48
3.1. Synthesis dfiketo pyrene3.5and tetraketo pyrer@6. ..........ccceeeeeveeeeeeeeeeeenns 108
3.2. Synthesis @3.1and3.2 .........oooiiiiiii e 109
4.1. The condensation Bfy andpll to formPy-pll COF ...........ccccceiiiiiiiiiieiecee 135
4.2.The synthesis scheme of microporous polymidiD , TBMIDM , and

TBMIDE . ..o e—r et e nm— e a e aa 137
4.3. Synthesis of isoindigo dialdehydB&ab. ...........ccccoeeeiiiiiiiiiiceccei e 139
4.4. Synthetic scheme Bi-COF andCo-PI-COF. ...........oooviiiiiiiiiiiiieeeeeeeeeiiias 140

10



TABLES

Table

1.1. Main differences between organic and inorganic semiconductars.............. 22

1.2. Main differences between small molecule and polymeric organic semiconggctors.
2.1. Table showing the differences between TOF andRRC techniques............ 37

2.2. The least square planes for the two molecul@slefdentified by Xray

(oY =11 (0T [ = o] V78U 53

2.3. Crystal data and structure refinement fegHeuN208.5/4CDCE. ........ccevvvvvnneee. 54

2.4. Results of the molar extinction coefficieriif L.mol™.cm? of 2.1 2.1b, 2.1¢
2.23 and2.2bat the maximum wavelengthay) from UV-Vis spectroscopy........ 59

2.5. Optimized geometry, dihedral angle along the two oxindole groups and-phenyl
oxindole group of.1cat the B3LYP/6311G(al,p)//B3LYP/631G(d) level of theory.

2.6. Computed adiabatic ionization potentials and electron affiniti2d.oas obtained
at the B3LYP/6311G(2d,p)//B3LYP/61G(d) level of theory.........c..ccccvveviveeninne. 62

2.7. Computed frontier molecular orbital mapdfcat B3LYP/6
311G(2d,p)//IB3LYP/e31G(d) level of theory, printed at an isodensity value of 0.02

LYo o) 1TSS 62
2.8. Optical properéis of2.1cfor isolated molecules computed at the using TD
B3LYP/6-311+G(2d,p)//B3LYP/631G(d) level of theory..........cccevveeeveeiere e, 63
2.9. Charactestics for the $H S vertical transitions o2.1cas computed vidD-
B3LYP/6-311+G(2d,p)//B3LYP/BLG(A).......ccvveeeeeeeeeereeeeeeeeeeseeeeee v 63
2.10. Relaxational energies for electron and hole transted.otomputed athe LC

¥ P B EJLG(2d,p)level Of tNEOIY...........uuiiiiiiiiiiiiiieceeiiiiieeeeeee e 65
2.11. Decomposition temperatures of compouhdab and2.2ab.......................... 66
2.12. DSC data analysis and results of compod@ribsb and2.2ab. ....................... 68

3.1. A summary of various characteristics of a few chosen deposition techniqiés.
3.2 A summary of several pyrefimmsed OFET devices............ccccviiiiiiieeeeeeeeen, 106

3.3. Results of the molar extinction coefficient3df at the maximum wavelengths
obtained from UWVIS SPECIIOSCOPY. . .uuiiiiiiiieeeieiiieeeeiimme e ee e 114

3.4. Optimized geometry & . dnd3 . & the B3LYP/6311G(d,p) level of theory.

11



3.5. HOMO and LUMO wavefunctions and energy levels of compo8nd€ind3 . & 6
B3LYP/6i 311G(d,p) level Of theory..........oooviveeeeee e 118

12



1D

2D

3D

A

Abs
Anal. Cald.
b

B.C.

c or conc.
CB
CDCl
CHsOH
cm

(6{0)

Co
COFs
Coln

Col
cond.

CONTs

DCM

ABBREVIATIONS

Onedimensional
Two-dimensional
Threedimensional

Angstrom

Absorbance

Analytically calculated

Optical length (wdth of cuvette in UWVis spectroscopy)
Before Christ

Concentration

Conduction band

Deuterated chloroform
Methanol

Centimeter

Carbon monoxide

Carbon dioxide

Covalent organic frameworks
Hexagonal columnar alignment
Rectangular columnar alignment
Conditions

Covalent organic nanotubes
Doublet

Debye

Dichloromethane

13



dd
DFT
diff.
DLCs
DMF
DMSO
DMSO-ds
Dr.
DSC
eA3
e/boh?
eq
etal.
etc.

eV

FET

FT-IR

HCOO
HCOOH
H20
HOMO

hr

Doublet of a doublet

Density functional theory
Diffraction

Discotic liquid crystals
N,N-Dimethyl formamide
Dimethylsulfoxide
Deuterated dimethylsulfoxide
Doctor

Differential scanning calorimetry
Electron charge density
Electron per bohr cubed
Equivalence

And others

Et cetera

Electron Volt

Oscillator strength

Field-effect transistor

Fouriertransform infrared spectroscopy

Grams

Formate anion

Formic acid

Water

Highest occupied molecular orbital

Hours

14



Hz

ITO

Jg

kcal

kJmol

LCs
lit.

LUMO

meV
mg
MgSQOy
MHz
min
mL
mm
mmol
mol

Mol. Wi.

Hertz

Id est (hat is)

Indium tin oxide

Joulesper gram

Coupling constant

Kelvin

kilo calories

kilo Jouleper mole

Liter

Liquid crystals

Literature

Lowest unoccupied molecularbital
Mass, can also beuttiplet (in NMR spectroscop
Molar (mol/L)

Millielectron volt

Milligram

Anhydrous magnesium sulfate
Mega Hertz

Minutes

Milliliters

Millimeters

Millimole

Mole

Molecular weight

15



m.p.
N2

N/A

Nb

nm

NMP
NMR
OFETs
OLEDs
OPVs

P
Pd(PPb)4
POM
ppm
Prof.
PRTRMC
PXRD
Ref

s

SCLC
SCXRD
SEM

SiO,

Melting point

Nitrogen gas

Not available

Discotic nematic phase

Nanometer

N-Methylpyrrolidone

Nuclear magnetic resonance spectroscopy
Organic fieldeffect transistors

Organic light emitting diodes

Organic photovoltaics

Pentet(in NMR spectroscop
Tetrakis(triphenylphosphine)palladium (0)
Polarized optical microscopy

Parts per million

Professor

Pulseradiolysis timeresolved microwave conductivity
Powder xray diffraction

Reference

Second, can alsbe singlet (in NMR spectroscopy data)
Space charge limited current

Single crystal Xray diffraction

Scanning electron microscopy

Silicon dioxide

Triplet (in NMR spectroscopy)

16



TBABr
TD-DFT
TEM
Temp.
TGA
THF
TLC
TOF

UV-Vis

VB

WAXD

wit%

(4

Smax

>mol

Tetrabutylammonium bromide

Time dependentensity functional theory
Transmission electron microscopy
Temperature

Thermogravimetric analysis
Tetrahydrofuran

Thin-layer chromatography

Time of flight

Ultraviolet-visible absorption spectroscopy
Voltage/Volts

Valence band

Watts

Wide-angle Xray diffraction

Weight percent

Chemical shift

Optical gap calculated from a level of theory
Enthalpy

Molar absorptivity

Wavelength

Wavelength at maximurabsorbance
Mobility

Micromole

Pi bonding orbital

Pi antibonding orbital

17



°C

Degrees

Degrees Celsius

18



To my dadé

19



CHAPTER1

INTRODUCTION TO ORGANIC ELECTRONICS

1.1.0rganic Electronics

Searching for sustainable energf§icient processes has been indispensable ever
since the rapid draining of naenewable resources. With tagponential widespread
of electronic deviceseeking innovative ways toanufacture thesgevices provides a
great advantage to making the world greériEnis can be achieved through the low
power production, usage, anggbsal of these widely spread devices. Organic
electronics, namely electronics based on organic madrad been the research focus
of numerous research groups around the world. They include organienigting
diodes (OLEDsY,; ° organic fieldeffect transistors (OFET$)® organic photovoltaics
(OPVs),% " organic sensor$prganic switched organic memory device§,and others

Substituting the use of steel, aluminum, silicoretal oxides and rare earth
metals in electronic devices with organic matsri@mposed of carbon, hydrogen,
oxygen, and nitrogen atoms presents a great basis, especially with the widespread of
these devices, including phones, tablets, computers, aide of organic matersah
electronics renders these devices mechanically flexible, relativelyigigiht,
environmentally safe, amtaturally biodegradabfeln addition, the structures of the
molecules can be predesigned in a way that enhances their properties and maximizes the
efficiency in their desired applicatidhCompanies that produce electronic devices have
already started to integrate the organic electronics field into their fabrication, and this

process is expected to grow further in the upcoming yeéars.
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Organic materiathat make up the organic electronic devices, depending on
their area of use, can be distribd into three categories: insulators, semiconductors,
and conductors. Usually, an electronic device is composed of multiple layers or
sections, each of which consists of one of the three forementioned elements. Insulators
are usedo separate the chargéswing between semiconductors and/or conducois
to prevent shorcircuits! Conducting materials are uslyalised to form wires or layers
that connect different parts atircuit togethef. Semiconductors are the mabcus of
study in this field since they establish the active component of the electronic tavice.
comparatre scale showing the conductivities and resistivities of these three elements is
represented in Figure 1}IThe conductivities of semiconductange between 100

10° S.cm! and carbe turned on and off by externally applied stintili.

Resistivity” (m.cm)

1018 10% 104 102 10%° 10% 10°® 104 10> 1 102 10* 10° 10°%
RERERNRRRERE R LR R LR L

Insulators Semiconductors Conductors

101810161014 1012100108 10°® 104 102 1 10? 10* 10° 108

Conductivity™ (Scnr?)

Figurel.1l. The range of resistivity and conductivityingulators, semiconductors, and

conductors.

1.2. Organic vs Inorganic Semiconductors

Traditionally, inorganic semiconductors such as silicon, doped metal oxides, and
carbon allotropes were used in the fabrication of semiconductetsatfonic devices.

However, with the growth of the field of organic electronics, these semiconductors are
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being substituted with organic matesgmall molecules and/or polymersjhe main
differences between orgaraad inorganic semiconductors are summarized in Table

1.11 11 18ysually theusedorganic materia in such deviceare highly conjugated in

order to strengthen the intermolecular stacking, hence forming greater crystalline order,
in addition to widening the widths of their respective conduction band (CB) and valence

band (VB)!!

Tablel.1. Main differences between organic and inorganic semiconductors.

Organic Semicclnorganic Semi
Mat er ilal fOrganic smal S |l icon, dope
or pol ymers and carbon al
fintramol ecul ¢fVery strong ¢c¢
.3 fint er mol ecul «
Bon ding Waal s, Londo

f< 40 kJ/ mol Y& 300 kJ/imgb

fRel atively n YfBroad due to
fWi den with i orbovetl ap
conjugation

Wi dt h aonfd
Vg.l, 14

Charge Ca“ﬂHoppi ng/ tunn YfCharges move

mobiPity charges betw delocalized v
states
fPrinting, co fTher mal evapo
Depositio traditional vacuuas ed tec

technt que fLowost emdvel JHi gthost and e
demandi ng

The organic materialused in electronics can include small molecules or
polymers®® Although polymers possess great intiad interchain chige transport and
can be chemically modified to become solutncessible for ease of fabrication,

small organic molecules are usually preferred as organic semiconductors over polymers
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for several reasoniS.Table 1.2 summarizes the advantages of small molecules and the

disadvantages of polyneeas organic semicalucting material® 11 1> 16

Tablel.2. Main differences between small molecule and polymeric organic
semiconductors.

Small molecules Polymers

Difficult to synthesize and purify to

Easy to synthesize and purify high standard$

Definite small molecular weight Uncontrollable molecular weight
Uniform and reproducible self Uniformity relative to the molecular
assembly weight of the polymét ¥

Largescale and lowcost Cannot be used in fabrication due to
manufacturing irreproducibility*

Mono-dispersity allowing Variation in HOMOLUMO levels
interpretation of properties dependin¢ depending on variable segment

on molecule structute conjugation in polymeré

1.3. Covalent Organic Frameworks (COFs)

Covalent Organic Frameworks (COFs) are mit= crystalline polymers made
up of primary and highordered porous structuresafyanic monomers. COFs are
formed of at least two different organic building blocks that serve as knots and fihkers.
Their structure and properties can be det e
topology, design, length and any attached functional grifups shown in Figurd..2,
COFs are prelesignable and synthetically controllable as they can be extended into 2D
or 3D frameworkslepending on the geometries of their building blocks,aséd on
both covalentbondsandnenov al ent i nt e acsttiaocnksi nign c lhuyddirn

bonding, van der Waals forces, electrostatic interactions and hydrophobic ¥ffects.
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Figurel2Some exampl es of organic building bI
COFs.

Recently, Koneet al.reported the study of ortimensional covalent organic
nanotubes (CONTS) that possess high thermal and chemical st&tilitg.building
blocks include a tetratopic tetraamine with a°ldi@edral angle and a ditopic linear
dialdehyde, and the resulting CONTSs were able to assemble in loops and toroidal
supestructures® This field is expected to grow upon @mging the properties of
CONTSs through functionalization to serve for different applicatt§@n the other
hand, COF$ave already been reported iw@e variety of applications, which range

from adsorption, sensing and mass transport to-senduction and catalysts.

1.4. Aims and Objectives

The main focus of this thesis wakto synthesize, characterize, and study the
photophysical properties of noygyrene and isoindigdased small molecules that can

potentially be used in electronic applications. The last Chegperts the use of an
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isoindigo derivativaas a linkeiin a covalent organic framewofér the visible light
driven reduction of adon doxide.

In Chapter 2, we report the synthesis and characterization of a series of isoindigo
derivatives with different extended chains, shown in Figu8elifferentN,N&
dialkylated dibromoisoindigo intermediates were subjected to Suzuki coupling with
3,4,5-trimethoxyphenyl boronic acid or 3,4tBdodecyloxy phenyl boronic acid pinacol
ester, in the presence of Pd(BRatalyst. The boronic ester was obtained from our
collaborator, ProfS. Holger Eichhorn, from the University of Windsor, Canatiae
physical properties (absorption) and thermal properties (TGA and DSC) were studied.
Thepreliminaryliquid crystalline properties of compoung2dac and2.2ab were
studied by Prof. Ei ¢ h h oXray&taucturesobcenapouach g r o u g
2.1cwas achieved by Dr. Jeanelteaus from the University of Cincinnati. DFT
calculations oR.1cwere attainedby Prof. Brigitte Wex from the Lebanese American

University.

2.1a: R = hexyl OCH3 2.2a: R = hexyl OC12H2s5

2.1b: R = 2-ethylhexyl 2.2b: R = 2-ethylhexyl
2.1c: R = methyl

Figurel.3. The structures of the synthesized isoindigo derivavéac and2.2ab.
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In Chapter 3, we report the synthesis and characterization of two gyssed
molecules3.1and3.2 Figure 14, that are promising candidates for OF&plications
Inspired by the work of Gampet al,'® 2°a multi-step synthesis scheme was primarily
followed to synhesize a functionalized k#nzenediamine intermediate that was later
condensed with diketopyrene and tetraketopyrene. The resulting compounds were
characterized byH- and*C-NMRs, andtheir propertiesvere studied by UWis

spectroscopy

N
P
N

N7 s

(]
ks

3.1

Figurel.4. The structures of the synthesized pyrene deriva8vkand3.2

In Chapter 4, we report the synthesis and characterization adnaligo
dialdehyde derivative4.1ab, Figurel.5. In collaboration withProf. Dinesh Shett
research group from the Khalifa University of Science and Technology, Abu Dhabi;
Prof. AiTrabol si 6s research group from the New
Prof. Mohamad Hmadehoés research groufgplbfrom t

was used in the synthesisRi-COF andCo-PI-COF, also shown in Figurg.5. The
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latter COF showed effient photocatalytic activity in the reduction of carbon dioxide to

formate anion.

PI-COF Co-PI-COF

Figurel.5. The structures of the synthesized isoindigo dialdehgdisb and the
structures oPI1-COF andCo-PI-COF.
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CHAPTER?Z2

SYNTHESIS OF ISOINDIGO DERIVATIVES FOR
DISCOTIC LIQUID CRYSTALS

2.1.Introduction
2.1.1. Discaotic Liquid Crystals (DLCs)

2.1.1.1. Déinition and History

Discotic liquid crystals (DLCsare usually formed alisclike moleculego
which 38 flexible alkyl chains are attached. DLEan seassemble in columns
through intermolecular interactions to form a liclikee state, hence possessing
properties of both fluid liquids and solid crystals. Liquid crystals (LCs) were first
discovered in 1888 by the botanist Friedrich Reinitzdreawas analyzing the thermal
properties of crystals extracted from the roots of a c&ride observed the presence of
Atwo melting pointso: the framrasdlidteaturbide s p o n c
fluid, whereas the second, called the clearing point, corresponds to the complete
transparency of the liquith.In collaboration with the crystallographer Ottohingann,
both pioneers of this work were able to distinguish the observed phenomenon as a new
field of polymorphisn?! In 1977, Chandrasekhat al.reported the inception of DLCs
formed ofbenzeneéhexan-alkanoates, which are didike molecules rather than rod
like chains as reported prior to tiaThe disc shape arises from the structirihe
molecule: an aromatic core with flexible chains attached to it. An interesting feature of
LCs and DLCs is their seliealing seHassembly, such as the examples represented in

Figure 2.1.
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Figure2.1. Examples of rodike, discotic, and bent molecules along with their-self
assembled arrangemeReprinted with permission frofRef 23. Copyright 2021
American Chemical Society.

2.1.1.2. Alignment

In the nematic phase @\ the directionalities of the molecules are aligned
towards one end, but each molecule is free to move along its axis preserving its
orientation?* For this reason, the nematic phase is the most flexible andilajdhus
being the least orderéfiThe hexagonal columnar alignment (@lnd the rectangular
columnar alignment (C)l ari se-"f samctkhewg” of the ar omat
molecules into 1D columrf8.These columns are then arranged into 2D lattices to form
the mesophases Gand Col.1* Moreover, the thermal fluctuations of the flexible side
chains are vital for the mesophase formation, as determined experimentally, and they
prevent the formation of 3D latticé%?® As shown in Figure 2.2, the columnar phases
represent fgher order and symmetry with respect to the nematic phase, and they exist

as the temperature is decrea$ed.
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Degree of positional order and symmetry (N, < Col, < Col,)

Temperature decreases

-3 ¥

Coly, Col,

Figure2.2. Some examples of the alignment of DLC molecules: discotic nemat)¢ (N
hexagonal columnar (G¢)) and rectangular columnar (Qoln their increasing
positional order vith decreasing temperatuRReprinted with permission frolef 24.
Copyright 2013 Taylor & Francisvww.tandfonline.com

In addition to the forementioned noghases, and depending on the structures of
the original molecules, other mesophase alignments, shown in Figwe, Z&aalso
be formed by the shiftedxis or rotateehboutthe-axis core stacking rather than the
transl ati onal st aahkdichigs ovef theaadjavemti nmleculé e 6 s c o
respectively?® A helical organization can be attained from this type of stacking, as per
the example ilDBOV-TDOP, described by Cheet al.and represented in Figure 2%.
In this case, the aromatic cores, shown in orangeassimble on top of each other
with Coln stacking®® There exists a 12° rotation between each molecule and it
neighboring one in the column; this rotation is attributed to the steric hindrance of the
respective mol ecul e 6¥Theré alse existhaadihedral rosation wn i r
of the | atter c¢hai nabitalsrofitsadjacent ghenyhangsn er t hat
overlap® The resulting helix is relatively long (IBolecules, 5.55 nm) compared to the

|l ength of previously reported %olyaromati c
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The dynamics of DLCs emanates from the disc rotation aboubthmnar axis, the
supplanting of discs within the same or adjacent columns, as well as the sliding motion

of a column with respect to the otlér.

Figure2.3. Schematic representatiofi DLC molecules alignment with (a) translational

stacking, (b) shiftedxis stacking, and (c, d) rotatabaut-the-axis stacking® © 2021
Wiley-VCH GmbH

stacking
direction

_ dihedral

helical pitch

rotation angle of 12°

Figure2.4. Schematic representatiohthehelical organization iDBOV-TDOP.
Reprinted with permission from R8&0.

2.1.1.3. Edge on and face on

Depending on their application, DLC molecules can be aligned@uge face

on,asshown in Figure 5.2° In homogeneous, or edga alignment, the column axis
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passing through the molecules is parallel to the substrate; however, the column axis is
perpendicular to the substrate in homeotropic, or-tacalignment! The former
arrangement is usually used in OFETS, while the lattersobest for OPVs and

OLEDs3!

edge-on face-on
homogeneous homeotropic

Figure2.5. Schematic representation of edgeand faceon alignment in DLCs.
Adapted with permission fromRef 31. Copyright 2011 American Chemical Society.

2.1.1.4. How to study the mesophase behavior of DLCs

Studying the mesophase behavior of organic compounds can be ach#&eved
different techniques. Differenti@lcanningCalorimetry (DSC) provides information
regarding the temperatures and enthalpy changes between the different phase
transitions> DSC is explained in further details in the next section ofChigpter.

PolarizedOptical Microscopy (POM) is used to observe the mesophases and
their texture$? These textures result frothe combination of the defects, surface
conditions, as well as flexible movement of the molecules guided by symihétrg.

typical textures of Calmesophases are the focal conic textures shown in Fighad 2.
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Other textures of this mesophase are also known, one of which is shown in Fégure 2.

Figure 26d shows the POM including defecéfs.

’ ’\‘ 3 : Yl YA \ k> A W)
Figure2.6. Polarized optical microscope (POM) images ofs@uésophases with the
following textures: (a) farshaped focal conic, (b) focal conic, (c) spherulitte with

maltese crosses, and (d) straight linear defé@spyright © 2007 WILE¥VCH
Verlag GmbH & Co. KGaA, Weinheim.

Other techniques include-pay diffraction that can show the alignment and
stacking paramets of macroscopic sized samples, and solid state Nuclear Magnetic
Resonance (NMR) spectroscopy which allows the determination of core rotation and

side chain mobility

2.1.1.5. Applications of DLCs

Calamitic LCs, formed of rotlke molecules, have long been used in electronic
devices'* Additionally, the efficient electronic propertiesDECs have rendered these
materias as great semiconductors for various electronic devices including OFEDs,
OFETs*® OPVs2 and less familiarly in organic magnetoresistance (OMAR) and

organic thermoelectric (OTE) devicés.
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2.1.1.6. Charge Carrier Mobility

One of the intensively studied properties of DLCs is their chargescanability
as they have reached values up to 4.22\ths?, which are analogous to inorganic
semiconductorg’ 38DLCs are great examples of organic semiconductors in their
columnar phas& Upon the stacking of the central cores and the formation of the
anisotropic mesogen, the charges can be transferred khitoege aromatic cores
axially due to the maximized overlap of the molecular orbffaf8In particular, a
conduction band is formed through the column axis dueto#fie* L UMO -( | owe st
unoccupied molecular orbital) overl&pin addition, the flexible chains around the core
actas insulators, by which each 1D column is insulated from the other in the
mesophase, and the only charge transfer is occurring between the molecule and its
neighboring ones within the column, as shown in Figuré®2lhis quasi one
dimensional conductivity has been proven experimentally in which the axial conduction
was reported a thousand times larger than the laterdf ane, it can be attributed to the
much shorter distance bet weenwiihrespecatc ol umn ¢
the distancéetweertheintercolumnar molecules (240 A) 2839

Hence, expanding the size -0fi hheraetht pe
and adding functional groups to enhance van der Vifgtalsactions between
intracolumnar molecules is essential as a means to maximize the efficiency of a DLC

semiconductof® 3°
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Conducting core
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Of alkyl chains

Charge migration

Figure2.7. Schematic represertian of charge transfer in DLG8 ©WILEY -VCH
Verlag GmbH & Co. KGaA, Weinheim.

Described here are a few techniques, among others, that are used to study the
chargecarrier mobility of DLCs. Time of flight (TOF), shown in Figure 2.8a, involves
the formation of a charge dahe interface of the DLC, which is sandwiched between
two indium tin oxide (ITO) electrodes, upon light irradiatffor the charge to form
solely on the terminal, the thickness of the DLC film is supposed to be sufficiently
greater than the depth of which the induced charge is créakben, an electric field is
applied to allow the movement of this created ch&tdée newly generated electric
current is measured along with the time it takes the charges to reach the other end of the
column. For this reason, it is necessary for the columns to be aligned homeotropically
by which the column axis is perpendliar to the electrodgsefer to Figure 2.5} The
mobility € is calcul at ed tsahe drift vetbcityy ghich 0 e q u ¢
itself is equal to the thickness of the film (d) divided by the transit ti)nhé charges
need to cross the column, and E represents the applied electric field, which is equal to

the applied voltage (V) over the film thiokss3?

35



r - — (1)

The electron and hole mobility at a macroscopic scale can be differeniimted
TOF by he recorded electric currefft3* Any defects in the columnar arrangement
greatly affects the values of the deduced charge mobility; thus, in some cases, it might
provide inaccurate reduced results for the charge moBility.32

Pulseradiolysis timeresolved microwave conductivity (FRRMC),
represented in Figure 2.8b, allows the determination of ckangier mobility without
detecting defect¥ Instead, its deduced values are considered to be obtained for a
defectfree alignment of DLC$! A van de Graaff accelerator pulses electrons with high
energies to create the charge throughout the whole sample &/Erdyn another
angle, the sample is subjected to microwave radiation. The conductivity of the DLC can
be calculated from the difference in the power of the microwaves upon propagating
through the sample then being reflectedh®® This relationship is represented by
equation (2) in which 0 is t hNeisteedndudadc t i v i t

chargec arrier (electrons airstherobility)’s) concentr
A0  AB. 0f )
The use of microwaves allows the determination of the combined electron and
hole mobility rather than the separate sign or mobility of each, so the determined results

are usually larger than those obtained from TOF techrifyéelable 2.1 smmarizes

the differences between both techniques.
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cell

Oscilloscope

microwave detector

Figure2.8. Schematic representations of the (a) TOF and (BYRRIC setups?
Copyright © 2007 WILEY¥VCH Verlag GmbH & Co. KGaA, Weinheim.

Table2.1. Table showing the differences between TOF andTRRIC techniques? 4°

TOF PRT RMC

Charge crea

Conducdetve ¢t
Scal e

Uni form al i

Ti me scal e
Charcgaer ri er

El ectrodes

fLi ghhduced fVan de Gr aaf
fOn i nterfafThroughout v
sampl e

finduced el qMi crowaves
fMacroscal e St acks of f e

fRequired fNot requirec
fNo defects YDef datee val

fMi crosecorfNanoseconds
fCan ded er mi fNot di sti ngt
1l TO el ectrfNot needed

Space charge limited current (SCLC) is another method used to measure the

charge mobility in a semiconductor. In a dielectric sandwiched between two electrodes,

when a charge imjected by an electrode on one side, and under the action of an applied

electric field, the charges migrate to the opposite electrode, thus considered d€pleted.
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The contact being ohmic, a condition governing SCLC, involves supplying the

electrode with sufficient charge such that the latter is accumulated along its respective
electrode rather than depletiffjThe determined charge mobility hence would solely

represent that of the semiconductor under study. According to theGQvatey law,

equation (3),thechargemoll i ty € can be calculated from

J, the applied voltage V, the semfconduct c
* - R— 3)

In case of fielddependence, the effects of disorders, traps or impurities are
hidden. The mobility €, represented in eql
€o represents the mobility with vanishing electricdiel E, and o expresses
field-dependencé’

t t A" (4)

As shown in Figure 2.9, as the applied voltage is increaseddinenorder of
magnitude to another, different current to voltage graphs are ob$Aeiow
vol tages, r egi on the ahpnge oOdurneidt svith reapacttgthev e r n s
applied voltagé® As the voltage is increased, region (b) or the first SCLC mechanism
can bedetected, which highly depends on the presence of traps in the studied®ample.
Increasing the voltage further may allow the fillioigtraps, region (c), thus observing a
value of the current density J much larger than the calculated one from equatfon (3).

After complete filling of the traps, upon further increase of the applied voltage above
the value of tragilling V tr, a second SCLC mechanism, from which the mobility can

be deduced, is observed, shown as regioff(d).
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Figure2.9. Graph showing the change in current upon increasing applied voltage in an
SCLC experiment. Region (a) shoatlsmic current, (b) shows a trdimited SCLC, (c)
shows tragfilling, and (d) shows the traflfee SCLC*® Reproduced with permission

from Termineet al, International Journal of Molecular Scienggsublished by
Multidisciplinary Digital Publishing Institute (MDPI), 2021.

Quasielastic neutron scattering (QENS) is used to observe the picosecond
motion of the molecules. This time scalpnesents the period of time during which
charge transfer occurs between the moleciil&sus, through this technique, the

dynamics of the aromatic core and flexible chain can be deterffined.

2.1.1.7. Previously synthesized DLCs in our lab

A series of pyrerddased compounds that possess liquid crystalline properties
have been previously synthesized and reported in odt (T he structures of TQRP
[t-Bu]2-[OC1oH21]4, TQPR[t-Bu]2-[OC20H41B]a, TPPQPHt-Bu]2-[OC20H41B]4, as well
as wideangle Xray diffraction(WAXD) and selected POM data, are represented in
Figure 2.10"3 The WAXD graphs show different spectra reported @rnagerature
increment of 10C, and are colecoded with the different observed phases of each

molecule. For example, in TQHRBuU]>-[OC10H21]4, four different phases are found,
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then later observed by POM determine their nature; the first is a crystalline phase
between 40C and 140C, the second 14080°C is another crystalline phase, the third
180-250°C represents a liquid crystalline phase, whereas abov&®250shows an
isotropic liquid phasé® The POM image of Figure 2.10g is taken at 220which is
within the LCphase, and shows fdike texture, confirming the presence of a (i
rectangular latticé® TQPR[t-Bu].-[OC20H41B]4 shows 3 different phases in WAXD:
the first 30110°C shows an LC fafike texturein POM presented iRkigure 2.10hthe
second 11440°C represents another LC phase with aliiee texture, and an isotropic
phaseds observedbove 148C.* The fanlike textures are characteitscolumnar LC
phases. Similarly, for TPPQHRBuU]>-[OC20H41B]4, 3 phases are distinguished from
WAXD, an isotropic phase is observed above 200a 2D Calmesophase is noted
between 12200 °C with its fanrlike texture observed by POM, Figuzel0i, and

another more ordered mesophase yet not crystalline betwek03G 3
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Figure2.10. T
[OC20H41B]4, and (¢) TPPQPR-Bu]2-[OC20H41B]4,along with their respective 1D
WAXD (d-f) and respective PONextures (g) at 220C, (h) at 30°C, and (i) at 190C.
Reproduced fronRef 43 with permission from the Royal Society of Chemistry.
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Other TQPP derivatives haaésobeen synthesized in our lab, and their
mesophases have been studied. Figure 2.11a shows the structure of the selected TQPP
[4-t-Bu-Php-[SPhytanyl} whose phase, upon heating, changes from crystalline to Col
mesophase at 10& and then to isotropic liquid at 24Q.*? Upon cooling, the
isotropic phase changes back tof&al233°C; however, further cooling results in a
new Col mesophase at ZC.*? The X-ray diffraction patterns at three distinctive
temperatures are shown in Figure 2.11b, and POM images of the two mesophases are

represented in Figure 2.4
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Figure2.11. (a) The structure ofQPR[4-t-Bu-Php-[SPhytanyl}. (b) X-ray diffraction
peaks at 38C ofinitial crystal phase, at 12 of Colh mesophase, and at cooling 18
°C of Col mesophase. POM textures (c) at 2C5showing Cal mesophase and (d) at
17 °C on cooling showing Cpiesophasereprinted with permission frofRef 42.
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Apart from TQPP/pyrene derivativalg firstisoindigobased compound
reported in the literature to shdiguid crystalline mesopdsewas developed in our
lab.** Figure 2.12a shows the structure ef.@, and Figure 2.12b shows therXy
diffraction and the WAXD peaks including two distinct phases at’€8&nd 47C.*4
POM images, shown in Figure 2.1@cconfirm the crystallinity of HLC at

temperatures below 6@ and Calmesophase between 60 and 220
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Figure2.12. (a) The structure of ILC. (b) X-ray diffraction(left) and WAXD (right)
peaks at 183C for Col mesophase and 4T for crystalline phase. POM textures (c) at
38 °C showing crystalline phase and (d) at 280showing Calmesophas&' © 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2.1.2. Isoindigo

Indigo is a weHknown natural dye with a blue color; its constitution was first
discovered by the recipit of the 1905 Nobel Prize in Chemistry, von Baéyer.

However, different naturally found isomers of indigo (shown in Figure 2.13) had been

extensively wused pr i-diboromadndigotalsckhown as ycidnu di n g
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purple, that was initially produced by the Phoenicians in tHec&ftury B.C* With
time, these dyes proved to have efficient electronic properties that can be used in a wide
variety of applications. The isoindigo molecule, another isomer of indigdakainated
numerous research groups around the world due to its remarkable properties. Isoindigo,
shown in Figure 2.13, is a stable, highly conjugated, and eledé&ficient molecule,
thusit is generallyused asn electron acceptdf lts planarity is attributed to its central
double bond, intramolecular hydrogen bondiggg its two lactam rings in which the p
orbital of the sphybridizedNat om i s i n ¢ o noybitabohtheiadjacentwi t h
carbonyl groug® “°In addition, the isoindigo core can present molecules with low
lying LUMO energy levels, thus ameliorating stability and elecaocepting
efficiency® *Its structure igasy to modify by adding different aliphatic chains or
aromatic extensions, copolymerization, or functional groups, which can greatly alter its
physicochemical properties, hence enhancing its respective activities in the desired
applications'” %52 And because of the forementioned properties of isoindigo and others
including its facile bulk synthesi$ isoindigo has a very wide range of applications:
initially being used as a bioactive aotincer drug?and ever since 2019,n electronic
applications includingrganic solar cedl®® 5’ OFETs>® >%electrochromic$® %*and
others.

Naturally, isoindigo is a dye formed in plants, namishtis tinctoria®? by
hydrolases, air, and oxidized indoles, like isatin, indoxyl or oxindole. However
synthetically, therera two mainly followed pathways for the formation of isoindigo:
the first includes the dimerization of ketocarbenes formed from isatin and
tris(diethylamino)phosphines (P(Nf),%3 whereas the second, which is favored,

includes the suspension of isatin and oxindole in acetic acid wittalgtcaamount of
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hydrochloric acic?® Unlike indigos and idirubins, isoindigo cannot be synthesized by
condensation under basic conditiGhs.

Isoindigo is not very soluble in common organic solvents due to the strong
intermolecular hydrogen bondirigAlkylation of the amide nitrogehelps enhancing
the solubility of the isoindiganolecule in organic solventdThis can be achieved by
reacting isoindigo witlpotassium carbonat&£C0Qs),%° sodium hydrideaH),%° or
potassium hydroxidekKOH)®* in addition to an alkyl halide and DMF or THF/DMSO
under inert atmosphere. Later, crassipling reactionsn the alkylated isoindigo,
including Stille?® Suzuki?® or direct arylatiof® coupling reactions are usually
performed which can be attaith upon the palladiuroatalyzed reaction with the desired

boronic acid or boronic ester in toluene, dimethylacetamide or THF.

Isoindigo
(0] H O O
‘ﬁ%o ~ 1
N N N
H o H H
trans-Indigo cis-Indigo

O
®
Br N
H o

6,6'-dibromoindigo
(Tyrian purple)

0 O O
O _ NH

re

H o

Indirubin Isoindirubin

Figure2.13. The structures of isomers of indifo%°
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Al t hough the starting maltsiutedisoindigo eeded t
derivatives are less expensive, and even though these derivatives show comparable
absor pt i o nranalogues theg exhibit Bss 6sgillator strength for optical
transitions in the visible spectrum, decreased current densitievegrdmolar
absorptivities Jsibgttitedriseisdigederivatite®®Intatidéions , 6 6
aromati c s ub s-pasitionstmaydead tathe farntakon & a duinoid
structure, render i n-gomersinwuoch theresstadredkagein han t
conjugation across the central double bahdwn in Figure 2.147 %% ®°For these

listed reasons, the former has been meticulously studied rather than tHé: RStter.

S

5’ - HOMO M%?‘Q

p Z-Pubstitution c Z-$ubstitution

Figure2.14 The HOMOL UMO el ect r oni candé6t, réubstituled es of 5

isomer derivatives of isoindigé@dapted with permission frofRef 53. Copyright 2013
American Chemical Society.

In this Chapter, we report the synthesis and characterization of compounds
2.1acand2.2ab shown in Figure 2.15. In addition, we ogpthe thermal analysis of

these compounds by thermogravimetric analysis (TGA) and differential scanning
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calorimetry (DSC), as well as th@reliminary mesophasgharacterization through

polarized optical microscope (POM). The boronic ester synthesiBla@d

characterization have been achieved in collaboration with®rbfo | ger Ei chhor n
group from the University of Windsor, Cana&ngle Xray diffractionof 2.1cwas

performed by Dr. Jeanette Krause from the University of Cincinnati, and computational
studies were attained by Prof. Brigitte Wex from the Lebanese American University.

The mobilities of2.1ac and2.2ab will be attained using the TOF and SCLC method

2.1a: R = hexyl OCH, 2.2a: R = hexyl OC12H2s

2.1b: R = 2-ethylhexyl 2.2b: R = 2-ethylhexyl
2.1¢c: R = methyl

Figure2.15. The structures d?.1ac and2.2ab.

2.2. Results and Discussion
2.2.1. Synthesis

6 , -bBildromoisoindiga2.5was formed upon the condensation of commercially
available Bbromooxindole2.3and 6bromoisatin2.4. The two reagentseredissolved
in acetic acid with a catalytic amount of hydrochloric acid, and the reaction mixaare
refluxed overnight® The obtained precipitai@as recrystallized from 1;2
dichlorobenzene tgield the pure product Then, the synthetic route procedavith

theN , Miélkylationof25t o i ncrease its soelubility. Un
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dibromoisoindigo along with potassium carbonate ahéxylbromide 2-
ethylhexylbromideor iodomethané dimethylformamideverereacted at 110 °C for 72
hoursto yield2.6a 2.6b, or 2.6¢ respectively The obtained produc&6ab were

purified by column chromatography wher@acwas purified by recrystallizatio?r.

Next, Suzuki couplintf of 2.6ac was performed under argon through twéfetient

routes: the first includthe presence of 3,4t8imethoxyphenylboronic acid, freshly
synthesized tetrakis(triphenylphosphine)palladium (0) (Pd)@Rtatalyst® 2M

potasgum carbonate solution, and tetrabutylammounium bromide (TBABFr) in toluene
for 72 hours. The second route inclddie presence of 3,4f8methoxyphenyl boronic
acid pinacol ester, freshly synthesized Pd@pRiatalyst®® and sodium carbonate in
THF:water (4:1) solution for 24 hours, in which the TwWé&sfreshlydried over sodium
and benzophenorféin addition, a procedure similtéo the second route but using
3,4,5tridodecyloxyphenyl boronic ester was followed to synthe®i2e-b.** Both
boronic esters were prepar e€dmpbupd2Raco f . Ei ct
and?2.2a-b were obtained after purification through column chromatography and were
characterized byH and'3C-NMR. Scheme 2.1 depicts the synthetic route of

compound®.1lac and2.2ab.
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Br H Br

ZI

2.4 0
CH3COOH, HCI
110 °C

H

N

100 °C

R-Br, DMF, K,CO3
(Argon, inert cond.)
R

2.6a: R = hexyl
2.6b: R = 2-ethylhexyl
2.6¢: R = methyl

|

a (or b

OCHs OCHs

e
HaCO 8OH| Haco B-O
OH o

Toluene, K,CO4 THF, H,0, Na,CO3
TBABr, Pd(PPh3),; | Pd(PPh3),
(Argon, inert cond.) | (Argon, inert cond.)

HsCO

2.1a: R = hexyl
2.1b: R = 2-ethylhexyl
2.1c: R = methyl

OCyq2Has
C12H250

C12H250 B’O
(0]

THF, Hzo, N82003
Pd(PPh3),
(Argon, inert cond.)

2.2a: R = hexyl
2.2b: R = 2-ethylhexyl

Scheme2.1. Synthesis of.13 2.1b, 2.1¢ 2.23 and2.2b.
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2.2.2. Xray Structure of 2.1c

X-ray crystallography is an experimental technique that allows the identification
of the3D atomic and molecular structure oEampoundX-ray beams areised since
their wavelengths argomparable to atomic si?&Upon subjecting the sample under
study to a beam of Xays,they will be diffracted by the electrons of the atoms forming
the molecule of the sampi&The scattered waves are collected, constructively or
destructiely, with respect to each other, and analyzing the obtained data allows the
structure determination of the studied saniplEhere are two types f-ray
crystallography: (1) Single crystalday diffraction(SCXRD)in whichthe material
studied is a crystaand (2) Powder Xay diffraction(PXRD) in which the sample ad
is in a powder formi® In this section, we report the SCXRD aatbtained for
compound.1lc

Slow evaporation o€DClzfrom 2.1cin its NMR tube showed the formation of
crystals which were observed and studiedXRDin collaboration wittDr. Jeanette
Krause from the University of CincinnaGompound.1ccrystalized as two
independent moleculgg.1¢l and2.1cll) in the lattice and crystallized with multiple
CDClz molecules in the latticasshown in Figure€.16 Figure 2.17 displays the
packing of several moleculeslobth2.1¢l and2.1cll shown in two different colors:

blueandpink respectivelyalong with a few molecules of CD{in grey and green)
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2.1cl

Figure2.16. Molecular structure of both independent organic moleanfi@slc 50%
probability ellipsoids, Hatoms and solvent omitted for clarity.

Figure2.17. Packing of several moleculesaficl (in blue)and2.1c¢ll (in pink). The
grey(carbon)and greerfchlorine)atomscorrespond to molecules and dimef<CDCl.
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When observing the -Xay structure of isoindigderivatives wemainly focus
on the value of the dihedral angle within the isoindigo ¢oetween oxindolesgnd the
dihedral angle between the isoindigo and the phenylattaghedy Suzuki coupling

(between oxindole and aryl grou@hese angles areghlighted in Figure 2.18.

Figure2.18. Definition of dihedral angles on compould.c between oxindole groups
and between oxindole and aryl group.

Upon the analysis of the obtained resirten X-ray crystallographywenotice
that the isoindigo core ot planar, but twisted withdihedralangleof 25.72° and
25.4% along its central double bond for molecuke$cl and2.1cll respectively. In
fact, although the isoindigo core is proven to be planar (see Figi@ad), ®its N,N&
dimethylderivative was previously reported by Voromet al to be twisted with a
dihedral angle of 22.2%see Figure 29eh).”* Hence, the noplanarity of the
isoindigo core irR.1cis attributed to the presence of methyl groups on its nitrogen

atoms (see Figure 2.1DBi
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EE-ES Wre’ CeLEesS reun

Figure2.19. Isoindigo:(a) its chemical structurgb) front view, (c) and(d) side views.
N,N&dimethylisoindigo (e) its chemical structure, (f) front view, (g) and (h) side views.
2.1c (i) its chemical structure, (j) front view, aik) and (l) side views

Referring to Figure 2.16pf molecule2.1¢l, thedihedral anglevithin the
isoindigo system betwedhe C:N2 ring system and the €IN18 ring system is

25.748)°. The dihedral angle between the-82 ring system and theé6-C11
trimethoxy phenyl group is 34.83°, and that between the GN18 ring system and
the C22C27 trimethoxy phenyl group is 27 33)°. Relating both trimethoxy rings

together (C68C11 and C2X227), the dihedral angle between them is 3120(1)

For molecule.1cll, thedihedral angldetween the C408141 ring system and
the CH-N57 ring system is 25.44(7)The dihedral angles between theDdNK 1 ring

system and the C4650 aryl group, and between theBIS57 ring system and the
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C61-C66 aryl grop are 32.63(9)and 35.87(7) respectivelyThe dihedral angle
between th€€45-C50 and B1-C66 trimethoxy phenyl ringss 24.1(1)°. A summary of

the detailed results and parameters deduced from singlg Analysis are provided in

Tables 2.2 and 2.3.

Table 2.2. The least square planes for the two moleculé&slafidentified by Xray
crystallography

Deviationfr
olangyityl! h&dr a

C6-C1 1 00084 } T E®)
C1-N2-C3-C5,C1 L1 5 00546 '
2.1c- } 2 5 @)
Cl &1 N1 &£1 2 £2 £3 0 0205 }
25
C2 27 00085 “r
C4 55 0 00047 } -
C4 (N4 1C4 T4 £5 IC5 4 00460 ®)
2.1c-l | } 2 % @)
C5 55 eN5 75 806 (C6 1T6 9 0.0 3 4 } i
C6 1C6 6 00040
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Table2.3. Crystal data and structurefinement for GsHz4N20g.5/4CDCE.

Formula CaeH34N20g.5/4CDC}

Formula weight 773.12

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1
a=14.0848(13) A U= 65.446(3)°

Unit cell dimensions b=16.0142(15) A b=81.943(3)°
c=18.2524(18) A 29=78.556(3)°

Volume 3662.5(6) &

Z 4

Density (calculated) 1.402 Mg/ni

Absorption coefficient 0.360 mmt

F(000) 1602

Crystal size 0.279 x 0.170 x 0.035 mim

drange for data collection ~ 2.200 to 25.350°

Index ranges -16 O hL90 01 6k 10 (1 9,

Reflections collected 105293

Independent reflections 13390 [Rnt = 0.0569]
Completeness td= 25.242° 99.9 %
Absorption correction Semtiempirical from equivalents

Max. and min. transmission 0.862 and 0.780

Refinement method Full-matrix leastsquares on#
Data / restraints / parameter: 13390/ 0 /945
Goodnesf-fit on F? 1.035

Final R indices [I>8(1)] R1 =0.0756, wR2 6.2088

R indices (all data) R1 =0.1063, wR2 = 0.2413
Extinction coefficient 0.0044(8)

Largest diff. peak and hole  0.757 and1.517 eA3
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2.23. Absorption

The normalized absorption spectra of compouhds-c and2.2ab in
chloroform are shown in Figus2.20and2.21. The only difference between the
structures of these five compounds is in their alkyl chains which are not involved in any
electronic transitions; henche absorption spectra are expected to be very similar
which is observed in Figui220. However, with a closer look up to each pefigure
2.21a-c, we noticethat there is a slight red shitir the tridodecyloxy isoindigo
derivatives2.2ab with respetto the trimethoxy derivative®.1ac. Similar
observations havieeenpreviously reporteth the literaturevhen comparing the UV
Vis maximum absorbance wavelength for varied alkoxy chains and has been attributed
to the increasing planarity of the chaimigh their increasing lengtf:”* Moreover,
referring to Figure 2.2%a, we observe a slight bathochromic shift as well in maximum
wavelength absorbance of the he@@/llg) and 2ethylhexyl(2.1b) trimethoxy
derivatives in comparison to the methyl trimethoxy derivat/&g. This effect may be
attributed to the results obtained frorrra§ crystallography involving the breakage of
planarity in theN,N&dimethyl substituted isoindigo derivativegpite the fact that alkyl
chains are not expected to alter electronic transition of the moleWiteseas, Xray
structures have proven that the isoindigo core is planar for MfNémalkyl substituted
chains (other than methyl), which correlates whth tnentioned shift obtained from

UV-Vis spectroscopy®
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Figure2.20. Normalized asorption spectra .13 2.1b, 2.1c, 2.2aand2.2bin
chloroformof concentrations 2.726, 2.686, 1.606, 1.137, and x331° M
respectively

UV-Vis absorption spectra were recorded for three different stock solutions of
each of the moleculésla 2.1b, 2.1g 2.23 and2.2b. In Figure 2.22#0, the
absorbancewereplottedwith respect to the concentrations of the solutioreaah of
the three maximum wavelengths of these molecules. Considering.Beenb er t 6 s L aw
equation (5), Abs represents the absorbanc
molar absorptivity in L.mot.cn?, b represents the optical path length, i.e., the width of
the cuvette (1 cm), and(or conc.)represents the concentration of the prepared solution
in mol/L or M.

0 wi -oww (5)
So, the slope of the straiglmes obtained from this linear relationship would be

equal to U. Table 2.4 summari zes the corre

Figures 2.22a.
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(a)

Normalized Absorbance

L 1 I 1 L] 1 1
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Wavelength (nm)

(b) —21a

14 ——2.1b
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Wavelength (nm)

(c)

Normalized Absorbance
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Wavelength (nm)

Figure2.21. Closer lookup on the absorptiorpsctra of2.1ac and2.2ab in
chloroform normalized at the respective peak
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Figure2.22. Absorbance vs. concentration plots at the maximum wavele(agihsof:
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2.2b at (m) 294 nm, (n) 434 nm, (0) 531 nm

58



Table2.4. Results of the molar extinction coefficiel(l&in L.molt.cm?!of 2.15 2.1b,
2.1¢ 2.2 and2.2b at the maximum wavelengthay) from UV-Vis spectroscopy.

Omax1= 292 nm dmax2= 427nm dmaxa= 520 nm
Conc. - - -
(x10°M) | Aps; (xiio“) Abs; (x%oél) Abss (X¥04)
1.93 0.66337 0.42665 0.27932
2.1a 2.45 0.73765( 1.49 | 0.50971 | 1.51 0.3096 | 0.775
2.73 0.78243 0.54563 0.3434
Bmax1= 294 nm dmax2= 429 nm dmaxa= 520 nm
Abs: (X?O“) Abs2 (x?o“) Abss (X%OA')
2.01 0.62665 0.4481 0.2929
2.1b 2.46 0.84461| 4.97 | 0.54302 | 2.37 | 0.34766 | 1.37
2.69 0.96381 0.6113 0.3875
Bmax1= 292 nm dmax2= 426 nm dmax3= 518 nm
Absi (x?04) Abs? (X?O“) Absz (x%o“)
1.61 0.55427 0.38028 0.25856
2.1c 2.57 0.80271( 3.06 0.5578 1.70 | 0.37641| 1.13
2.78 0.9373 0.57173 0.38523
Bmax1= 293 Nm dmaxz2= 431 nm Amax3= 520 nm
Abs: (x?04) Abs? (x%04) Absz (x%04)
1.14 0.44828 0.30906 0.21918
2.2a 1.44 0.55244( 3.44 | 0.37956 | 2.32 | 0.26579 | 1.54
1.45 0.55404 0.38035 0.26624
dmax1= 294 nm maxz2= 434 nm dmax3= 531 nm
Absi (x'ilo“) Absz (x%‘) Abss (x%&)
0.940 0.36627 0.25924 0.18895
2.2b 1.33 0.51508( 3.14 | 0.34878 | 2.06 | 0.24843 | 1.42
1.54 0.5472 0.37975 0.27237
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2.2.4. Computational Studies

Computational chemistry is the field of chemistry that allows the calculation of
chemical structures, interactions, and reactivity of molecules, from which different
properties othemolecules can be predictétlt is recently beingonsideredne of the
main fields of chemistry alongside exipeental and theoretical chemistry studies.
Applying various theories onto different computational software systems provides a
great insight on the expected outcome of molecules prior to thekcomsuming
synthesis in the laP.One of the frequently used theories for crystalline material is the
density functional theory (DFT) #t involves solving the Sabdinger equation for a
oneelectron system and allows the determination of the grstatd energy of a
molecule’®

Herein, we focus on the optimized geometry obtained from DFT calculations of
compound.1g and its respectivieighest occupied molecular orbitdbwed
unoccupied molecular orbital (HOMOUMO) energy levelsThe singlet ground state
geometries were optimized using density functional theory at the B3LYP/6
311G(2d,p)//B3LYP/e31G(d) level of theoryReferring toFigure 2.18 to viewthe
dihedral angles, ahas indicated in the previous sectionray diffraction ofN,N&
dimethylisoindigo revealed a twist of 22° between the oxinddIEstradzaet al.
determinedhiie molecular geometries and packing behavidt,NB-dihexyl6,66
diphenylisoindigo using ay diffraction®°therein the dihedral angles observed
betweerthe phenyl groupndthe oxindole group erereported a 39.2°. FoR.1¢ the
resultinggeometry is presented in Tabl® 2nd the dihedral anglepanning phenyl
through oxindole unit ranged from 34.6°. The presence of peripheral substituents

decreasethe dihedral angle by close to 5°. Using DFT calculatigssradaet al>°

60



showed that among the two local minima (planar system and a structure with a slight
twist of 15° between the oxindoles), the twisted system represents the global minimum
with an energy diffenece of 0.33 kcal/mol at the BSLYR&L1+G(d,p)//B3LYP/6

31G(d). This observation is in line with o@sults, Table B, wherein dihedradngle
between the oxindoles of the isoindigo core was observed at kBctimparison to the
dihedral angles obtained fromrdy crystallography, we notice that calculations

confirm theobserved twisted geometry with a smaller dihedral angle of i8ith

respect td 25° for both molecule®.1c¢l and2.1cll from X-ray diffraction).The

calculated 34.%dihedral angle between the phenyl and oxindole groups is also in
correlation with the values of this angle obtaifresn X-ray diffractionfor molecules

2.1cl (34.5 and 27.8) and2.1cll (32.6" and 35.9).

Table2.5. Optimized geometrydihedral angle along the two oxindole groups and
phenytoxindole group oR.1cat the B3LYP/6311G(2d,p)//B3LYP/631G(d) level of
theory.

Dihedral Dihedral

. angle angle
Optimized geometry 1 (between (aryl and
oxindoles) oxindole)
J‘) 9
S22 ,
Q9 2 “OJ": J\‘*‘;'#
o 2 2.9 [* &
s o -9 2"
2.1c pe e P9 »e I o’ 13.1° 34.6°
A4 2% % ¢ o
)‘J“ ’ y 3

At the B3LYP/6311G+(2d,p)//B3LYP/631G(d) level of theory, isoindigo

exhibits HOMO and LUMO energy levels €5.91 eV and3.06 eV, respectivel}® The
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substituti on wi t-positiprhchanged thd®@¥v@hy p.23eV &05.716 , 6 0
eV, while the LUMO energy level remained unaltered at the same level of fddry.
electrondonating effects afhetrimethoxy groups o.1cincreases the HOMO energy
level by 0.3 eV and a 0.1 eV in comparisomsmindigo and,63diphenylisoindigo
respectively all the while rendering the LUMO level virtually unaffecteceither case,

Table 26. The molecular orbitals are plotted in Tablé. 2.

Table2.6. Computedadiabatic ionization potentials and electron affinitie.dtas
obtained at the B3LYP/811G(2d,p)//B3LYP/631G(d) level of theory.

HOMO (eV) AlP? LUMO (eV) AEAP

2.1c -5.63 6.54 -3.02 -1.90°

2AIP = adiabatic ionization potential
b AEA = adiabatic electron affinity
¢y¢*-PBEB-311+G(2d,p)// B3LYP/&11G+(2d,p)//B3LYP/6B1G(d)

Table2.7. Computedrontiermolecular orbital maps &.1cat B3LYP/6
311G(2d,p)//B3LYP/e31G(d) level oftheow, printed at an isodensity value of 0.02
e/boh?.

HOMO LUMO

In an effort to understand the absorption spetitrege dependerDFT (TD-

DFT) calculations were carried out for compouhdcusing B3LYP/6311+G(2d,p)//
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B3LYP/6-31G(d,p) level of theory. Results are presented in $&#22.9, and 2.10

The lowest energy transition is composed of HOWYAQMO (>88%) with a minor
component HOM@ILUMO (<12%). As shown below in Figu&22, the lowest
energy transition is garned by shift of electron density attributed fo-a* transition
based on the orbitals involvetihhe maximum wavelength of absorbance calculated by
DFT at 559 nm can be comparedtaxs= 518 nm of2.1cfrom the U\AVis absorption

results of Figure 2.22ind Table 2.4.

Table2.8. Optical propertiesf 2.1cfor isolated molecules computed at the using TD
B3LYP/6-311+G(2d,p)//B3LYP/e31G(d) level of theory.

o '( *mAX (nm) (00] = (EV) f €ge (D)
2.1c 559 2.22 0.495 9.12

Legend:amax: wavelength of longest wavelength absorptiprin: energy (eV) for
S Y Svertical transitionf: oscillator strengthe ge: transition dipolenoment indebye.

Table2.9. Characteristics for then& S vertical transitions o2.1cas computed via
TD-B3LYP/6-311+G(2d,p)//B3LYP/31G(d).

Energy (Y & f g
(eV) (nm)
1 2.22 559 0.4951 9.1173 HOMO-2 Y LUMO 6
HOMO Y LUMO 94
2 240 516 0.0000 0.0006 HOMO-3 Y LUMO 3
HOMO-1 Y LUMO 97
3 284 436 0.6685 9.6006 HOMO-2 Y LUMO 94
HOMO Y LUMO 6
4 313 396 0.0022 0.0286 HOMO-3 Y LUMO 97
HOMO-1 Y LUMO 3
5 not converged
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Figure2.23. Wave functiommaps of orbitals in the main vertical transition2dfcat
B3LYP/6-311G(2d,p) level of theory and plotted at isodensity 0.03 efbohr

The isoindigo building block has been copiously utilizedrmaslectrondeficient
material®> " n an effort to assess the materi al
the reorganization energy was computed. This energy is associated with the relaxation
process of the molecule when a chasgeeing added (electron) or removed (hokes).
represented in Figure 2.2fgetrelaxation energyis the sum of the contributions when
going from the neutral to the charged species in the neutral state and from the charged
to the neutral species as the charged species.

amn=a+ 23[E(M°) - E(M7)] +[E(M") - EX(M?)]
e=as+ 43[E(M)-E(M)] +[E(M°)T E(M)]

Energy

A

E*(MY).
E*(M*)

E°(M)
E°(M*)

0, 0)
e A=A,
)\ez)\3+)\4

E*(MO) '
E(M)-

>

Nuclear configuration
Figure2.24. Representation of potential energy curves for the neutral and charged
speciesReproduced with permission from Ré9.
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Based on the computations reported in Table 2.10, the reorganizational energies

for electron transfer are more favorable compared to hole transport.

Table2.10. Relaxational energies for eteon and hole transfef 2.1ccomputed athe
L C vy BBIE(2d,p)evel of theory.

el (meV) el (meV) ot (meV)
Electron 230 235 465
Hole 260 244 504

2.25. Thermal Analysis

2.25.1. Thermogravimetric Analysis

Thermogravimetridnalysis (TGA) is a technique used to determine the
decomposition temperature of a compound. This is achieved by continuously measuring
the mass of a sample while heating it at a specifieftatieerefore, a TGA instrument
consists of a furnace that can heat up at a constant rate and a highly sensitive balance
that measures the weight loss of the sample throughout this heating ftadssg.a
Netzch TG 209 F1 Libra TGA apparatus, the weight loss of the samples was measured
under nitrogergas flowat a rate of 10 °C/mirkigure 225 shows the TGA plots of the
four molecule®.1ab and2.2ab, ard Table 211 summarizes their molecular fortay
molecular weight, and decomposition temperatures. In this case, the decomposition
temperature was determined at around 5% weight loss of the sample from the TGA
curves of each molecule.

In both cases, we notice that thethylhexyl branched compoundteach

derivative(2.1band?2.2b) has a slightly higher decomposition temperature than the
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hexyl branched one&.(lLaand2.1b), respectively. In addition, it is very clear that the
tridodecyloxy compound®.2ab show much greater thermal stability thaa th
trimethoxy compoundg.1ab. Thiswhich can be attributed to the fact that the thermal

stability ofthecompoundsncreased with increasing chain len§th

Table2.11. Decomposition temperatures of compouBdsab and2.2ab.

Formul MoIWt.(g/ m Decomposi t(ifo)

2.1 C,H;NO, 762.94 341
2.1 CyHNOg 819.05 362
2. 2z C . H NOg 1688. 7 367
2.2 C,H NGO, 1744.8 372
100 —2.1a
80 -
S
A 60 -
(@)
-
<
2 40
=
20 -
0

] ] ] ] ]
100 200 300 400 500
Temperature ( C)

Figure2.25. TGA plots showing the decompositionaflab and2.2ab.
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2.25.2. Differential Scanning Calorimetry

Differential ScanningCalorimetry (DSC) is a technique used to study the heat
flow passing in or out of a sample with respect to time or temperature. It can be used to
study the unfolding temperaturesprbteing® or to study the thermal transitions of
polymers and moleculéé For discotic liqid crystals, DSC can be used to identify the
temperature of phase transitions, and thus the possible temperatures at which the
mesophase might exi$tUsing a Q2000 TA Instrument Differential Scanning
Calorimeter, DSC analysis was performed onfitreproducts?2.1ac and2.2ab.
Heat/cool/heat cycles were performatter nitrogemas flowat a rate of 10 °C/min for
each sample. The temperature ranges were taken be®s@&a up until 30 °C less
than the compoundds decomposition temperat
TGA. Figures 26-2.30represent the DSC plots of the first cooling cycle and the
second heating cycle of each compound. In addifiable 212 summarizes the
determined results. The area (in W.°C/g) was determined directly from origin (taking
the baselinée nt o account). @&@H (in J/g) was <cal cul
by the rate of heating/cooling which is 1(
kJ/mol) was calculated byultiplyi ng e&eH (in J/ g) by the mol e«

compound takerrém ChemDravsoftware
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Table2.12. DSC data analysis and results of compouhdab and2.2ab.

Mol . Peak

. Ar ea @&&H e H
Wt . Transi Temp "
(g/ m (AC)(W.Q)C(J/g(kJ/r
crystal - - - -
2.1762.
mel ti 154. 9.2¢ 55.7 42.5
crystal 141. 7.5 45.1 37.0
2.1819. .
mel ti 173. 7.91 47.4 38. 8
crystal 174. 5.3¢ 32.3 20.1
2.1c 622.66 .
mel ti 274. 14.1 84.7 52.7
crystal 7.2 1.1¢€¢ 6.9¢ 11.7
2.21688 .
mel ti 54.3 11.8 71.0 119.
crystal -27.37 1.9z 11.5 20.1
2.21744
mel ti 11,8 2.1<4 12.8 22. 4
0.5 - ®
AD

116.35

o
=
=
i)
L
I
(O]
L DH = 42.53 kJ/mol
)
159 —— 1% Cooling 3
—— 2" Heating
'20 T T ] 1 ]
-50 0 50 100 150 200

Temperature (°C)
Figure2.26. DSC plots of the first cooling and second heating cycle of compdurd
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Figure2.27. DSC plots of the first cooling and second heating cycle of compauid
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Figure2.28. DSC plots of the first cooling and second heating cycle of compaud
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Figure2.29. DSC plots of the first cooling and second heating cycle of compd2ad
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Figure2.30. DSC plots of the first cooling and second heating cycle of camgh?2.2b.
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2.2.6. Mesophase Behavior

Based on the data obtained from DSC analysdsin collaboration with Prof. S.
Holger Eichhorn from the University of Windsor, POM images were take? @y
2.1b 2.1g 2.2aand2.2bat specified temperaturg3reliminary resultshowed the
absence of LC ithese compound#& sample POM o2.2bis shown in Figur@.3L.
Further analysisnethods will be conductethcluding PXRD whichis scheduled to

determine whethehey are softrystals.

Figure 2.31. POM image oR.2btaken at 22.4C, 20 times magnification, and 0
polarized.

2.3. Experimental Section

2.3.1. Synthesis

All experiments were performed in clean and dry glassware. Melting points of
the compounds were determined using a DigiMelt M161 SRS machimad'>C-

NMR spectra were collected using a 500 MHz Bruker NMR machine.
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(E)-6,66Dibromo-[3,3&biindolinyliden e]-2,26-dione (2.5)

The title compound was synthesized according to a modified literature
procedure® A mixture of 6bromoindoline2,3-dione .3, 1 g, 4.42 mnal), 6
bromoindolin2-one @.4; 1 g, 4.71 mmol) in acetic acid (30 mL) and hydrochloric acid
(0.2 mL, 38%) was refluxed overnight. The brick red reaction mixture was left to cool
at room temperature and then filtrated by suction filtration. The resuhinig roduct
was recrystallizedrom 1,2-dichlorobenzene to afford the pure product (1.83 g, 98%),
m.p. > 260 °CH-NMR (500 MHz, DMSQde): ti 11.11 (s, 2H), 9.00 (d,= 8.5 Hz,
2H), 7.19 (ddJ: = 8.5 Hz,J, = 2 Hz, 2H), 7.00 (dJ = 2 Hz, 2H) ppm3C-NMR (125
MHz, DMSO-ds): 11169.35, 146.01, 133.15, 131.39, 126.20, 124.47, 121.23, 112.87

ppm.

(E)-6,66Dibromo-1,186dihexyl-[3,3&biindolinylidene]-2,26.dione (2.6a)

The title compound was synthesized according to a modifezdture
proceduré® In a Schlenk tube, a solution ()-6,63dibromo (3,36 biindolinylidene}
2,26dione @.5, 1 g, 2.38 mmol) and potassium carbonate anhydrous (2 g, 14.47 mmol)
in dimethylformamide (50 mL) was prepared. Under arddoromohexane (2 mL,

14.30 mmol) was added, and the reaction mixture was heated at 110 °C for 72 hr. After
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cooling to room temperature, the reaction was quenched with distilled water and
filtrated. The crude product was purified by column chromatography (
hexane:dichloromethane; 3:2) and recrystallizeth toluenehexane to afford the pure
red product (1.1 g, 78%), m.p. ¥132 °C (lit’° 165167 °C). *H-NMR (500 MHz,
CDCL): 19.07 (d,J = 8.5 Hz, 2H), 7.17 (ddl1 = 8.5 Hz,J. = 1.5 Hz, 2H), 6.93 (d] =

2 Hz, 2H), 373 (t,J= 7.5 Hz, 4H), 1.68 (p] = 7.5 Hz, 4H), 1.31 (m, overlapping, 12
H), 0.88 (t,J = 6.5 Hz, 6H) ppm3C-NMR (125 MHz, CDC}): 1i167.72, 145.77,
132.65, 131.18, 126.74, 125.13, 120.41, 111.30, 40.27, 31.45, 27.36, 26.66, 22.55,

14.02 ppm.

2.6a

(E)-6,66Dibromo-1,16bis(2-ethylhexyl)-[3,3&biindolinylidene]-2,26-dione (2.6b)

The title compound was synthesized according to a modified literature
procedure? In a Schlenk tube, a solution (&)-6,66-dibromo[3,36biindolinylidene}
2,26dione @.5, 1 g, 2.38 mmol) and potassium carbonate anhydrous (2 g, 14.47 mmol)
in dimethylformamide (50 mL) was prepared. Under argeethglhexyl bromide (1.2

mL, 6.75 mmol) was added, and the reaction mixture was heated at 1d07Zhr.
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After cooling to room temperature, the reaction was quenched with distilled water and
filtrated. The crude product was purified by column chromatography (
hexane:dichloromethan8:2) to afford the pure red product (1.2 g, 78%), m.p-11®
°C.'H-NMR (500 MHz, CDC¥): 119.05 (d,J = 8.5 Hz, 2H), 7.17 (ddl = 8.5 Hz,J» =

2 Hz, 2H), 6.90 (dJ = 1.5 Hz, 2H), 3.63 (m, 4H), 1.83 (p= 6 Hz, 2H), 1.36L.27 (m,
overlapping, 16 i 0.940.88 (m, overlapping 12H) pprAfC-NMR (125 MHz,

CDCl): 11168.16, 146.21, 132.64, 131.01, 126.70, 125.16, 120.41, 111.59, 44.39,

37.44, 30.57, 28.57, 23.99, 23.07, 14.06, 10.64 ppm.

(E)-6,66Dibromo-1,16dimethyl-[3,3&biindolinylidene] -2,26-dione (2.6¢)

The title compound was synthesized according to a modified literature
procedure? In a Schlenk tube, a solution (&)-6,66-dibromo[3,36biindolinylidene}
2,26dione @.5, 0.5 g, 1.19 mmol) and potassium carbonate anhydrous (0.99 g, 7.14
mmol, 6 eq) in dimethytirmamide (25 mL) was prepared. Under argon, iodomethane
(0.21 mL, 3.33 mmol, 2.8 eq) was added, and the reaction mixture was heated at 110 °C

for 48 hr. After cooling to room temperature, the reaction was quenched with distilled
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water and filtrated. The ade product was purified by recrystallization from toluene
hexane to afford the pure red product (390 mg, 73%), m.p. > 2681°EMR (500
MHz, CDCk): 19.10 (d,J = 8.5 Hz, 2H), 7.20 (dd}: = 8.5 Hz,J> = 2 Hz, 2H), 6.95 (d,
J=1.5Hz, 2H), 3.27 (s, 6H) pprC-NMR (125 MHz, CDC4): i1 167.88, 146.25,

132.58, 131.11, 126.83, 125.41, 120.30, 111.25, 26.29 ppm.

Tetrakis(triphenylphosphine)palladium(0)

The title compound was synthesized accordingrtwdified literature
procedure? In a 3neck round bottom flask, a solution of palladium (lI) chloride (0.1 g,
0.56 mmol) and triphenylphosphine (0.74 g, 2.8 mmol) in dimethyl Sdéa6 mL)
was purged with argon and stirred for 30 min. The temperature was set to 165 °C, and
the solution was stirred until the yellow turbid solution becomes clear orange. After
stopping the heat, hydrazine monohydrate (0.1 mL) was added dropwiseéadtion
mixture which was left stirring until it cooled to room temperature. The yellow solid
formed was filtered by suction filtration and was washed with ethanol to obtain bright
yellow crystals (600 mg, 77%). The solid was kept under agored inthe freezer

and used within one week of its synthesis
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(E)-1,16Dihexyl-6,66bis(3,4,5trimethoxyphenyl)-[3,3& biindolinylidene] -2,26dione
(2.1a)
Pathway (a)

The title compound was synthesized according to a modified literature
proceduré’ In a Schlenkube under argon, a solution (@&)-6,65-dibromo-1,16
dihexy}[3,3&biindolinylidene}2,26dione(2.6a 0.3 g, 0.51 mmol), 3,45
trimethoxyphenylboronic acid (0.45 g, 2.12 mmol), tetrabutylammonium bromide
(TBABr; 10 mg), and freshly synthesized tetrakigfienylphosphinepalladium (0)
catalyst (Pd(PPJu; 50 mg) in toluene (30 mL) was prepared. . Under argon, potassium
carbonate solution (2M, 4 mL) was added, and the reaction mixture was kept heated at
124 °C for 72 hr. The reaction was stopped, cooled to room temperature, and quenched
with 30 mL distilledwater. Then the reaction mixture was extracted with
dichloromethan€¢l x 30 mL). The organic layers were combined, dried eméydrous
magnesium sulfateand evaporated under reduced pressure. The crude product was
purified by column chromatography (diohbmethanear-hexane; 7:3) to afford a dark
violet solid which was then washed with ethanol to obtain the pure red purple powder

(0.19 g, 49%).

Pathway (b)

The title compound was synthesized according to a modified literature
proceduré’ In a Schlenk tube under argon, a solutiofE)#6,65-dibromo-1,16
dihexyH[3,3&biindolinylidene}2,26-dione(2.6g 0.1 g, 0.17 mmol), 3,4;5
trimethoxyphenylboronic ester (0.103 g, 0.35 mmol), sodium carbonate (0.033lg,

mmol), and freshly synthesized Pd(B2(0.014 g) in a 10 mL solution of 20% water in
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tetrahydrofuran (freshly distilled over benzophenone and sodium) was prepared. The
reaction mixture was heated at 95 °C for 24 hr, after which it was stoppedaed to
room temperature. The reaction mixture was quenched with 20 mL distilled water and
separated. Then, the aqueous layer was extracted with dichloromethane (2 x 20 mL).
The organic layers were combined, dried auginydrous magnesium sulfasnd
evgporated under reduced pressure. The crude product was purified by column
chromatographynthexane:dichloromethane; 7:3) and washed with ethanol to obtain the
pure dark red powder (62 mg, 48%), m.p.-173 °C.'H-NMR (500 MHz, CDC}): U

9.24 (d,J = 8.5 Hz, 2H), 7.23 (ddl = 8.5 Hz,J» = 2 Hz, 2H), 6.92 (d) = 1.5 Hz, 2H),

6.82 (s, 4H), 3.95 (s, 12H), 3.91 (s, 6H), 3.89 &,7.5 Hz, 4H), 1.75 (p] = 6.5 Hz,

4H), 1.43 (pJ = 7 Hz, 4H), 1.33 (m, 8H), 0.88 = 7 Hz, 6H) ppm*3C-NMR (125

MHz, CDCE): 11168.26, 153.54, 145.40, 145.28, 138.46, 136.68, 132.53, 130.23,

120.91, 106.41, 104.54, 61.03, 56.32, 40.11, 31.51, 27.56, 26.75, 22.55, 14.04 ppm.
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(E)-1,16Bis(2-ethylhexyl)-6,66bis(3,4,5trimethoxyphenyl)-[3,3Gbiindolinylidene] -
2,26dione (2.1b)
Pathway (a)

The title compound was synthesized according to a modified literature
proceduré’ In a Schlenkube under argon, a solution (&)-6,66-dibromo-1,16-bis(2
ethylhexyl}[3,36biindolinylidene}2,26.dione(2.6b; 0.3 g, 0.47 mmol), 3,4;5
trimethoxyphenylboronic acid (0.4 g, 1.89 mmol), tetrabutylammonium bromide
(TBABr; 10 mg), and freshly synthesizedr&kis(triphenylphosphing)alladium (0)
catalyst (Pd(PPdu; 50 mg) in toluene (30 mL) was prepared. Under argon, potassium
carbonate solution (2M, 3 mL) was added, and the reaction mixture was heated at 130
°C for 72 hr. The reaction was stopped and @d®b room temperature. The reaction
mixture was quenched with 20 mL distilled water and extracted with DCM. The organic
layers were combined, dried over Mg&@nd evaporated under reduced pressure. The
crude product was purified by column chromatografalighloromethaner-hexane;

7:3) to afford the pure red product (0.1 g, 26%), m.p-172 °C.*H-NMR (500 MHz,
CDCl): 19.22 (d,J = 8.5 Hz, 2H), 7.24 (overlapping over CR@kak, 2H), 6.94 (d]

= 1.5 Hz, 2H), 6.83 (s, 4H), 3.95 (s, 12H), 3.91 (s, 6H), 3.76 (m, 4H), 1.89 (M, 4H),
1.431.30 (m, 16H), 0.97 (] = 7 Hz, 6H), 0.88 (t) = 7 Hz, 6H) ppm3C-NMR (125

MHz, CDCk): 11168.68, 153.57, 145.69, 145.13, 138.45, 136.52, 132.50, 130.09,
120.91, 120.75, 106.61, 104.33, 61.03, 56.24, 44.11, 37.86, 30.92, 28.97, 24.22, 23.08,

14.10, 10.82 ppm.
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2.1b

(E)-1,16Dimethyl-6,66-bis(3,4,5trimethoxyphenyl)-[3,3&biindolinylidene] -2,26
dione (2.1c)
Pathway (a)

The title compound wasynthesized according to a modified literature
proceduré’ In a Schlenk tube under argon, a solutioE)#6,65-dibromo-1,16
dimethyH3,3&biindolinylidene}2,26-dione(2.6G 150 mg, 0.33 mmol), 3,4,5
trimethoxyphenylboronic acid (300 mg, 1.42 mmol, 4.2 eq), tetrabutyl@nium
bromide (TBABTr; 10 mg), and freshly synthesized tetrakis(triphenylphosphine)
palladium (0) catalyst (Pd(PB& 50 mg) in toluenelc mL) was prepared. Under
argon, potassium carbonate solution (2M, 3 mL) was gaaetithe reaction mixture
was kep heated at 130 °C for 72 hr. The reaction was stopped and cooled to room
temperature. The reaction mixture was quenched with 30 mL distilled water and
extracted with DCM. The organic layers were combined, dried over Mg®0
evaporated under reduced gsere. The crude product was purified by column
chromatography (dichloromethane, 100%) to afford a dark violet solid which was then
recrystallized from toluenkexane and washed with ethanol to obtain the pure red

purple powder (150 mg, 72%), m.p. > 26Q 28-NMR (500 MHz, CDC$): 19.26 (d,J
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= 8 Hz, 2H), 7.25 (overlapping with CD{Jeak, 2H), 6.92 (d] = 2 Hz, 2H), 6.84 (s,
4H), 3.96 (s, 12H), 3.91 (s, 6H), 3.36 (s, 6H) ppi@-NMR (125MHz, CDCh): U
168.40, 153.55, 145.77, 145.40, 138.47, 136.48, 132.40, 130.16, 121.09, 120.79,

106.17, 104.47, 61.02, 56.33, 26.27 ppm.

(E)-1,16Dihexyl-6,66bis(3,4,5tris(dodecyloxy)phenyl}[3,3&biindolinylidene] -2,26
dione (2.2a)

The title compund was synthesized according to a modified literature
proceduré” In a Schlenk tube under argon, a solutioE)#6,65-dibromo-1,16
dihexyt[3,3&biindolinylidene}2,26.dione(2.6a0.1 g, 0.17 mmol), 3,4;5
tridodecyloxyphenylboronic ester (0.265 g, 0.35 mmol), sodium carbonate (0.036 g,
0.34 mmol), and freshly synthesized Pd(§Ri0.014 g) in a 10 mL solution of 20%
water in tetrahydrofuran (freshly distilled over benzophenonesadiim) was
prepared. The reaction mixture was heated at 95 °C for 24 hr, after which it was stopped
and cooled to room temperature. The reaction mixture was quenched with 10 mL
distilled water and separated. Then, the aqueous layer was extracted with
dichloromethane (2 x 20 mL). The organic layers were combined, dried over4digSO

and evaporated under reduced pressure. The crude product was purified by column
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chromatographynthexane:dichloromethane; 7:3) and washed with ethanol to obtain the
pure dark recrystals (80 mg, 28%), m.p. @2 °C.*H-NMR (500 MHz, CDC}): i

9.22 (d,J = 8 Hz, 2H), 7.21 (dd} = 8.5 Hz,J2 = 1.5 Hz, 2H), 6.91 (d] = 1.5 Hz,

2H), 6.80 (s, 4H), 4.06 (8,= 6.5 Hz, 8H), 4.01 (t) = 6.5 Hz, 4H), 3.84 (t) = 7 Hz,

4H), 1.861.71 (m, overlapping, 16H), 1.50 (m, overlapping, 12H), 1.41 (m, 4H); 1.36
1.26 (m, overlapping, 104H), 0.88 (m, overlapping, 24H) P@NMR (125 MHz,

CDCl): 11168.30, 153.43, 145.50, 145.21, 138.90, 136.05, 132.42, 130.15, 120.81,
120.76, 106.35, 106.17, 73.66, 69.43, 40.08, 31.97, 31.95, 31.81, 31.54, 30.40, 29.79,
29.78, 29.74, 29.70, 29.66, 29.48, 29.43, 29.40, 27.58, 26.76, 26.17, 22.85, 22.72,

22.56, 14.1414.05 ppm.

(E)-1,16Bis(2-ethylhexyl)-6,66bis(3,4,5tris(dodecyloxy)phenyl)}[ 3,36
biindolinylidene]-2,26-dione (2.2b)

The title compound was synthesized according to a modified literature
proceduré” In a Schlenk tube under argon, a solutioff)#6,65-dibromo-1,16
dihexyk[3,3&biindolinylidene}2,26-dione(2.6b; 100 mg, 0.155 mmol},4,5

tridodecyloxyphenylboronic ester (242 mg, 0.32 mmol), sodium carbonate (33 mg,
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0.311 mmol), and freshly synthesized Pd(#HRHA4 mg) in a 10 mL solution of 20%
water in tetrahydrofuran (freshly distilled over benzophenone and sodium) was
prepared. e reaction mixture was heated at 95 °C for 24 hr. The reaction was stopped
and cooled to room temperature. The reaction mixture was quenched with 10 mL
distilled water and separated. Then, the aqueous layer was extracted with
dichloromethane (2 x 30 mLJhe organic layers were combined, dried over MgSO
and evaporated under reduced pressure. The crude product was purified by column
chromatographynthexane:dichloromethane; 4:1) and then washed with ethanol to
obtain the pure dark red powder (50 mg, 19%t). 773 °C.*H-NMR (500 MHz,

CDCls): 19.20 (d,J = 8.5 Hz, 2H), 7.23 (ddl. = 8.5 Hz,J. = 1.5 Hz, 2H), 6.93 (d]

=1 Hz, 2H), 6.80 (s, 4H), 4.05 (t= 6.5 Hz, 8H), 4.01 (t) = 6.5 Hz, 4H), 3.763.68

(m, 4H), 1.911.75 (m, overlapping, 16H),.50 (m, overlapping, 14H), 1.4327 (m,
overlapping, 108H), 0.96 (,= 7 Hz, 6H), 0.88 (m, overlapping, 24H) ppFC-NMR

(125 MHz, CDC%): 0168.73, 153.44, 145.62, 145.24, 138.81, 135.89, 132.40, 129.98,
120.75, 120.67, 106.55, 105.86, 73.66, 6943309, 37.84, 31.96, 31.94, 30.90, 30.39,
29.78, 29.76, 29.73, 29.68, 29.65, 29.46, 29.42, 29.39, 28.95, 26.15, 24.20, 23.08,

22.71, 14.13, 14.10, 10.82 ppm.

C42H250

C12H250

2.2b
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2.3.2. Xray Structure

Crystalsweregrown from CDC4. For X-ray examination and data collection, a
suitable dark red platghaped crystal, approximate dimensions 0,209170x 0.035
mm, was mounted in a loop with Paratéw®il and transferred to the goniostat bathed
in a cold N stream.
Intensity data wre collected at 150K on a Bruker D8 Venture-M8 Photonll
di ffractometer, =0. 71073 . Data coll ectic
The data frames were processed using the program SRINTe data were corrected
for decay, Lorentz and polarization effects as well as absorptiobesmd corrections
based on the mulBcan technique.
The structure was solved by a combination of direct methods and the difference
Fourier technique as implemented in the SHELX suite of programs and refined-by full
matrix least squares orf for reflectins out to 0.83A resolution. Nemydrogen atoms
were refined with anisotropic displacement parametei&@orhs and Eatoms were
calculated and treated with a riding model. Thatbim and Batom isotropic
displacement parameters were defined as@dttheadjacent atom (a=1.5 for methyl
or 1.2 for all others). Multiple CD@molecules crystallized in the lattice, one of which
rides about an inversion center. The refinement converged with crystallographic
agreement factors of R1=7.56%, wR2=20.88% for 94i4lree ct i ons wi t h | >2

(R1=10.63%, wR2=24.13% for all data) and 945 variable parameters.
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2.33. Absorption

Theabsorption spectra were collected using a Jasb@0/UV/Vis/NIR
spectrophotometer. The cuvettes used for all values weflecin transparentugrtz
cuvettes. A blank sample consisting of pure chloroform was used as a reference for all
measured spectra and was accounted for as baseline correction. The absorbances of all

solutions were measured directly after preparation.

2.3.4.Computational Studies

Gaussian09 (rev.E.01) was used to perform all computgtidiee starting
geometry was basl on(E)-1,1-dimethy}[3,3-biindolinylidene}2,2-dione(il-Me>) as
reported by Estradet al>® and modified for the correspding substitution pattern on
positions 6a n d- with 8,4,5trimethoxyphenyl(2.1c) using GaussView 5.0.9. The
substituted phenyl groups were arranged startinglinedral angle of 90Density
functional theory was utilized to carry out unrestricted gjaagse geometry optimization
with the hybrid functionaB3LYP? and the modest basis se86G(d°L. Minima
were verified by the absence of imaginary frequencies at the same level of theory. The
bass set was extended te38.1+G(2d,pJ* *3for single energy point calculations, thus
B3LYP/6-311+G(2d,p)//B3LYP/631G(d) level of theory was applied. Computed
frontier molecular orbital maps of BALYR&L1+G(2d,p)//B3LYP6-31G(d) level of
theory were printed at an isodensity value of 0.02 e?bohr

Long-range corrected functiona+-PBE** with a basis set of-811G(2d,p)

was utilized. Omega tuning was carried out to achéexedue of 0.1601 foR.1c
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CHAPTER 3

SYNTHESIS OF PYRENE DERIVATIVES FOR ORGANIC
FIELD-EFFECT TRANSISTORS

3.1. Introduction

3.1.1. Organic FieldEffect Transistors (OFETS)

The notion of fieldeffect transistors (FETSs) was initially suggested by
Lilienfield in 1930; however, it was first employed using silidmased metabxide
semicomluctor by Kahng and Atalla in 19680In brief, the FET consists of three
electrodes(1) the source and (2) the drawhichare placed on one plate, and (3) the
gate electrodevhichis situated on ariber parallel plate onto which the voltage is
applied, as illustrated in Figure 4FETs are semiconductors that coh@amplify or
regulate) the flow of electric current. The use of organic compounds, usually formed
into thin films!? ®®as semiconductoia FETs formsorganic fieldeffect transistors
(OFETSs) in which the omnic semiconductor material is placed between the source and
the drain along one plate. An insulating dielectric layer, usually consisting of silicon
dioxide SiQ, is placed between the two plates in order to allow the modulation of
charge mobility transfeed from the applied voltage (on the gate electrode) into the
semiconductot? When a voltage is applied across the gate electrode, a potential
difference is created between the gate and the source electrodes. This voltage induces an
electric field which, in turn, controls the flow of charge carriers (either electrons or
holes) from the source to the drain through the semiconductor, creating a channel in it.

The flow of charges is accompanied by a reversed output current from the drain
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electrod€”® As a result, the output current is readily controllgdhe variation of the

applied voletfdgegetmwy rfafsi alhde name of the tra

I” Source OrganIC semiconductor Drain

Dielectric

Gate

l

Figure3.1. Schematic representation of an organic fieffibct transistor (OFET).

Over theyears, optimization to the charge carrier mobility in OFETs has been
intensively studied and has recently reached valpas27.8 cnt.V1.s? (for thin-film
OFETs}°®and up to 30.3 cAV1.s? (for singlecrystal OFETs}! which are much
higher than th mobilityin amorphous silico0.5-1 cnt.V1.s%),1%?used in traditional
FETs. However, a chief pmequisite of the organic semiconductor is definitely its
chemical and thermaladility so that it can endure different surroundings depending on
the required applicatiof?> Although instability due to moisture and oxygen from the
surrounding atmosphere can be avoided by encapsulating the OFET with a certain
polymer to protect itthis would increase the cost and decrease the flexibility of
fabrication!®®Hence it is vital to synthesize organic molecules that are both efficient in
charge mobility and durable to the relative environmental conditions.

OFETSs have been used in segssuch as chemicdliological sensor?* and
thermal sensor¥® This is feasible due to the susceptibility of the organic

semiconductor to external factors and stimuli, including weak intramolecular
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interactions with other molecules, change of energy upon heat/lightmayiand
mechanical pressure, all of which can alter the output flow of charges from the OFET,
which respectively indicates the sensing application under $idy.

The mobility of charge carriers in OFETs can be studied using the same
techniques discusgden Section 2.1.1.6 o€hapter 2. Usually, it can be calculated after
determining the relationship of the two essentially measurable valygsh¥ gate
source input voltage, ands| the drairsource output current, according to equation
(6).1°7 W and L refer to the dimensions (width and length) of the channel respegctively
designates the fieldffect mobility, C designates the dielectric capacitance, and V
the threshold voltage (determined whegs6 set equal to the saturation voltage

Vpg).207

) — 50 O )

3.1.2.Construction of OFETs

3.1.2.1. Substrate

The substrate is the base upon which the whole OFET islbshiould be
strong enough to hold the device together, yet flexible to achieve one of the main aims
of organic electronics. To be efficient for applioat the substrate shou(dl) be
environmentally and thermally stab(@) have a smooth surfacg) balance flexibility
and stiffness, an(#) be inexpensivé®® Usually, the substrate is made up of recyclable
or biodegradable materials that are either organic, like synthetic or natural polgmers
inorganic, like SiQor ITO coated glas¥® 1%°In a recent research study, a shrinkable

substrate was usé# The OFET is normally fabricated on the specific substrate, then
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subjected to a high temperature (above the glass trangtigretature of the substrate)

leading to its shrinking and thus wrinklidThi s f eature enhances t
electronic properties for its corresponding applicati@nother interesting recent

study utilized a willow glass substrate by which the thermal stability of the OFET and

the antiscratching and fingerprint effects were enhanced with almost equivalent

electronic perfanance to regularly used substrates.

3.1.2.2. Electrodes

In this three electrode system, the gate, source and drain electrodes should be
highly conductive and sufficiently stable in their respective environmé&mdthough
ITO films are highly conductive, they are very brittle and cannot be bent, hence using
them to synthesize flexible OFETs is disadvantagé¥uBther highly conductive
materiat like very thin meal wires possess a certain stretchability, however they may
cause Ostwald ripening? Ostwald ripening is the disproportionatiprocess that
occurs upon the dissolution of small particles in solution and their deposition along
larger particles (which is more thermodynamicaligble), causing a change in
homogeneity of the surface along timdternatively, metal nanowires, conductive

polymers, and carbebased nanomaterials, among others have beerntUsed.

3.1.2.3. Insulating dielectric

Depositing the dielectric layer uniformly with adequatekhess during OFET
fabrication is vital for optimizing the charge carrier mobility in the semiconductor by

minimizing current leakage through this insulating lay&rt2The dielectric layer
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should be fairly flexible, compatible with the substrate, hgktght, and should be able
to trap leaked charge carriers from smiconductot® 1%°Both natural polymers, like
cellulose, gelatin or shellac, and synthetic polymers, such as pohyMbhenol) (PVP)

or poly(methyl methacrylate) (PMMA) can be used as insulating dielectric material in
OFETs!% 12However, these polymers usually exhibit lower dielectric constants and

less resistance &olvents than their traditional inorganic homologtfés.

3.1.2.4. Semiconductor

The type of semiconductor mainly used in OFETs consists of organic molecules.
However, several studies have been performed by using a semiconductor/insulator
blend that have led tacreased charge mobility in the device. In addition to the
mentioned advantage, adding an elastic insulating polymer to the semiconductor layer
allows greater flexibility, enhanced environmental stability and reduced'édstTwo
recent reviews accentuate the importance of this blend and summarize studies and
advancesn this field.1*> 1*4The two frequently insulating polymers used for this

purpose ar@olydimethylsiloxane (PDMS) or polystyrene (P8).114

3.1.3. Depositiorof Semiconductor

OFETSs can be fabricated through several techniques, mainly separated into two
categories: wet deposition and dry deposition of the organic semiconductor. The major
difference between both, as their names indicate, is the use of solvehts fo
deposition in the former. The dry techniques consist of the organic semiconductor

deposition under vacuum and mainly include thermal evapotatiét(discussed
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further below), organic vapor phase, chemical vapor, magsisted pulsed laser
evaporation, and ion beaassisted depositiol! The wet techniques involve the

dissolution of the organic materials in an appropriate solvent prior to its deposition,
during which orafter which the solvent is removét.The wet deposition include

different cating and printing techniques, some of which are elaborated upon below. It

is noteworthy to highlight the fact that some of the below techniques can be followed to
deposit not only the organic semiconductor, but also other parts of the OFET including
the delectric or even the electrodes. Different aspects relating to the type, function and
efficiency of some chosen deposition techniques are summarized in Table 3.1 at the end

of this section.

3.1.3.1. Dry Deposition: Thermal Evaporation

Thermalevaporation includes the higamperature vaporization of the organic
semiconducting material under vacuum which then deposits on the desired stistrate.
High-vacuum thermal evaporation is reported to be the general fabrication technique for
small molecule organic semiconductors as opposed to polymers because the latter may
be decomposed by cracking at high temperafiré3 1**Technically, in a vacuum
chamber as the one schematized in Figure 3.2, the organic material is placed in a
crucible which is subjected to heating, leadinghe vaporization of the sampfé.

More particularly, after securing vacuum, the temperature of the crucible is increased at
the most possible slowest rate to reach the stgrteémperaturé?® When the setip is
ready for the evaporation of the sample, the temperature is raised at a moderate rate

until the desired evaporation temperature is acquired, and the deposition on the
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substrate takedarce at the opposite end of the chamiB&After the process is
completed, the chamber is cooled backsstaneby temperature.

Thermal evaporation is advantageous as (1) it is a simple techhigRgits
deposition thickness can be controlféd!’ 1293) the deposition is homogeneous
across the substrat¥,and (4) its purity and higbrder are guaranteddOn the other
hand, several parameters should be taken intsideration that include (1) choosing an
appropriate evaporation temperature that does not exceed the decomposition
temperature of the organic matefi#i(2) performing the deposition in an appropriate
environment such as watfee or oxygerfree atmosphere when necessafy3)
wasting a large amount of the organic material that is used and evaporated but not
deposited!’ and finally (4) appropriately choosing the type and temperature of the
substraté?° In addition to that, the equipment used are expensive and require a huge

amount of time and energy®

Thermal Evaporation

vacuum pump

Figure3.2. Schematic representation of the thermal evaporation deposition techHique
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3.1.3.2. Wet Deposition: Printing and Coating

Other important deposition techniques are solutfimtessible where the
molecules are initially dissolved in a solvent and deposited accordingly. In this case,
studying the nuckgtion and crystallization mechanismonsolvent evaporation of the
deposited solution is necessary, as detailed in a recently published review4iake.
two main fields are printing and coatinghe main difference between thésrithat the
latter includes two sps: depositing the semiconductor then patterning the molecules in
it; however, in the former techniques, deposition and patterning occur
simultaneously?? Proper patterning of the semiconductor excludes the possibility of
current leakage to the gate electradegddition toreducing tle crosscommunication

with other devices in a circuit integrated with several OFEYs,

3.1.4. Printing

Printing OFETSs involves the overlying of each layer of the OFET on top of the
other consecutively to be built upon a flexible substrate. Because printing isiansolut
processabl e techniqgue, Asol vent orthogonal
organic compound should be dissolved in an appropriate solvent, such that the solvent
does not ruin or affect the already placed bottom I&yéamage or swelling of the
latter is usually avoided by adding a crtisked polymer in the insulating destric 12
Another necessity in the printing process of OFETSs is layer patterniadnich all
layers, except the dielectric layer, but especially the source and drain electrodes, should

be patterned precisely? As referred to in equation (5), the performance of the OFET is
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highly dependent on the channel dimensions, which can be controlled and optimized by
patterning the semiconducting layétIn specific, according to equation (5), decreasing
the channel length L by redug the pattern size can increase the output current, thus
enhancing the operating speed of the OFER third important parameter is the
alignment of the organic molecules upon several consecutive printing processes to
achieve efficient mobility1?

OFET printing techniques themselves can be classified into two categories:
directwrite printing and transfer printingn directwrite printing, the printing process
IS nan-contact, so it is feasible to perform several consecutive printing executions
without contamination risk§? In contrast, the deposition process in transfer printing is
attained using a direct contact transfer
material to be deposited and the substitin fact, achieving an effective pattern
formation using this printing technique depends mainly on this corfdntdirect
write printing however, this pattern may be impeded by the uncontrollable printing in

spreading and its respective solvent dryitfg.

3.1.4.1. Inkjet Printing

Inkjet printing is a type of direatrite noncontact printing in which a nozzle
all ows drops of Ainko made up of the sol
deposited on the substrate. The inkjet motion and the ejected droplet volumes are
controlled ly a piezoelectric transduct? Figure 3.3a shows a schematic
representation of inkf printing. The numbered steps refer to the chronological stages
each drop passes through: (1) ejection of the ink droplet controlled by the piezoelectric

transducer, (2) flight, the stage at which the droplet is airborne to reach the substrate, (3)
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impad of the drop onto the substrate, (4) spreading of the drop to its full size on the
substrate, and (5) drying of the solvent and hence deposition of the semiconductor on
the substraté? The amount of spreading and the alignment of the organic molecules
while drying can be manipulated by the type of solvent, mixture of solvents or texture
of substrate useld? 124The wetting properties of the ink droplet are highly important to
be considered to achieve the desired semiconductor channel dimensions. These
properties include (1) the spreading width of the drop, which, after drying, represents
theline width of the semiconductor and (2) bulging that might occur due to shorting of
two closelyprinted linest?® 124The listed wetting properties in addition to the

possibility of the ink nzzle clogging depend on the type of solvent and the
concentration of the ink uséé A recent review article compares different inkjet
printing studies in the literature, analyzes their findings, and provides very accurate
conclusions, prospective drawbacks and potential future works regarding this printing

techniquéet®®

3.1.4.2. Aeroselet Printing

In aerosojjet printing, ink which is made up of the dissolved semiconductor
material is passed through an intermediate aerosol*$tétés a technique cladsd
under direcwire printing. As depicted in Figure 3.3b, a container holding the solution
is pressurized, forcing the ink into an ultrasonic aerosol generator or atomizer from
which aerosol particles of the semiconductor are ejéétett®Aerosol partioks denote
a suspension of solution particles dispersed in air. These particles are then deposited

onto a substrate through a specific giie structuret!?
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3.1.4.3. Organic Vapeiet Printing

Organic vapojet printing is a directvrite printing technique known as the
ivapor ver si on'®Ascshowr imtikejlet side pf Figuret3.Bepitgconsists
of the organic material to be deposited found in the vapte,9h addition to an inert
carrier gas that forces the particles into a nozzle to concentrate their outflow onto the
cold substraté!? In response to that, the carrier gas flows out while the organic particles
condense onto the substrate to form tilted grain deposits as depicted in the right side of
Figure 3.3¢12 Solvent orthogonality is not a major issue in organic vggtoprinting,

as solvents are not involvedtime deposition on the substrate stége.

3.1.4.3.Spray Coating/Printing

Spraycoaing is a lowcost fast direetvrite printing process. Analogous to
aerosoljet printing, it initially involves the atomization of the solution the
semiconductor, and resembling inkjet printing, the ink drop follows similar stages of
ejection (viewed as saying of the solution onto the substrate), impact, spreading and
drying}*2 1®However, because several droplets are sprayed at the same time, this
usually leads to their fusion prior to dryiy. The temperature of the substrate presents
great significance to the alignment of molecdfé#\ schematic representation of

spraycoating is shown in Figure 3.3d.
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(a) Inkjet Printing (b) Aerosoljet Printing
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| Piezoelectric atomizer ‘ sheath gaJ sheath gas
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Figure3.3. Schematic representation of some diwdte wet printing deposition
techniques. (a) Inkjet printingb) aerosotjet printing,(c) organic vapejet printing,
and (d) spray coating\dapted with permission from R&? and2®,

3.1.4.4. Screen Printing

Screen printing is a dual technique that possesses properties dirbothwrite
and transfer printing techniques. Figure 3.4a shows a schematic representation of screen
printing where ink is pressed using a squeegee into a mesh (fixed on a stencil) onto the
substraté!? This type of printing can be generalized for different types of ink and

substrates$!?

96



3.1.4.5. Microcontact/Microtransfer Printing

Also known as soft lithographic patterning, microcontact or microtransfer
printing is atransfer printing technique in which a flexible material is first dipped in
ink.112 As shown in Figure 3.4b, after gentle stamping on the substrate, the elastic
material is tenderly removed, by which the deposit had already adhered to the desired
substraté!? 12’The optimal conditions of this type of printing are achieved according
to the type of ink, type of elastic material used for the transfer, in addition to the

adhesive properties between the ink and the substfate.

3.1.4.6. Gravure Printing

Another transfer printing technique is gravure printing which is widely known
and used in newspapproductiont!® From the ink fountain, ink enters the hotéghe
gravure cylinder as illustrated in Figure 3.4c. The blade is used to scrape off the extra
ink collected by the gravure. With its rotation, the impression roller presses the rubber
substrate onto the gravure cylinder, thus allowing the deposié afiklonto the
substraté!? Gravure printing is very interesting as several dees@meters can be
controlled depending on the type of ink, texture and temperature of substrate, as well as

the depth and width of engravings on the gravure cylitider.
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(@) Screen Printing
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(b) Microcontact/Microtransfer Printing
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Figure3.4. Schematic representation of some transfer wet printing deposition
techniques. (a) Screen printir{®) micocontact/microtransfer printing, and (c) gravure
printing. Adapted with permission from R&P and*?”.

3.1.5. Coating

As noted above, coating involvas extra step of patterning the deposit after its
deposition. These patterning techniques include dry etching, ultraviolet (UV) or laser
pattening, surface energy patterning, patterning by banks, and éthergact, some

transfer printing technique can be used for patterning ag %t &tterning techniques
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will not be discussed in detail in this thesis work since the focus is based on the

different coating techniquebriefly reviewed below.

3.1.5.1. Spin Coating and Drop Casting

Spin coating, illustrated in Figure 3.5a, is a coating technique by which a drop of
the solution containing the organic material to be deposited is placed on the stifstrate.
The substrate itsei$ fixed onto a rotator. As a result of the fast rotation, the tangential
force breaks the static wet equilibrium of the drop, and the solution is spread uniformly
across the substrat®.In addition to that, the rotation allows a rapid evaporation of the
solvent, forming a deposit with namiform morphology:*°

Drop casting is very similar to spin coating but without ttatron, hence it is
relatively much slower. In brief, a drop of the solution is placed on the substrate. Upon
its solvent evaporation, the solid deposit is accumulated on the subStadtbough it
can be manipulated upon its exposure to external forces, such as ultrasonic vibration,
the thickness of the formetkposit mainly depends on the characteristics of the

droplet!!®

3.1.5.2. Bar Coating

Bar coating allowgrecise control on the deposit thicknéSsThis is achieved
by a bar that rolls horizontally at a constant speed across the substrate, smoothing the
solution containing the organic compound to be deposited, as illustrated in Figure

3.5b12° As the bar rolls, the deposited solution starts drying gradually. The thickness
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can be controlled by choosing a suitable rolling speed and size of the bar, as well as

varying the concentration of the organic solutith.

3.1.5.3. Zone Casting

Typically, zone casting is used for anisotropidecales, as the deposition
mechanism forces the molecules to be aligned, aiming to achieve the desired
arrangement for the potential application. As shown in Figure 3.5c, the solution is
continuously ejected onto the substrate through a néZzl&°The slow evaporation of

the solvent allows the molecules to solidify in an ordered manner along the substrate.

3.1.5.4. Dip Coating

In dip coating, asapresented in Figure 3.5d, the substrate under study is
inserted vertically into a solution containing the organic molecules togmesitied'®
131 These molecules in the solution adhere to the surface of the substrate and stick to it
upon its smooth withdrawal. After the substrate is pulled out, the solvent evaporates,
and the molecules are depositétThe thickness of the deposit can be controlled
through several parameters including toncentration of the solution, speed of pulling
out the substrate and the atmosphere during evaporation of the $6\@iptcoating is
considered one of the meniseygsided coating techniques, in which the organic
semiconductor deposition is highly dependent on the meniscus formed between the
substrate and theolution. In a recent review article, ketral. summarize the importance
of the meniscus on the nucleation and growth of crystal in sawerdscusguided

coatingtechniques??
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Figure3.5. Schematic representation of some coating deposition techniques. (a) Spin
coating,(b) bar coating, (c) zone casting, and (d) dip coathugpted with permission
from Refl28131

Table3.1. A summary of various characteristics of a few chosen deposition
techniqueé_lZ, 119, 123, 133
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3.1.6.Pyrene

Pyrene is a polyaromatic hydrocarbon (PAH) that possesses a wide range of
electronic and photophysical properties owing to its various possibilities of
functionalizationt3*Its low cost, long fluorescence lifetime and switching properties
according to the solvent polarity render this molecule a great candidate for numerous
opto-electronicapplications:®** ©° The structure of pyrene, shown in Figure 3.6,
consists of four benzene rings fused together, thus it is highly conjugated. Attaching
different functional groups to the pyrene core allows the manipulation of its
properties-3® The different positions that can be functionalized are numbered in Figure

3.6 and can be classified asré&gion or non Kregion3®

Figure3.6. The structure of pyrene.

Functionalization of pyrene can be performed either directly, which is the most
common route followed by researchers, or indirectly by the formation of
intermediates$3 Following the former pathway, the pyrene core undergoes electrophilic
aromatic substitution at specific positions; either meutstitution at its -position (for
a 1:1 equivalence ratio) or tetsabstitution at its 1,3,6;Bositions (for greater than four

equivalence ratio), which are usually insolubteDi- or tri-substituted pyrene
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derivatives produce several possible regioisomers that are hard to s&fjardiEhe

review article written by FigueirBuarteet al. summarizes diffemt attained synthesis

and purification techniques for %,8,8 and 1,3disubstitutions of pyrene for electronic
applicationst*’ The 2, 7positions are not activated for electrophilic aromatic

substitution; however, substitutions at these positions can occur in the presence of bulky
electrophileg3* If the latter positions are occupied with bulky substituents and hence
blocking the active 1,3,6;80sitions, FriedeCrafts reactions are only then possible in

the K-region** However, oxidation of pyrene at the 4,5,9ddsitions is very common

and allows the further exteons of the aromatic core through simple condensation
reactions:** 13'This increases the conjugation of the molecule and enhances its
stacking for enhanced electronic applications. The aim of the synthesized molecules in
this Chapter focuses on this main idéa interestingnew articlewas recently
publishedncludingthe longest pyrenquinoxaline molecule based on the condensation
of a pyrene diketone intermediated a diamino intermediaté?

Other ways to functionalize the pyrene core involve its 4,5;9,10
tetrahydropyrene or 1,2,3,6,7h@xahydropyrene intermediatéé The former can be
achieved by the reduction of pyrene under hydrogen gas catalyzed by Pd/C (palladium
metal on activated carbon) in ethgetatet** 13'The optimization of this step is
reported thoroughly irhie review paper written by Cas8olvaset al**In this case,
the 2,Zpositions are actitad for electrophilic aromatic substitutiéif: 13’ Aromaticity
of the central core can be regenerated after the substitution which has also been studied
under several different conditioh¥.1,2,3,6,7,8hexahydropyrene intermediate can be
attained by the reduction of pyrene using sodium metalgrofpanol or isoamyl

alcohol as solvent$* This intermediate allows the substitution on its only available
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aromatic site, which is the-kegionvia electrophilic aromatic substitutiod? Re-
aromatization can also be achieved for this intermediate, hence the conjugation is
maintaned and thé -~ stacking of the molecules for the application is not ¥ést.

Gonget al.compared the average electron or hole mobilities of different pyrene
derivatives, in which pyrene was either (1) a terminal of a larger molecule, (2) a central
aromatic core with different branches attached to it, or (3) fused into a largely
conjugated sysm13°

Pyrene derivatives have been used for several elecapplcations among
other fields. A recently published article by ldaal.included the synthesis of two
pyrene derivatives that have shown liquid crystalline mesophases characterized by
DSC, POM, and PXRD and possess potential electronic applicatia@ther pyrene
derivatives that formmesophases and show efficient properties fgawic electronics
have also been reportétl.in this Chapter, we focus mainly on pyrene derivatives used
for OFET applications. Gongt al. published a minreview that included several
pyrenebased OFETS$*® Figure 3.7 shows someportedpyrenebased molecules used
as organic semiconductors in OFET, and Table 3.2 includes their year of publication,
charge carrier typemobility, and deposition technique. It is interesting to note that the
pyrene derivative BOBTP also showed liquid crystalline beha®darthe TQPP
derivatives included in Figure 3.7 and Tabl2 Bave been synthesized in our 1&b*
TQPROC:2 was deposited by zone casting, one of the coating technique described in

the previous sectiotf® 144
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Figure3.7. Structures of some pyrene derivatives used as semiconductors in OFETSs.
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Table3.2. A summary of several pyredsmsed OFET devices.

Pyrene Mobility € p/n- Deposition

Derivative (cm2Vvish)  type Technique Year  Ref
TQPP-SCi2 a 1o p-type  N/A 2007 141142
BDTDMP 0.0025 p-type  dip coating 2011 146
DPTT 0.11 p-type thermal evaporation 2012 147
BOBTP 2.1 p-type  thermal evaporation 2013 140
TQPP-OC12 N/A p-type  zone casting 2014 143144
bis-pyrene 0.05 p-type thermal evaporation 2015 14
TQPP 0.0025 p-type thermal evaporation 2015 1%
TQPP-[CH3l4 7 x10° p-type  thermal evaporation 2015 144145
di-PyPDI 1.13 p-type  spin coating 2015 9
syn-B2IPIO 0.058 p-type  thermal evaporation 2021 1%
anti-B2IP10 0.061 p-type thermal evaporation 2021  °
PyDI N/A* n-type thermal evaporation 2021 1%t
PF-Py 0.078 N/A thermal evaporation 2021  1%2
TBAPy-Me 2.1x10° p-type  N/A* 2022 153

*The trapping charge density is equal to 1x9B'2 cm2.
**hy growing crystals on theubstrate

The aim of this Chapter is to synthesize two new pyrene deriv&itesd3.2
(structures shown in Figure 3.8)be used in OFET devicdaspired by the work of
Gampeet al,*® 2°abenzof][1,2,5]thiadiazole (BT) derivative is reduced to its
respective diamine and then condensed with diketone and tetraketoratikesrof
pyrene.Compound3.1was successfully purified, characterized*by and**C-NMR,
and its molar extinction coefficient was determined by-\4¥ absorbance. Proof of the
presence of compour8i2was determined from it$-NMR, and its purification is still

ongoing
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Figure3.8. Thechemicalstructures oB8.1and3.2

3.2. Results and Discussion

3.2.1. Synthesis

FriedelCrafts alkylation of pyren8.3 using 2chloro-2-methylpropane and
aluminum chlorideesulted inthe formation of compound.4.1>* Oxidation of 2,7di-
tert-butylpyrene into its digtone3.5 or tetraketon@.6 was initially done by using
ruthenium (111) chloride and sodium mepe@riodate in acetonitrile and
dichloromethané>® We have also performed the oxidation usingrtée green method
that wagrecently developed bigl-Assaacet al.in which the oxidizing agent used was
periodic acid in ethanol and water to form diket8rwhile that for tetraketon®.6
was iodic acid in acetic acid and watet.

Commercially availabl@,1,3benzothiadiazol8.7 was used to synthesize
benzof][1,2,5]thiadiazole4,7-dicarbonitrile3.10through two different pathway The
first included the formation of the diiodo compous8 by the reaction 08.7 with
iodine and silver sulfate in coawtratedsulfuric acid, which was later reacted with

copper cyanide ilN-methyt2-pyrrolidone under argon to yieR1102° The second



pathway included obtaining the dibromo compo@ti2by the reaction 08.7 with
bromine in hydrobromic acid, which was later reacted withpeo cyanide and sodium
iodide in dimethylformamide and pyridine under argon to y8eld!® Because iodine
IS a better leaving group than bromine, after purificgttbe first pathway achieves a
higher yield than the second. Phosphorus pentasulfide and ethanol were stirred together
to formo,oNgliethyl hydrogen phosphorodithioatewhich3.10was later added, in a
reaction to form compour@l11° The latter was reacted wigthy-U-bromophenyl
acetate8.12and sodium acetate in ethanol to obtain compduh8which, due to poor
solubility, was alkylated without further puriition using hexyl iodide and potassium
carbonate in acetone under argon to obtain comp8uidd® The reduction 08.14into
its diamine3.15was done using sodiunotohydride and a catalytic amount of cobalt
chloride in ethanot*® Finally, the diamino compour@l15was condensed with
diketone3.5in a (1:1) ethanol/acetic acid mixture to obtaifh, and with tetraketon®.6

in a (9:1) ethanol/acetic acid mixture to obtaif

a RUC|3_XH20, Na|O4
CH4CN, CH,Cl,

or
b HslOg, EtOH, H,0

RUC|3.XH20, Na|O4

34 CH4CN, CH,Cl,

or

¢ HIO3, CH;COOH, H,0

3.6
Schema8.1. Synthesis of diketo pyrer&5and tetaketo pyrend.6.
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Scheme3.2. Synthesis o8.1and3.2



3.2.2. Characterization

Figure 3.9 shows thi#d-NMR spectrum of compoun®l1 with its assigned
peaks.The peaks at chemical shifis- 9.89,8.82, 8.24, and 7.99mwere assigned to
the hydrogeal a b el | efilb d,a ofrespectivelyasdompated to previously
synthesized pyrene derivatives in our 1atiThe other three arcatic peaks: doublet at
7.9 ppm(4H), triplet at 7.43 ppnf4H), and triplet at 7.2 ppm (2H) were assigned to
the protons | ab,es$pectvdlyThedabter was dbeervedrtodsligfitly o
overlap with the CDGlIsolvent peak at 7.26 pprfhemostdeshielded triplet at 4.49
ppm was assigned to the hydrogen ,(Jamdbel |l ed
the slightly deshielded pentet at 1.88 ppmwasiagned to the proton |
clearsinglet atll = 1.66 ppm(18H) correspond to the hydrogens of thmityl groups
|l abel Téd Pepak of proton Ako at 1.51 ppm sl
corresponding to water, wherghg peaks of protos fil 6 and Amo overl a
multiplet at 1.40 ppm. The triplet at 0.95 ppm was assigned to the most peripheral
hydrogens of the hexyl chains, | abell ed #dr

The!H-NMR spectrum of compour@l2, shown in Figure 3.10, shows the
characteristipeaks that identify the presence of the desired product, though not
completely pure. Thawvo singletpeals at9.40 and 8.40 ppm were assigned to the
hydr ogens | ab,espectvdly->fiThetther avdatidipbaéis at.58, 7.32
and 7.24 ppm correspond to the hydrogens |
was observed to overlap with the CR@éak at 7.26 ppm. The peak at 3.88 ppm,
though not clearly defined as a triplet, was the most downflald, attributed to the
proton | abelled fAfo. The other protons col

presence of impurities and tfoe poor solubility of the compound in CDLI
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3.2.3. Absorption

Three differenstocksolutions of3.1in chloroformwere prepared in 10 mL
volumetric flasksthen 1 mL of eacholutionwas takerand diluted tambtainthe
following concentrations: 1.700810°, 2.1640x 10°, and 2.491X 10° M. UV-Vis
absorption of these solutions was performed, andethdts are represented as the
mol ar extinction coefficient UlLThespeaksvavel er
at282, 320, 335, 359, and 384 nm can be identified agtransition bands resulting
from the pyrene core and its extended conjugafioi®The peak at around 560 nm can
be attributed to theatramolecularcharge transfer occurring betwetbie 4-

alkoxythiazoé donor unit to the pyrene (here acting as an acceptorunit.

90000 4 Conc. = 2.4912 x10°M

200 300 400 500 600 700
Wavelength (nm)

Figure3.11. Molar extinction coefficient 08.1vs. wavelength a concentration of
2.4912x 10° M determined from its UWis spectum.
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Figures 3.124 show the linear relationship between the recorded absorbances

from the U\Vis spectra and the concentration at the wavelengths 282, 320, 335, 359,

384, and 564 nnrespectively. These wavelengths were chosen corresponding to the

maximum absorbances. Considering Beexa mb er t 6 s

Law,

equation

be equal td)(for b = 1 cm) at the respective wavelength. The obtained results are

summaried in Table 3.

Table3.3. Results of the molar extinction coefficienffs3.1 at the maximum
wavelengths obtained from UVis spectroscopy.

o

Amax Concentration Absorbance U

(nm) (M) (L.molt.cm)
1.7003 x 10 0.98989

282 2.1640 x 10 1.28233 6.50 x 10
2.4912 x 16 1.50484
1.7003 x 16 0.50469

320 2.1640 x 1G 0.6572 3.36 x 10
2.4912 x 16 0.77122
1.7003 x 16 0.54421

335 2.1640 x 16 0.70807 3.66 x 10
2.4912 x 16 0.83444
1.7003 x 16 0.4643

359 2.1640 x 16 0.61977 3.36 x 10
2.4912 x 16 0.73044
1.7003 x 16 0.47172

384 2.1640 x 16 0.6799 4.32 x 10
2.4912 x 16 0.81238
1.7003 x 16 0.29797

564 2.1640 x 16 0.42457 2.65 x 10
2.4912 x 16 0.50712
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3.2.4. Computational Studies

To explore the differences in the chromophd@dsand3.2 Gshown in Figure
3.13, geometry optimization were completed at the B3LYBX&G(d,p) level of

theory. Stationary points were identified and verified using frequency calculakioas.

results are shown in Tables 3.4 and 3.5.

H3CO>_Q

H,CO

N .S N .S S__N

N N O N

N ~ e

~ — NS

N N O N
N“ s N7 s S” SN
o}

3.1

Figure3.13. Structures of compoun@sldand3.2 @pon which the computational
studies were performed.

3.2

11¢



Table3.4. Optimized geometry d8.16and3.2 at the B3LYP/6311G(d,p) level of

theory.

Compound

Optimized Geometry

320




Table3.5. HOMO and LUMOwavefunctions and energy levelscompound 3.16and
32 at B3LYP/G311G(d,p) level of theory.

Compound HOMO LUMO
\Q ?
Jﬁ.‘
3.16
)3‘
é ; Ha 25’
2  ad e
e, e s gl *o
0@ 53 @% | Yo e olg e g
f ¢ i > @ .' @
J“’J h . .‘
A (N0 5% % Ay ’ 3 ':
320 JVQ‘*‘:‘.’) ‘r. ‘4‘“
2 9,9, N s
2 ﬁ,: ¢ @ed. ‘5"", :é ¥ :‘"3*
v <, " Iy
Jdl 't‘d J“ ’ ’ “J
-5.24 eV -3.07 eV

3.3. Experimental Section
3.3.1. Synthesis

2,7-Di-tert-butylpyrene (3.4)
The title compound was synthesized according to a modified literature

proceduré®In a round bottom flask, pyrene (10 g, 0.049 maisadded to Zhloro-
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2-methylpropane (159 mL, 1.44 mol), and the mixtwesstirred in an ice bath.
Aluminum chloride (10.2g, 0.077 molwas added in small portions to the round
bottom flask at O °C. The reaction mixtwaskept stirring at room temperature
overnight. Tha, it was quenched with distillegater ancextracted with
dichloromethaneThe organic layers were combuh dried oveanhydrous sodium
sulfate and evaporated under reduced pressure. Recrystallization from ethanol was
performed to afford the pure white crystals (10.3 g, 6#6). 202204°C (lit.1>°210-
212°C). IH-NMR (500 MHz, CDC}): 118.16 (s, 4H), 8.00 (s, 4H), 1.56 (s, 18H) ppm.
13C-NMR (125 MHz, CDC¥): 11148.53, 130.75, 127.40, 122.83, 121.98, 35.19, 31.95

ppm.

3.4

2,7-Di-tert-butylpyrene-4,5-dione (3.5)
Initial Method ( a):

Thetitle compound was synthesized according to a modified literature
proceduré® In a round bottom flask, a solution of 2j#tert-butylpyrene 2.3, 0.5 g,
1.59mmol) in a (1:1) dichloromethane:acetonitrile mixtut8 (L) was prepared.
Sodiummetaperiodate 1.599, 7.44mmol, 4.68 eq) was added to the mixture,

followed by distilled water (40 mL) anadithenium chloride hydrat@®4 ng, 0153



mmol, 0.096 eq). The dark brown suspension was stirred at room temperature
ovemight. The reaction mixture was then quenched with distilled water and filtered by
suction filtration. The aqueous filtrate was extracted with dichloromethane, and the
organic layers were combined, dried osahydrous sodium sulfassnd evaporated

under educed pressure. The crude product was purified by column chromatography

(dichloromethaner-hexane, 1:1) to afford the yellowigitange powdef190 mg, 35%)

Green Method (b):

The title compound was synthesized according to a literature procétiure.
round bottom flask, a solution of 2di-tert-butylpyrene 2.3, 0.5 g, 1.59 mmol) and
periodic acid (0.9 g, 3.95 mmol, 2.5 eq) in ethanol (25 mL) was stirred at reflux for 3
hours. The color of the solution changed from colorless to yellow to otamgd. After
complete conversion was confirmed by TLC, the reaction mixture was cooled to room
temperature and was quenched with distilled water (25 mL) then with aqueous sodium
thiosulfate (10%, 25 mL). The resulting suspension was stirred in an iciobath
hours. The obtained precipitate was filtered by suction filtration and washed with cold
water (3 x 50 mL). The crude product was purified by column chromatography
(dichloromethaner-hexane, 1:1) to afford the yellowisitange powdef110 mg, 20%),
m.p. 233-235°C (lit.155241-244 °Q). 'H-NMR (500 MHz, CDC¥): 1i8.55 (d,J = 2 Hz,
2H), 8.12 (dJ = 2 Hz, 2H), 7.81 (s, 2H), 1.48 (s, 18H) ppAC-NMR (125 MHz,

CDCl): 01181.05, 151.08, 131.93, 131.80, 129.73, 128.40, 127.28, 126.48, 35.22,

ppm.
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2,7-Di-tert-butylpyrene-4,5,9,106tetraone (3.6)
Initial Method ( a):

The title compound was synthesized according to a modified literature
procedure? In a round bottom flask, a solution of 2j#tert-butylpyrene 2.3, 3 g,
9.54 mmol) in a mixture of (1:1) dichloromethane:acetonitrile (96 mL) was prepared.
Sodiummetaperiodate (16.68 g, 78 mmol, 8.18 eq) was added, followetishilfed
water (60 mL) and Ru@H20 (0.26 g, 1.14 mmol, 0.12 eq). The dark brown
suspension was stirred at reflux for 5 days. After cooling to room temperature, the
reaction mixture was quenched with distilled water and filtered by suction filtration.
The aqueous filtrate was extracted with dichloromethane, and the organic layers were
combined, dried oveanhydrous sodium sulfatend evaporated under reduced pressure.
The crude product was purified by column chromatography (dichlorometHageane,

1:1)to afford the yellowiskorange powder (1.3 g, 37%).

Green Method (C):
The title compound was synthesized according to a literature procétiure.
round bottom flask, a solution of 2d¢i-tert-butylpyrene 2.3, 2 g, 6.36 mmol) and iodic

acid (6.72 g, 38.2 mmol, 6 eq) in a mixture of acetic acid (90 mL) and diluted sulfuric
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acid (0.184V, 10 mL) was prepared. The reaction mixture was stirred at 50°C for 2
days. After complete conversion was confirmed by TLC, the reaction mixture was
cooled to room temperature, poured onto distilled water (100 mL), and placed in an ice
bath for 2 hours. fie obtained precipitate was filtered by suction filtration and washed
with cold water (3 x 100 mL) and an aqueous sodium thiosulfate solution (10%, 100
mL). The crude product was purified by column chromatography (dichloromethane:
hexane, 1:1) to affordhe yellowishorange powder (1.3 g, 99, m.p. > 260 °C (lit>®
339342 °C).'H-NMR (500 MHz, CDCY): 1i 8.48 (s, 4H), 1.42 (s, 18H) ppAiC-NMR

(125 MHz, CDC4): 11178.35, 154.88, 133.99, 132.33, 130.58, 35.22, 31.14 ppm.

3.6

4,7-Diiodobenzolc][1,2,5]thiadiazole (3.8)

The title compound was synthesized according to a modified literature
procedure® In a round bottom flask, commercially available bea}a[2,5]thiadiazole
(2.6, 2 g, 14.69 mmol), iodine (12 g, 47.3 mmol, 3.2 eq), and silver sulfate (11.44 g,
36.7 mmol, 2.5 eq) were suspended into 60 mL of concentrated sulfuric acid. The
brownslurry was heated at 70 °C for 48 hours. The resulting mixture was cooled to
room temperature and diluted with 100 mL of distilled water. Then the precipitate was

filtered and rinsed with distilled water. The resulting solid was suspended into 50 mL of
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hottoluene which turns yellow in color, after which hot filtration was performed. The
latter was repeated several times until the hot toluene does not turn yellow. The toluene
filtrate fractions were then combined and evaporated under reduced pressure. The
obtained solid was later recrystallized from 14 mL of hot toluene and 14 mL of hot
ethanol. The pure yellow crystals were collected by suction filtration (3.28 g, 58%),

m.p. 203204 °C (1it?° 203204 °Q. *H-NMR (500 MHz, CDC}): 17.80 (s, 2H) ppm.
13C-NMR (125 MHz, CDC¥): 11153.88, 139.81, 87.77 ppm.

N\

~ 7/

3.8

4,7-Dibromobenzolc][1,2,5]thiadiazole (3.9)

The title compound was synthesized according to a modified literature
proceduré®In a round bottomlésk, benzaf][1,2,5]thiadiazole 2.6, 12 g, 0.088 mol)
was suspended in 60 mL of hydrobromic acid (48%). A solution of bromine (13 mL,
0.25 mol, 2.86 eq) in 30 mL of hydrobromic acid was added dropwise to the round
bottom flask at room temperature. Theuking orange mixture was stirred at reflux
overnight. Then, it was cooled to room temperature and quenched with saturated
sodium thiosulfate solution. The obtained precipitate was collected by suction filtration
and washed heavily with distilled watere®ystallizatiorfrom ethanol was performed
to afford the pure palgellow crystals (22 g, 85%3¥H-NMR (500 MHz, CDC}): 11 7.71

(s, 2H) ppm.2*C-NMR (125 MHz, CDC4): 1 152.96, 132.36, 113.91 ppm.
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Benzol][ 1,2,5]thiadiazole4,7-dicarbonitrile (3.10)
Pathway (a)

The title compound was synthesized according to a modified literature
procedure? In a 3neck round bottom flask, a solution of 4,7
diiodobenzof][1,2,5]thiadiazole 2.7, 1 g, 2.58 mmol) in 5 mL dfi-methyl}-2-
pyrrolidone was purged with argon for 15 mins. After heating the solution to 80 °C,
copper (1) cyanide (0.7 g, 7.74 mmol, 3 eq) was added carefully under argon. The
mixture was heated up t®Q °C and kept stirring for 1 hour. Then, the reaction mixture
was left to cool to room temperature, quenched with 12 mL ofdfb¥oniasolution,
and extracted 4 times with ethyl acetate. The organic layers were combined, dried over
MgSQs, and evaporatednder reduced pressure. The crude product was purified by
column chromatography (dichloromethamexane; 3:2) to afford the product as white
powder (0.41 g, 86%).

Pathway (b)

The title compound was synthesized according to a modified literature
proceduré? In a 3neck round bottom flask, a solution of 4,7
dibromobenzdf][1,2,5]thiadiazole 2.8, 10 g, 34.02 mmol), sodium iodide (0.05 g, 0.34
mmol, 0.01 eq), and pyride (2.8 mL, 2 eq) in 100 mL of dimethylformamide was
purged with argon for 15 min. Copper (I) cyanide (12.2 g, 0.136 mol, 4 eq) was added

carefully under argon. The reaction mixture was stirred at reflux overnight. Then, the
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resulting dark suspension wiat to cool to room temperature and until a very thick

black suspension is obtained. A large amount of distilled water was added to the
suspension, and after vigorous stirring, the obtained precipitate was collected by suction
filtration. Soxhlet extractin over chloroform was performed for 3 days to get rid of
insoluble impurities, and the resulting filtrate was evaporated under reduced pressure.
The crude product was then purified by column chromatography (dichloromethane:
hexane; 3:2) to afford the pupowder (21 g, 35%), m.p. 18384 °C (lit1°182-183
°C).'H-NMR (500 MHz, CDC#): 118.12 (s, 2H) ppm*3C-NMR (125 MHz, CDC4): Ui

152.41, 134.52, 113.87, 110.64 ppm.

CN

— N\

~ /

CN
3.10

Benzol][1,2,5]thiadiazole-4,7-bis(carbothioamide) (3.11)

The title compound was synthesized according to a literature procédiuie.
round bottom flask, ethanol (100 mL) was added in small portions to phosphorus
pentasulfide (8.95 g, 40.28 mmol) under vigorous stirring until a clear solution was
observed. To the freshly prepar@dédiethyldithiophosphate,
benzof][1,2,5]thiadiazole4,7-dicarbonitrile .9, 3 g, 16.11 mmol) was added slowly.
The reaction mixture was stirred at reflux for 4 hours. Then, it was cooled to room
temperature and quenched with 100 mL of saturated Nald@l@ion and the solution
was kept stirring for 1 hour. The red solid was filtered and washed heavily with water.
Then, it was suspended in hot ethanol then filtrated to afford the pure product as red

powder (3.34 g, 81%), m.B51-253°C (lit.1° 255 °Q). 'H-NMR (500 MHz, DMSQds):
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010.55 (s, 2H), 9.96 (s, 2H), 8.27 (s, 2H) ppfE-NMR (125 MHz, DMSQds): i

196.09, 150.62, 134.13, 131.06 ppm.

S<_NH,
/N\
~ 7/
H,NT s
3.11

2,2'-(Benzof][1,2,5]thiadiazole-4,7-diyl)bis(5-phenylthiazol-4-ol) (3.13)

The title compound was synthesized according to a literature procédiuie.
round bottom flask, a solution of beng}pl,2,5]thiadiazoled,7-bis(carbothioamide)
(2.10 3.34 g, 13.13 mmol), ethyt@romo2-phenylacetate2(11; 12.77 g52.53 mmol,
4 eq), and sodium acetate (5.39 g, 65.65 mmol, 5 eq) in 86 mL of ethanol was heated at
reflux overnight. The reaction mixture was then cooled to room temperature and
guenched with distilled water. The resulting suspension was filtered bgrsucti
filtration, and the precipitate was washed with distilled water, hot ethanol, chloroform,
and ethyl acetate respectively (3.6 g, 56%), m.p. cannot be measured due to
decomposition (lit® decomposition). Because of the poor solubility of the compound,
NMR data cannot be obtained. This compound was used for the next step with no

further purification.
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3.13

4,7-Bis(4-(hexyloxy)-5-phenylthiazol-2-yl)benzolc][1,2,5]thiadiazole (3.14)

The title compound was synthesized according to a literature procédiuia.
threeneck round bottom flask, a solution of 2(Benzof][1,2,5]thiadiazole4,7-
diyl)bis(5-phenylthiazold-ol) (2.12 3.6 g, 7.4 mmol) and potassium carbien®.16 g,
44.57 mmol, 6 eq) in 330 mL of acetone was purged with argon for 10 mins. Under
argon, liodohexane (6.9 mL, 6 eq) was added. The reaction mixture was stirred at
reflux overnight. Then, it was cooled to room temperature and quenched wilkdlistil
water. The resulting precipitate was collected by suction filtration, then dissolved in
chloroform. The organic solution was extracted from distilled water, dried over MgSO
and evaporated under reduced pressure. The crude product was purifiechioy colu
chromatographynthexane:dichloromethane; 4:1) to afford the pure purple product (1.1
g, 22%), m.p193-195°C (lit.1°* 219 °C).'H-NMR (500 MHz, CDC}): i 8.64 (s,2H),

7.90 (ddJ1=8.5 Hz,J> = 1 Hz, 4H), 7.41 (t) = 7.5 Hz, 4H), 7.25 (overlapping with
CDCl; peak, 2H), 4.59 (] = 6.5 Hz, 4H), 1.91 (p] = 6.5 Hz, 4H), 1.52 (m,

overlapping with HO peak, 4H), 1.39 (m, overlapping, 8H), 0.93&, 7 Hz, 6H) pn.



13C-NMR (125 MHz, CDC¥): 11159.70, 153.39, 151.79, 131.87, 128.68, 126.81,

126.70, 126.13, 125.83, 115.87, 70.63, 31.60, 29.54, 25.82, 22.64, 14.06 ppm.

3,6-Bis(4-(hexyloxy)-5-phenylthiazol-2-yl)benzenel,2-diamine (3.15)

Thetitle compound was synthesized according to a modified literature
proceduré>® In a threeneck round bottom flask, a solution of 4i&(4(hexyloxy)-5-
phenylthiazol2-yl)benzoE][1,2,5]thiadiazole 2.13, 1 g, 1.53 mmol) in a mixture of
ethanol/tetrahydrofuran (7:3, 70 mL) was purged under argon. Cobalt (I1) chloride (50
mg, 0.38 mmol, 0.25 eq) and sodium borohydride (320 mg, 8.49 mmol, 5.55 eq) were
added respectively under argon, and the mixturestwasd for 5 mins at room
temperature. Then, it was stirred at reflux and under argon for 3 hours. After complete
conversion was confirmed by TLC, the reaction mixture was cooled to room
temperature, then passed through a celite bed. The solvent waséxdpmder
reduced pressure. The product was extracted with dichloromethane (2 x 50 mL), dried
over anhydrous MgSfand evaporated to obtain a dark yellow product (950 mg, 99%).

IH-NMR (500 MHz, CDCY): i 7.75 (d,J = 7.5 Hz, 4H), 7.37 () = 8 Hz, 4H) 7.22 (t,
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J=7.5Hz, 2H), 7.14 (s, 2H), 5.88 (s, 4H), 4.48&,6.5 Hz, 4H), 1.87 (p]= 7 Hz,
4H), 1.52 (pJ = 7.5 Hz, 4H), 1.49 (m, overlapping with® peak, 8H), 0.91 (1=7
Hz, 6H) ppmXC-NMR (125 MHz, CDC}): 11161.34, 157.88, 135.50, 131.60, 128.63,

126.75, 126.34, 117.29, 116.97, 109.74, 70.79, 31.57, 29.55, 25.79, 22.6 .04

2,2'-(2,7-Di-tert-butylphenanthro[4,5-abdphenazine 10,13diyl)bis(4-(hexyloxy)5-
phenylthiazole) (3.1)

In athreeneck round bottom flask, 3ltis(4-(hexyloxy)5-phenylthiazoi2-
ylbenzenel,2-diamine .14 475 mg, 0.76 mmol, 1.1 eq) and -2iftert-butylpyrene
4,5dione @.4, 238 mg, 0.69 mmol) were dissolved in a solvent mixture of
ethanol/glacial acetic ati(1:1, 46 mL). The reaction mixture was stirred at reflux under
argon overnight. After the completion of the reaction was confirmed by TLC, the
reaction mixture was cooled to room temperature, and the solvent was condensed under
reduced pressure. The saspion was diluted with distilled water, and the precipitate
was collected by suction filtration. The obtained solid was recrystallized from a mixture

of 1,2-dichlorobenzene and heptane. Then, it was stirred thoroughly in ethanol and



filtered to afford thedark blue fluffy product (430 mg, 67%.p. > 26C0°C. 'H-NMR

(500 MHz, CDCH#): 119.89 (d,J = 2 Hz, 2H), 8.81 (s, 2H), 8.24 (d,= 2 Hz, 2H), 7.99

(s, 2H), 7.93 (dd)1 = 8.5 Hz,Jo = 1.5 Hz, 4H), 7.43 (= 7.5 Hz, 4H), 7.28 ()= 7.5

Hz, 2H), 4.49 (tJ = 7 Hz, 4H), 1.88 (pJ = 7 Hz, 4H), 1.67 (s, 18H), 1.50 (m, 4H), 1.40

(m, 8H), 0.95 (tJ = 7 Hz, 6H) ppm®®C-NMR (125 MHz,CDC4§) : & 158. 83, 15
149.45, 143.23, 137.91, 132.19, 131.09, 130.39,782828.36, 127.57, 127.28,

127.22,126.27, 125.94, 124.42, 123.62, 115.37, 70.09, 35.51, 32.09, 31.70, 29.53,

25.81, 22.70, 14.11 ppm.

2,2',2",2" -(2,11-Di-tert-butylquinoxalino[2',3":9,10]phenanthro[4,5-
abdphenazineb,8,14,1 #tetrayl)tetrakis(4 -(hexyloxy)-5-phenylthiazole) (3.2)

In a threeneck round bottom flask, 3léis(4-(hexyloxy)5-phenylthiazol2-
yl)benzenel,2-diamine .14 475 mg, 0.76 mmol, 2.1 eq) and -2liftert-butylpyrene
4,5,9,10tetraone 2.5, 135 mg, 0.36 mmol) were dissolved in a solvent mixture of
ethanol/glacial acetic acid (9:1, 22 mL). The reaction mixture was stirred at 110°C

under argon overnight. After the completion of the reaction was confirmed by TLC, the
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reaction mixture was coadeo room temperature, and the solvent was condensed under
reduced pressure. The suspension was diluted with distilled water, and the precipitate
was collected by suction filtration. The obtained solid ve@systallized from
chloroformheptane!H-NMR dat show the presence of this compound; however, its

purification is still under study.

3.3.2. Computational Studies

The input geometries were generated on GaussView6 using fragments harvested
from available crystal structures for phenythiazole derivative (135795)
phenanthro[4,5bc]phenazine (195973%% and quinoxalino[2',3":9,10]phenanthro[4,5
abc]phenazine (1022118 After creating the input geometry, the MM2 force field
method (MM2}%3was applied followe by geometry optimization, frequency, single
point, and timedependent DFT calculations at the B318Y&nd 6311G(d,pj> 164166

level of theory using Gaussiant6program.
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CHAPTER 4

ISOINDIGO DIALDEHYDES AS BUILDING BLOCKS FOR
COVALENT ORGANIC FRAMEWORKS

4.1. Introduction

Carbon dioxide (Cg) is considered the main greenhouse gas anthropogenically
released and trapped in the atmosphA&8ince the Industrial Revolution in the18
century until today, and according to the National Oceanic and Atmospheric
Administration, the global atmospheric €&ncentration has escalated from 280 ppm
to above 410 ppm with an average increase rate of 3.40 ppriffy@aer time, the
accumulation of this excessive emission has led to critical environmental issues
including global warming, @hate change, and sea level risii§jThere are three
different propositions that can help incteasing C@concentrations in the
atmospheré’! The first method revolves around reducing the amount of CO
discharged into the atmosphere, which can be achieved by substituting fossil fuels as the
main energy sourogith another that is more renewable and sustainable, such as
sunlight, wind, and watér'* However, this approach is not practical, especially with the
increasing worldwide energy demand nowadays. The second method includes CO
capture andtorage which poses many safety risks due to leakage possibilities, high
pressure compression storage, and expensive transpottafitre. final approach
incorporates the conversion of €@sing sustainable procedures into more useful
chemicals that can act as fuel§SinceCQ; is inexpensive, abundarand renewable,

searching for an efficient sustainable method to coritverto a valuable chemical, i.e.

132



artificial photosynthesis, has been the focus of several research groups around the
world.}"2 This could help in: (1) decreasing the causesaalwarming by recycling
COr gas from the atmosphere, and (2) providing a sustainable source of carbon at low
cost raw material for more vakaglded products featuring the green chemistry topics of
atom economy, renewable resources, and catadhfst$*CO, reduction into formic
acid (HCOOH), methanol (G3DH), carbon monoxide (CO), and other chemicals has
been a topic under investigatitor the past few dexlesusing electrochemical or
photochemical approaches over several métaRhotocatalytic reduction of carbon
dioxide was first studied in the 1970s, and it was reported over seearaonductor
electrodes such a@ganium dioxide TiO2), zinc oxide ZnO), andgallium phosphide
(GaF).175

Formic acid (HCOOH) or formate anion (HCQ® usually used as a
pharmaceutical antibacterial agent, as a preservative, as a hydrogen storage constituent,
and in electrolytic metalhgy.1’® ""Traditionally, formic acid was produced from the
hydrolysis of methyl formate (using GEIH and CO) or formamide which involves a
huge amount of enerdy® "’ Although its formation requires a slightly higher
reduction potential than CO formatidhge reduction of C&to HCOOH is favored over
the reduction of Ceto COdue tothelower toxicity and many employment potentials
of formic acid'’® Different homogeneous photocatalysts have been developed and
studied for CQreduction to formic acid; some included using metal complexes such as
ruthenium, cobalt, manganese, iron, molybdenum, iridium, rhecamplexes, and
others using organic molecules such dsrphenyl, phenazine, and pyriditi@.
However, heterogeneous catalysis possesses more advantagkemogeous

catalysisincluding easy separation and possible recyclability of the catéfyst
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Heterogeneous photocatalysts for the reduction oft6GICOOH include metal
nanoparticles, bimetallic catalysts, zeolites, porous organic polymer {3l single
atom catalysts (SACs), metatganic frameworks (MOFs), and recently atant
organic frameworks (COFspreviously defined in Chapter 1 Sectiéif

A photocatalyst is a type of catalyst that increases the rate of a reaction upon
absorbing visible light. This can occur due to the synergistic effects of its molecules.
Several properties of covaleatganic frameworks Elw them to serve as interesting
candidates for C&photaeduction

(1) They possess robust stability and crystallikity.

(2) Their permanent pores of a suitable size can allow the passage of CO
molecules, aiding their adsorption to the C&F.

(3) Their large surface area permits a better exposure, spatial isolation and uniform
distribution of the active sites onto which £® adsorbed®?

(4) The structures of COFs can be easily tuned by varying the properties of the
organic monomers to provide a better application; either by changing the functional
groups to increase electron transfémr by incorporating metal ions, especially
nontoxic eartrabundant metal centef¥ to favor CQ adsorption.

(5) Usi ng -etectran aromadid neoléculés provides efficient visible light
harvesting.’®

(6) Rapid and efficient charge carrier mobility is enhanced when the knots and
linkers consist of a combination of electrdanating and electreaccepting
molecules.’®

(7) The functionalized organic monomers used can be engineered to synthesize a

frameworkwith suitable energy levels of the contlan band (lower than the reduction
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potential of CQ) and valence banfhigher than oxidation potential of the electron
donor)and with a moderate band gafless than 3 e¥’? 185

Using isoindigo as a linker in C@Mvasfirst reportedoy Bessingeet al.in the
synthesis of Pypll COF 8¢ As shown inScheme 4.lan isoindigo aldehyde derivative
(pll') was reacted with a tetraamino pyreRg)(derivative to form the indicated COF
viaimine linkages®® Py-pll COF possesshigh photosensitivity, mainly attributed to
its low band gap of 1.78 eV, and is thus able to absorbinieared wavelength unlike
preceding COFs which mostly absorb photons ofeigérgy from the visible

spectrum-8é

HoN NH,

HoN Py NH,

e

pll

Py-pII COF
Schemet.1. The condensation ¢y andpll to formPy-pll COF .18
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Recentl vy, Dr . Hi cks from Prof. Set h Mar
synthesis of four different isoindigmased COFs in his dissertation. These COFs were
formed by bet&ketoenamine linkages resulting from the tautomerization of the expected
imine bonds. Hicks studied their application as monolayer 2D polymer thin'films.
Moreover, Jiret al.synthesized two isoindigbased COFs namétHTP -
MIDA -COF andCuPc-MIDA -COF upon the reaction of isoindigo diboronic acid
(MIDA ) with hexahydroxy triphenylen&iHTP) andphthalocyanineQuPc),
respectively:®® The newly formed bond between the monomers is acoojugated
boronate ester linkage. These COFs presented efficientceahiiction intwo
directions: the first is the lateral direction in which the electron transport was observed
between the 2D layers upon theif stacking; whereas the second involves the
transport of charges within t#e molecul es
In a closely associated concept, Zledal.reported the synthesis of isoindigo
based microporous organic polym@gBMID , TBMIDM , andTBMIDE for CO;
capture, as represented in Schemé#®.Zhey dedued that the heteroatomic isoindigo
molecule enhanced the supramolecular interactions between the polymerand CO
molecules to be adsorbed, namely the digpladrupole interactions and/or hydrogen
bonding!® The highest uptake ability was reported in the polymer network with no

alkyl substituents, owingtthe larger and more accessible pdfes.
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R=H TBMID: R=H
R = CH,4 TBMIDM: R = CH,
R = CH,CHj TBMIDE: R = CH,CH,

Schemet.2.The synthesis scheme of microporous polyni&siID , TBMIDM , and
TBMIDE .89

Porphyrin, shown in Figure 4.1, is a macroeyidrmed of four pyrrole subunits
with a central cavity in which a metal ion can be coordin&t®id presents distinctive
photophysical and electronic properties due to the 18 conjuyatsttrons-*

Porphyrin has been used as a building block for many synthesized COFs for various
applicationst® 9including gas adsorptiol{? *3semiconductiont®* 1%°energy

storaget®® fluorescence detectidfi! and catalysi$% 1%

p_B
meso meso
p B
p p
meso meso
B B

Figure4.1. The structure of porphyrin showing itsese andb-positions.

In particular, netalloporphyrin serves as a greatly efficient organic monaser
a knot in COFdor photocatalytic C@reductionbecause

(1) It is an excellent electron acceptor itonjugated systent§?



(2) It is advantageous in mukiectron catalysidue to its redosactivity.?%

(3) It has high chargearrier mobility propertie$?

(4) It possesses high stability in acidic and alkaline solufihs

(5) It possesses diverse chemical and physical properties upon varying different
functional groups on itsiese andi -positions?®

(6) Since the metal coordinain is very stable, the properties of its second
coordination spheres can be optimized to achieve highest catalytic effiéi€ncy

(7) The incorporated metal can act as a@@rking site, increasing GO
adsorption, and thus enhancing tieenpeteny of the photocatalyst?

In collaboration withProf. Dinesh Shettyds research g
University of Science and Technology, Abu Dhabi;fPto Al i Tr abol si 6s r
from the New York University, Abu Dhabi; e
group fromthe American University of Beirutwe reportin the following sectionghe
synthesis ofwo new COFsPI-COF andCo-PI-COF and their applicatiom CO

conversion.

4.2. Results and Discussion

4.2.1. Synthesis of dialdehyde derivatives

Continuing fromScheme 2, Suzuki coupling of the alkylated
dibromoisoindigacompound<.6ab with 4-formylphenyl boronic acid was performed

to obtain the two desired dialdehyde derivaties and4.1bas shown in Scheme 4.3.
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OH
K>,CO3 (2M)
TBABr, Pd(PPh3),
toluene
2.6a: R = hexyl 4.1a: R = hexyl
2.6b: R = 2-ethylhexyl 4.1b: R = 2-ethylhexyl

Schemed.3. Synthesis of isoindigo dialdehydéd ab.

4.2.2. Synthesis an@haracterization of the COFs

As shown in Scheme 4.B]-COF was synthesized upon the reaction of
tetraminoporphyrirt.2 and the branched isoindigo dialdehyd#b in a 3:1 mixture of
n-butanol and mesitylene at 120 for 5 daysPI-COF was then isolatedna washed
with 1,4-dioxane. Possyntheticmetalation of the porphyrin subunits was performed by
adding cobalt cations in a mixture of anhydr@@M and anhydrou€HzOH at 50°C

for 24 hours to obtai€o-PI-COF which was washed excessively witiizOH.



NH,

NH,
4.2

| |
n -butanol, mesitylene
120°C 5 days
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N?\\\\ PI-COF
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Co(OAc), 4H,0
CH3OH, CH;CI
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N_O
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Schemet.4. Synthetic scheme &fl-COF andCo-PI-COF.
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The two COFs and their properties were characterized through several
techniques. FirsR1-COF was characterized by its Four€ransform Infrared
Spectroscopy (FIR) spectrum in which the new imine linkage (C=N bond) between
the aldehyde and the aminoporphyrin was showne@3lcm' in accordance with the
absence of the C=0 aldehyde vibration,&.2 cm! and the absence of theHlamino
vibration at 3210 and 346 cmt, represented in Figure 4.2. It is also noticed that the
lactam C=0 of the isoindigo persists between the isoindigo starting materil-and
COF. In addition to that, crogsolarization magi@angle spinning*C-NMR was
performed and showed the presenctheffollowing peaks with their corresponding
significance: at 1210 ppm, aliphatic chains on isoindigo monomer; at 120 ppm, phenyl
ring of porphyrin; at 130 ppm, C=C in pyrrole of porphyrin monomer; at 135 ppm, the
free phenyl ring of isoindigo monomer;t0 ppm, the fused phenyl ring of isoindigo;
at 150 ppm, €N in pyrrole of porphyrin; and at 165 ppm, lactam C=0 of isoindigo. The
morphology ofPI-COF was observed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) and waduted to be unspecific fused rod
like structures. Thermal analysis of the COF showed less thermal stability than its
separate building blocks (which are highly stable due to their fused rings and
macrocyclic structures); however, it still shows comparatalbility to other
synthesized COFs as it degrades at4Q0rhere were minimal shifts between the FT
IR spectra, and no changes between the SEM and TEM imaBé<C&F andCo-PI-
COF. However, the latter is slightly less thermally stable than thernei§€tOF.

Scanning transmission electron microscopy (STEM) was used to observe the

incorporation of Co cations in the porphyrin building block. Results showed the even
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distribution of C, N, O and Co atoms in the framework in which the average Co content

wasaround 8 wt%d.3

EEE———

Co-PI-COF C=C-Hstretching  C=O stretching |
2926 (lactam) " C=N stretching

1694 1608

PI-COF R MW"W"MW VT

C=C-Hstretching ~ C=0O stretching

2929 (lactam) T~~.C=N stretching
WA o, 1697 1603
Ty o= 3
\/\?//t\\Nx{)\/ )
n HN)\j N-H stretching
oWy 3346 & 3210
e SN
P U
HiNN s NH,
B :>Nj( o C=C-H stretching C—C:I:::I;:l:z;llng ¢=0 stretchin (coni)
) 4 \->_<./ Ny Ay =\ - }_f;u 29926 —~LC=0 stretchin conj.
F= O}fﬁ}ﬁ p 1690 1612
cattg O 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure4.2. FT-IR spectra of the isoindigo dialdehydd, tetraamino porphyria.3 PI-
COF andCo-PI-COF. Reprinted with permission froief 1’3 Copyright 202
American Chemical Society.

The porosities of both COFs haveehestudied by the BrunauBmmettTeller
(BET) model of the Mgas adsorption values at K7 The results show that the total
surface area is 183 and 22.g1 corresponding t®I-COF andCo-PI-COF
respectivelyPI1-COF contains pores of diameter between 2.7 and 12.9 nm with an
average pore size of 4.9 nm. The pegtthetically modifiedCo-PI-COF displays a
mesoporous nature with smaller pores that are filled up with the cobalt cations. From
the powder Xray diffraction(PXRD) data, the experimental unit cell parameters are a =
43.24 A and c = 4.57 A

Similarly, the optimized lattice parameters calculated by density functional

theory (DFT)and represented in Figure 4@ 41.04 and 40.87 A, and thA stacking
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interlayer distances are 4.87 and 4.94 ARBICOF andCo-PI1-COF, respectively.

Moreower, the estimated pore sizes of both COFs range between 4.9 and5’3 nm

Figure 4.3. The top and side views of (R)-COF and (b)Co-PI-COF along with the

computed most stable unit cell distances as well as the interlayer distances of each.
Reprinted with permission froRef 173 Copyright 202 American Chemical Society.

As shown in Figure 4.4, the DFT molecular orbital studies indicate that the
valence band (VB) is situated above the porphyrin subunit whereas the ttomdand
(CB) is above the isoindigo subunit of the CE@FCOF has a calculated band gap
0.88 eVwith its Fermi level situated in the middle of the band gap; how&cePRI-
COF has a smaller calculated bagalp of 0.56 eWvith its Fermi level closeiotthe CB.
And since the band gap is deduced from the-apistate (rather than spdown), the
system is expected to be very reactive and proposes promising efficiency in its
applications. This is further confirmed by the experimental band gaps 1.7972neM0
of PI-COF andCo-PI-COF, respectivelywhich weredetermined from the diffuse

reflectance Tauc PIdt3
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Figure4.4. (a) The spirup and spirdown channel energy diagrams. (b) The 3D
isosurface®f the valence band (VB) and conduction band (CB) cPEGOF.
Reprinted with permission froRef 173 Copyright 202 American Chemical Society.

4.2.3. Application

Both PI-COF andCo-PI-COF were tested for the photocatalysis of G@o
formateanions under visible light. A mixture of acetonitrile (MeCN) and
triethanolamine (TEOA), containingo-P1-COF andpreviously purged with argon,
was placed 25 cm away from a 150 W Xenon lampz: W&s saturated into the mixture
at room temperature under continuous stirring for 6 hours. Then, the amount of HCOO
released was measured by ion chromatography (IC). As shown in Figure 4.5b, the
amount of formate anions produced®y-PI-COF increased toeachl 1 ¢ nto | i n
hours which is significant with respect to that produce@bZOF or by Co-PI-COF
in the absence of GOIn addition, the average rate of formation of HCOPCo-PI-

COFi s 2.hr¢, wiuch is comparable to other previously reportgstesms Since
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Co-PI-COF does not contain expensive metals and requires only low power irradiation
with respect to other systems, it can be considered as an efficient photocatalyst for CO
reduction.Recyclability tests were also performed@©@o-PI-COF, andthe results
represented in Figure 4.5c show that there was a decrease in the formate anions
produced in the second cycle allr o u n d b no®bwious change further than that
for the remaining tested cycles. To ensure that the carbon source of HO@y

from the added Cgisotope labelling ot*CO, was performed, and indeed the-

NMR shown in Figure 4.5d indicates the presenced€BO as expected’®

a) CO'PI'COF b) 12 +=@= HCOO produced from Co-PI-COF

: <@~ HCOO produced from Co-PI-COF without CO:
E-O- HCOO produced from PI-COF

610'
8 4

6 4

HCOO" (um

4

10 12 3 4 5 6
Time (h)
) e
HUCOO.
ES Y
O 6] TEOA
8 5 1694 169 1686 1682  167.8 PPM ] DMSO
I 4
3 4 MeCN
3 H COO"
14 %
0 —————— T 55,
1t  2nd  3rd  4th  Sth 40 1 A W 40 0
No. of cycles

Figure4.5. Photocatalyit CO; conversion study ofo-PI-COF.Schematic
representation of the studied systén).Graph showing the amount of formate anions
formed as a function of irradiation time fBr-COF, Co-PI-COF, andCo-PI-COF in

the absence of GO(c) Graphshowing the amount of HCO@eleased upon recycling
Co-PI-COF. (d) *C-NMR showing the presence of¥€00 after isotope labelling.
Reprinted with permission froiRef 173 Copyright 202 American Chemical Society.
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4.3. Experimental Section: Synthesis

(E)-4,4'-(1,1-Dihexyl-2,2"-dioxo-[3,3'-biindolinylidene] -6,6"-diyl)dibenzaldehyde
(4.19)

The title compound was synthesized according to a modified literature
proceduré’ In a Schlenk tube under argon, a solutioE)#6,6-dibromo1,1-dihexyk
[3,3-biindolinylidene}2,2-dione(2.6g 0.3 g, 051 mmol), 4formylphenylboronic acid
(0.33 g, 220 mmol),tetrabutylammonium bromidd BABr ; 10 ng), and freshly
synthesizedetrakis(triphenylphosphingjalladium (0) catalystPd(PPhs)4; 50 mg) in
toluene (30 mL) was prepared. Under argmtassium carbate solutionK2COs,
2M, 4 mL) was added, and the reaction mixture was kept heated at 124 °C for 72 hr.
The reaction was stoppgezboled to room temperatyrandquenched witt80 mL
distilled water Then the reaction mixture wasgtracted with DCM1 x 30 mL) The
organic layers were combingdfied over MgS@®@, and evaporated under reduced
pressureThe crude product was purified by column chromatography
(dichloromethane-hexane3:2) which was then washed witiexane and recrystallized
from toluene-hexaneto affordthe pure regourple powde(0.19 g, 58%)*H-NMR (500
MHz, CDCh): 1110.07 (s, 2H), 9.28 (d,= 8.5 Hz, 2H, 7.98 (d,J = 8.5 Hz, 4H), 7.80
(d,J = 8 Hz, 4H), 7.31 (dd,J1 = 8.5 Hz,J> = 2 Hz, 2H), 7.00 (dJ = 1.5 Hz, 2H)3.84
(t, J= 7.5 Hz, 4H), 1.74 (p] = 7 Hz, 4H), 1.42 (m, 4H), 1.32 (m, 8H), 0.86Jt 7 Hz,
6H) ppm.13C-NMR (125 MHz, CDC}): 1191.74, 168.04, 146.32, 145.55, 143.67,
135.80, 132.98, 130.58, 130.35, 127.72, 121.87, 121.32, 106.306, 380.52, 27.55,

26.76, 22.57, 14.04 ppm.
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4.1a

(E)-4,4'-(1,1-Bis(2-ethylhexyl)-2,2"-dioxo-[3,3'-biindolinylidene] -6,6'-
diyl)dibenzaldehyde(4.1b)

The title compound was synthesized according to a modified literature
proceduré’ In a Schlenkube under argon, a solution &){6,6-dibromo1,1-bis(2-
ethylhexyl}[3,3*-biindolinylidene}2,2-dione @.6b; 0.3 g, 0.47 mmol),4
formylphenylboronic acid (0.3 g, 2.00 mmdBtrabutylammonium bromidd BABr ;
10 mg), and freshly synthesizéeetrakis(tiphenylphosphinepalladium (0) catalyst
(Pd(PPhs)4; 50 mg) in toluene (30 mL) was prepared. Under argaassium
carbonate solutiofK2COs, 2M, 4 mL) was added, and the reaction mixture was kept
heated at 124 °C for 72 hr. The reaction was stoppmeted to room temperaturand
guenched witt80 mL distilled water Then the reaction mixture wastracted with
DCM (1 x 30 mL) The organic layers were combineéded over MgS®, and
evaporated under reduced pressiile crude product was purified by column
chromatographydichloromethane-hexane3:2) which was then washed wittexane
and recrystallized from toluereexando affordthe pure regurple powder (0.20 g,

62%) H-NMR (500 MHz, CDCY): 11 10.07 (s, 2H)9.27 (d,J = 8 Hz, 2H, 7.98 (d,J =



8.5 Hz, 4H), 7.78 (d) = 8 Hz, 4H),7.31 (dd,J; = 8.5 Hz,J» = 2 Hz, 2H),7.00 (d,J = 2

Hz, 2H), 3.73 (m, 4H)1.90 (m, 2H), 1.38 (m, 18HY.94 (t,J = 6.5 Hz, 6H), 0.88 (]

= 7 Hz, 6H) ppmX3C-NMR (125 MHz,CDCl): (1191.95, 168.68, 146.56, 146.20,

143.79, 136.02, 133.20, 130.64, 130.60, 127.84, 122.09, 121.54, 107.02, 44.51, 37.94,
30.97, 29.01, 24.39, 23.31, 14.33, 11.01 ppamal. Cald. for GeHsoN2O4: C, 79.51; H,

7.25; N, 4.03. Found: C, 79.36; H, 7.4M,;4.04.
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CHAPTER 5

CONCLUSION

In conclusion, this thesis work focused on the synthesis of new organic
compounds, specifically pyrene and isoindizased derivatives for electronic
applications. Multistep synthesis procedures were performed to attain the desired
products. The intermedlies, in addition to the final products, were characterize#iby
and*C-NMR. We also synthesized an isoindigo dialdehyde used as a linker in two new
COFs tested for the photocatalytic conversion o @HCOO.

In Chapter 2, we reported the synthesifva new isoindigo derivatives for
DLCs. The absorption and thermal properties of the compounds were studied, and we
were able to obtain the-My structure of the model compou2d.c Preliminary
mesophase behavior of the compounds was studied, andhn#igsis techniques,
including PXRD, will be performed.

In Chapter 3, we reported the synthesis of two new pyrene derivatives for
OFETSs. The absorption properties3of were reported. The purification of compound
3.2is still ongoing as it is not solubin most organic solvents. Electrochemical
properties of these two compounds will be studied, in addition to their application in
OFETs.

In Chapter 4, we reported the synthesis of two isoindigo dialdehyde derivatives,
one of which was reacted with tetraaoporphyrin to obtain a new COF callBt+
COF. The latter was then pestetalated with cobalt cations to obt&on-PI1-COF.
Characterization of the two COFs was attained through different techniques, and their

application in the conversion of G& HCOO under visible light was studied.



CHAPTERG

SUPPORTING DATA

This Chapter includes tHel and**C-NMR spectroscopy data of all the

synthesized compounds reported in this thesis work.
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Figure6.1. *H-NMR of 2.5in DMSO-ds at 500 MHz.

151



170 150 150 140 10 ppm

Figure6.2. *C-NMR of 2.5in DMSO-ds at 125 MHz.
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Figure6.5. 'H-NMR of 2.6bin CDCk at 500 MHz.
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Figure6.6. *C-NMR of 2.6bin CDCk at 125 MHz.
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Figure6.11. *H-NMR of 2.1bin CDCk at 500 MHz.
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Figure6.12. *3C-NMR of 2.1bin CDCk at 125 MHz.
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Figure6.14. 3C-NMR of 2.1cin CDCk at 125 MHz.
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Figure6.15. *H-NMR of 2.2ain CDCk at 500 MHz.
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Figure6.16. *°C-NMR of 2.2ain CDCk at 125 MHz.
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