
Synthesis and characterization of
octasubstituted phthalocyanines

Item Type text; Dissertation-Reproduction (electronic)

Authors Minch, Britt Austin

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:58:56

Link to Item http://hdl.handle.net/10150/280487

http://hdl.handle.net/10150/280487


NOTE TO USERS 

Duplicate page number(s); text follows. 

The manuscript was scanned as received. 

258, 259 

This reproduction is the best copy available. 

UMI 





SYNTHESIS AND CHARACTERIZATION OF OCTASUBSTITUTED 

PHTHALOCYANINES 

by 

Brill Auslin Minch 

A Disserlation Submilted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN CHEMISTRY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2004 



UMI Number: 3119968 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3119968 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



rdE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared bv Britt Austin Minch 

entitled Synt hesis and Characterization of Octasubst itut ed 

Phthalocyanines 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Neal R. Armstrong 

Eugene A. Mash 

Dominic V. McGrafh 

'J ' John E. Enanark 

S. Scott Saavedra 

Date 

Date 

Date 

Date 

oU' 
Date I 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
e q 

\ \ \ ""x \ 

.2>l i2J"o^ 
Dissertation Dir^ctorX^ Dale 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
Univcrsily of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material 
is in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 



4 

ACKNOWLEGDEMENTS 

I would like to thank Dr. Armstrong who was instrumental in the completion of 
this research effort and my committee who has tried to fill the shoes of Dr. O'Brien, who 
passed away before the completion of this research project. I would also like to thank the 
members past and present of the O'Brien and Armstrong groups who have been very 
supportive and have contributed to this research project and my growth as a scientist. I 
am especially in debt to Dr. Carrie Donley and Wei Xia who have taken me under their 
wings and provided me with a "crash course" in analytical chemistry and Tony Drager 
who served as a mentor for synthetic methods, once 1 joined the phthalocyaninc project. 
1 also want to acknowledge the hard work of Ryan Hernandez, who has aided in the 
production and purification of large quantities of Pes. I am indebted to Dr. O'Brien who 
was invaluable in getting me started, keeping me going, and has set the standard of 
excellence in my research and career. Finally, I would like to thank all of the family and 
friends that supported me through this process. 



5 

DEDICATION 

In memory of David F. O'Brien. 



6 

TABLE OF CONTENTS 
Page 

LIST OF FIGURES.......... ....12 

LIST OF TABLES 16 

ABSTRACT... 17 

CHAPTER 1: MTRODUCTION 18 

1.1 Introduction to Supramolecular Materials 18 

1.1.1 Self-Organized Materials 20 

1.1.1.1 Organic Field Effect Transistors 21 

1.1.1.2 Photovoltaic Devices 22 

1.1.2 Types of Self-Organized Discotics............................. .........23 

1.1.2.1 Triphenylenes .24 

1.1.2.2 Porphyrins 24 

1.1.2.3 Phthalocyanines. ..25 

1.1.2.4 Hexa-pen-hexabenzocoronene 26 

1.2 Self-Assembled Materials 27 

1.3 Supramolecular Polymers from Calamatic or Linear Monomers. 32 

1.3.1 Single Hydrogen-Bonded Polymers 32 

1.3.2 Supramolecular Polymers Based on Multiple Hydrogen Bonds 34 



7 

TABLE OF CONTENTS-Continued 

Page 

1.4 Supramolecular Polymers of Discotic Mcsogcns Through 

Hydrogen Bonding 36 

1.5 Summary of Previous Work in the O'Brien and Armstrong Groups. 39 

1.6 Overview of Current Work.............. .....43 

1.6.1 Molecules of Interest 45 

CHAPTER 2: EXPERIMENTAL 51 

2.1 Overview of Synthetic Route. 51 

2.2 Synthesis of Thioelher Substituted Phthalocyanines 52 

2.2.1 Synthesis of 2,3,9,10,16,17,23,24-octakis (2-Benzyloxy ethylsulfanyl) 

Phthalocyanine ..52 

2.2.2 Synthesis of 2,3.9,10.16,J 7,23,24-octakis (2-Cinnamyloxy ethylsulfanyl) 

Phthalocyanine 57 

2.2.3 Synthesis of 2,3,9,10,16,17,23,24-octakis (2-Hydrocinnamyloxy 

ethylsulfanyl) Phthalocyanine. ....62 

2.2.4 Synthesis of 2,3,9.10.16,17.23.24-octakis 

(2-(3,4,5-trimethoxy)benzyloxy ethylsulfanyl) Phthalocyanine. .69 

2.2.5 Synthesis of 2,3.9.10,16.17.23.24-octakis {3-(4- octylbenzamide 

propylsulfanyl )) phthalocyanine 76 

2.2.6 Synthesis of 2,3,9,10,16,17,23,24-octakis(3-(4-octylphcnyIcarbomoyl) 

propylsulfanyI))phthalocyamne 82 



8 

TABLE OF COmENTS-Continued 

Page 

2.2.7 Synthesis of 2,3,9.10.16,17,23.24-octakis (2-(4-octylbenzamide 

ethylsulfanyl))_ phthalocyanine 88 

2.2.8 Synthesis of 2,3,9.10,16.17.23,24-octakis (2-(Phenethyloxy ethylsulfanyl)) 

phthalocyanine ..93 

2.3 Polarized Optical Microscopy (POM). ..99 

2.4 Differential Scanning Calorimetry (DSC) 101 

2.5 Atomic Force Microscopy (AFM) 102 

2.6 Langmuir-Blodgett Experiments (LB) 102 

2.7 Failed Experimental Methodologies. 103 

2.7.1 4,5-dihydroxy phthalonitrile 103 

2.7.2 Perfluorinated benzyloxyethylsu 1 fanyl Pc. 104 

2.7.3 Hydrogen-bonding Pes. 106 

CHAPTER 3; 2,3,9,10.16.17,23,24-Octa(2-benzyloxyelhylsullanyl) Pc 109 

3.1 Overview of Compound 109 

3.2 UV-Visible Spectroscopy 110 

3.3 Langmuir-Blodgett Studies 114 

3.4 Polarized Optical Microscopy (POM) 117 

3.5 Differential Scanning Calorimetry (DSC) 120 

3.6 X-ray Data 122 

3.7 Summary of Data. 125 



9 

TABLE OF CONTEmS-Continued 

Page 

3.8 Conclusion 126 

CHAPTER 4; 2,3,9,10,16,17,23,24-Octa(2-Cinnamyloxyethylsulfanyl) Pc 128 

4.1 Overview of Compound. 128 

4.2 UV-Visible Spectroscopy. 129 

4.3 LangmuirBlodgettThinFilmStudies 131 

4.4 Polarized Optical Microscopy (POM) 132 

4.5 Differential Scanning Calorimetry (DSC) 135 

4.6 X ray Diffraction Studies. ....136 

4.7 Summary of Data 138 

4.8 Conclusion 139 

CHAPTER 5: 2,3,9,10,16,17,23,24-Octa(2-HydrocinnamyloxyethyLsulfanyl) Pc.. 141 

5.1 Overview of Compound 141 

5.2 UV-Visible Spectroscopy 142 

5.3 Langmuir-Blodgett Studies. 143 

5.4 Polarized Optical Microscopy (POM).. 143 

5.5 Differential Scanning Calorimetry (DSC). .145 

5.6 X-ray Data 146 

5.7 Summaiy of Data. 147 

5.8 Conclusion. 148 

CHAPTER 6: 2,3,9,10,16,17.23.24-Octa( 2-Phenylethyloxyethylsulfanyi) Pc 150 



10 

TABLE OF CONTEKTS-ContinuccJ 

Page 

6.1 Overview of Compound 150 

6.2 UV-Visible Spectroscopy. 151 

6.3 Langmuir-Blodgett Studies 153 

6.4 Polarized Optical Microscopy (POM) 154 

6.5 Differential Scanning Calorimetry (DSC) 157 

6.6 Powder Diffraction Data. 159 

6.7 Summary of Data 159 

6.8 Conclusion 160 

CHAPTER 7; 2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide ethylsulfanyl) Pc, 

2,3,9,10,16,17,23,24-Octa(3-(4-octylbenzamidepropylsulfanyl) Pc. and 

2,3,9,10,16,17,23,24-Octa(3-(4-octylphenylcarbomoyl)propylsulfanyl) Pc 161 

7.1 Overview of Compound. 161 

7.2 UV-Visible Spectroscopy 164 

7.3 Langmuir-Blodgett Studies ....168 

7.4 AFM Studies of Adsorbed and Cast Films. 169 

7.5 DSC and Polarized Optical Microscopy 172 

7.6 X-ray Diffraction. 174 

7.7 Summary of Data. 175 

7.8 Conclusion 176 

CHAPTER 8: Summary 179 



11 

TABLE OF COWTENTS-Continued 

Page 

8.1 Conclusion. 179 

8.2 Future Directions 181 

8.2.1 Unsymmetrical Pes 181 

8.2.2 Symmetrical Pes. 183 

8.2.3 Hydrogen-Bonding Pes. 184 

Appendix A 186 

Appendix B 190 

Appendix C. ...224 

Appendix D ...258 

Appendix E 266 

Appendix F 307 

Appendix G 324 

Appendix H 337 

Appendix I. 343 



12 

LIST OF FIGURES 

Page 

Figure 1.1. Common Discotic Mesogens 20 

Figure 1.2. Schematic of an OFET 22 

Figure 1.3. Schematic of a typical photovoltaic cell ....23 

Figure 1.4. Helical conformations of oligopyridine-dicarboxamide strands 29 

Figure 1.5. Discotic mesogens through self-assembly 31 

Figure 1.6. Threc-dimensionally based sekf assembly 31 

Figure 1.7. LC side chain polymers 33 

Figure 1.8. Role of secondary interactions in self-assembly 35 

Figure! .9. Helical structures of benzene triamides .......37 

Figure 1.10. P-peptide nanotubes 38 

Figure 1.11. Previously prepared octasubstituted Pes 40 

Figure 1.12. Spectrum of LC mesophase materials .....46 

Figure 1.13. Pc side-chains......... 47 

Figure 2.1. Over view of synthetic method 51 

Figure 2.2 Synthetic pathway to compound (2-4) .53 

Figure 2.3 Synthetic pathway to compound (2-13) 58 

Figure 2.4 Synthetic pathway to compound (2-20) 63 

Figure 2.5 Synthetic pathway to compound (2-27).. ...70 

Figure 2.6 Synthetic pathway to compound (2-32). 77 



13 

LIST OF FIGURES-Cantinued 

Page 

Figure 2.7 Synthetic pathway to compound (2-37). 83 

Figure 2.8 Synthetic pathway to compound (2-42) 88 

Figure 2.9 Synthetic pathway to compound (2-48) ..94 

Figure 2.10. Schematic birefringence in crystals 100 

Figure 2.11. Williamson ether synthesis. 103 

Figure 3.1. Benzyloxy substituted Pes. 110 

Figure 3.2. Exciton Splitting 111 

Figure 3.3. UV-Vis Spectra of 24 ........114 

Figure 3.4. LB isotherms of 2^and 3^1 115 

Figure 3.5. AFM images of columns 116 

Figure 3.6. AFM of spin-cast films ...117 

Figure 3.7. POM of fibers. 118 

Figure 3.8. POM of crystals 120 

Figure 3.9. DSC thermograms 122 

Figure 3.10. X-ray reflectivity 123 

Figure 3.1 1. Powder diffraction and unit cell.... 124 

Figure 3.12. Crystal packing of compound 24. 125 

Figure 4.1. Compound 2-13 and 129 

Figure 4.2. Thin film UV-Vis 130 



14 

LIST OF FIGURES-Conrinwed 

Page 

Figure 4.3. POM of drop-cast film 133 

Figure 4.4. POM of unpolymcrized crystals. 134 

Figure 4.5. POM of polymerized crystals. 135 

Figure 4.6. DSC thermograms. 136 

Figure 4.7. Powder diffraction of 2-13 137 

Figure 4.8. Powder diffraction of 138 

Figure 5.1. Hydrocinnamyloxy ethylsulfanyl Pc. 141 

Figure 5.2. Solution UV-Vis 142 

Figure 5.3. POM of drop-cast film 144 

Figure 5.4. DSC thermogram. 146 

Figure 5.5. XRD data 147 

Figure 6.1. Phenethyloxy ethylsulfanyl Pc 150 

Figure 6.2. Solution UV-Vis Spectroscopy .........151 

Figure 6.3. Polarized UV-Vis of thin films 152 

Figure 6.4. LB isotherms 154 

Figure 6.5. POM of fibers of the phenethyloxy ethylsulfanyl Pc 156 

Figure 6.6. POM of crystals 157 

Figure 6.7. DSC thermogram.. .....158 

Figure 6.8. Powder diffraction. 159 

Figure 7.1. Structures of the hydrogen-bonding Pes 161 



15 

LIST OF F K JIJ R ES - Con tin ued 

Page 

Figure 7.2. Proposed AB type assembly 163 

Figure 7.3. Solution UV-Vis of 2-41 166 

Figure 7.4. Solution UV-Vis of 2-32 and 2-37 167 

Figure 7.5. AFM image of gel fomiation 170 

Figure 7.6. AFM of supramolecular structures 171 

Figure 7.7. Effects of concentration on the assembly of discotics 171 

Figure 7.8. DSC of compound 2-41 173 

Figure 7.9. DSC thermograms of 2-32 and 2-37 174 

Figure 7.10. X-ray diffraction data of 2-41 175 

Figure 8.1. Expansion of a subPc 182 

Figure 8.2. Dinuclear Pc complexes ..183 

Figure 8.3. AB type assembly 185 



16 

LIST OF TABLES 

Page 

Table LI Bonds of Supramolecular Chemistr}'... 19 



17 

ABSTRACT 

Substituted phthalocyanines (Pes) have been studied intensely for decades as 

pigments because of their high molar absorptivities. thermal stability, and stability 

towards light exposure. These materials also show promise as electron and hole transport 

layers in a variety of device applications such as organic field effect transistors and 

photovoltaics. This dissertation describes the synthesis of several new phthalocyanines 

(Pes) and the fabrication of highly ordered supramolecular assemblies. Efforts to 

increase the coherence of Pc assemblies have included the incorporation of side chains 

containing polymerizable and hydrogen bonding moieties. The synthesis of 

2,3,9,10,16,17,23,24-octa thioether substituted Pes was designed to allow the 

incorporation of diverse thioether side chains. The synthesis is shorter and uses milder 

conditions than the previous synthetic methods explored in the O'Brien and Armstrong 

groups. Serendipitously. the thioether linkage allow for chalcogen-chalcogen 

interactions, increasing the attraction of the Pes sufficiently to provide for crystal growth. 

The order of the supramolecular materials has been examined in thin films as well as in 

solution. The IJV-Visible and IR spectroscopic data, Langmuir-Blodgett (LB) film 

forming behavior, thermotropic properties, and photovoltaic properties are reported for 

each Pc derivative prepared. Although each compound prepared displays some degree of 

order, the degree to of this order is controlled by the nature of the side chain. The Pes 

exhibit long range ordering on a macroscopic level, as can be seen from polarized optical 

microscopy, atomic force microscopy. IR. and X-ray diffraction techniques. 



Chapter 1: Introduction 

1.1 Introduction to Supramoiecuiar Materials 

Lehn accurately described supramolecular chemistry as "chemistry beyond the 

molecule." ' The chemist is no longer limited to the use of covalent bonds to make 

complex materials; in fact, a diverse library of non-covalent interactions allows for the 

synthesis of complex architectures unattainable through covalent bond formation. 

Chemists can focus not just on a single molecule, but on arrays of molecules that can 

exhibit unique properties compared to the single molecule building block. Eloquent 

molecular chemistry is still required to incorporate and manipulate functionalities 

(hydrogen bonding groups, metal chelation sites, etc.) in these supramolecular building 

blocks. 

Supramolecular architectures are derived from building blocks that spontaneously 

aggregate. The degree of order and the strength of the interactions between the 

molccules can vary greatly with the identity of the monomeric building blocks.'"" There 

is considerable confusion in the literature about the difference between self-assembly and 

self-organization. Self-assembled materials require the use of strong directional non-

covalent interactions that lead to a regular network of interactions. ' Self-organized 

materials use less specific interactions and do not lead to a rigid network of interactions.^ 

The challenge for the supramolecular chemist is to utilize, understand, and control these 

two processes to obtain novel materials with well defined morphologies and sizes. 

Whether a molecule undergoes a self-assembly or self-organization process, the 

aggregation of the molecules in bulk is directed through intermolecular forces 
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(Intcrmolecular forces are summarized in Table Ll"^). Iniermolccular forces are much 

weaker than covalent bonds; however, combinations of several interactions can be used 

12'^ to overcome the entropic losses experienced during the aggregation process. ' 

Table 1.1; Bonds of Supramolecular Chemistry-Intemioiecular Interactions 

Intcrmolecular Force Representation Brief Description 

Ionic Interactions 

©0 
Strong intermolecular force 
between two ionic species 
(i.e. K' and CI ) 

lon-Dipole Strong interaction between an 
ion and a polar molecule (i.e. 
CI and H2O) 

Hydrogen-B ending 

I
 

\
 

0
-
-
-
-
X

 

/
 

\
 

X
 

O
 

/
 

X
 A specialized form of the 

dipole-dipole interaction that 
occurs between a hydrogen 
atom (attached to a N. 0, F, 
or S atom) and a lone pair of 
electrons of a heteroatom in 
the same or different 
molecule 

Dipole-Dipole 
_i_y 

Electrostatic interactions 
between permanent dipoles of 
polar molecules 

Dipersion 
Temporary polarization of the 
electron clouds of two neutral 
molecules leading to 
asymmetric charge 
distribution and a weak net 
attraction (i.e. Br> and Bra) 

The present work will examine the effects of structural modifications on 

phthalocyanines and their resultant discotic assemblies. We will focus on controlling the 

order of the assemblies utilizing side chains that will either promote self-organi/.ation or 

self-assembly. The ultimate goal of the current research is to better control the 



organization of the phthalocyanine assemblies and gain an insight into the effects of the 

side chain on the aggregation of the phthalocyanine assemblies. The following sections 

will examine the relevant literature that has been published to better establish the current 

research goals. 

1.1.1 Self-Organized Discotic Materials 

There are a wide variety of molecules that self-organize to fomi assemblies with 

novel properties. Among these self-organized materials, discotic liquid crystals (LCs) 

have particular relevance to the current research. Discotic LCs, as the name suggests, 

incorporate a disc-shaped mesogenic unit in the molecule that typically plays a role in the 

ordering of the assembly. Typically the molecules are comprised of a rigid aromatic core 

and flexible substituents in the periphery. The substituents are typically flexible alkyl or 

alkoxy groups which increase the solubility of the molecule by reducing the interaction 

between the aromatic cores of the LCs. 

A B c 1) 

Figure 1.1. Common discotic mesogens. A) Triphenylene, B) Pophyrin, C) Phthalocyninc, 
D)Hexabenzocoronene. 

The aromatic core of the mesogen is typically planar allowing for optimal n-

orbital overlap. These large, ditopic Ti-clouds are responsible for the n-n stacking of the 

molecules which tends to order the molecules into columnar aggregates. This stacking 



phenomenon is believed to facilitate the passage of elcclrons from disk-to-disk, along the 

column axis, and lowers the overall reorganization energy for the charged state. Discotic 

liquid crystals have therefore become interesting new candidates for hole transports 

layers, organic field effect transistor materials and , if they can be isolated as single 

6-8 molecular objects, as molecular wires. ^ 

1.1.1.1 Uisotic Materials inOrganic Field-Effect Transistors 

Organic molecules are attractive industrially for field effect transistors because 

the materials arc relatively inexpensive, have readily tuned electronic properties, and are 

easily processed onto flexible substrates. The justification for the use of discotic LCs in 

OFETs and other electronic devices lies in their coaxial nature of conduction along a 

.single columnar axis and the ability to align the columnar mcsophase by a variety of 

mechanical and magnetic methods.'' A typical OFET functions as a capacitor comprised 

of three electrodes; the gate (highly doped silicon), drain (gold), and source (gold).'" A 

p-type organic semi-conductor is utilized to transport holes from the source to the drain. 

The application of voltage on the gate electrode allows for the modulation of the density 

of charge carriers in the organic semiconductor.'" When no voltage is applied to the gate 

the device is in the "Off state. As the negative voltage is increased on the gate electrode 

the device is in the "On" position. The dielectric media functions as a capacitor resulting 

in an accumulation of holes in the first layers (nearest to the gate oxide) of the organic 

semi-conductor. A negative voltage applied to the drain electrode allows the holes to 

move from the grounded source electrode. The columnar assemblies used in these 

devices are to lie parallel to the gate and conduct along the column axis. Currently, the 



OFETs being prepared in the Armstrong group are made by the deposition of ordered LB 

films onto the gate. The molccules used for these types of applications must be 

amphiphilic to allow the formation of LB films and the ordering in these films must be 

extremely high to insure proper device performance. 

Figure 1.2. Schematic of an OFET. Adapted from Donley." 

1.1.1.2 Discotic Materials in Photovoltaic Devices 

Photovoltaic (PV) cells can be used to convert solar energy to electricity; however, 

the high cost of the current silicon technology has limited the use of solar cells. The idea 

of manufacturing low cost photovoltaics on flexible substrates has been proposed by 

several groups examining organic PV cells.In organic PV cells, the hole transport 

layer (HTL) and the electronic transport layer (ETL) are sandwiched between two 

electrodes. One of the two electrodes must be transparent for light absorption to occur. 

Excitons are produced upon the absorption of light. These neutral excitons must migrate 

to the interface between the HTL and the ETL.'^ Upon arrival of the exciton at the 

interface the exciton is broken up and the hole and the electron arc then transported 

through the respective transport layers to the respective electrodes.''^ The ETL and HTL 

must be designed to efficiently allow charge separation of the excited states of one or 

Dram Sdiirce 



both species. The use of discotic materials again is justified by the coaxial conductive 

nature of the co-facial columnar assemblies. Ideally, the columnar assemblies must be 

oriented with the column axis perpendicular to the substrate. Phthalocyanines and 

porphyrins are attractive organic materials for solar cell applications due to their high 

Q I C  
molar absorbtivities in the visible sprectrum. ' 

Figure 1.3. Schematic of a typical Photovoltaic cell. Adapted from Donley. 

Glass substrate 

1.1.2 Types of Self-Organized Dlscotics 

Although the discovery of the LC mesophase (An LC mesophase is a phase in 

between the solid and liquid phases.) behavior of discotic materials is relatively recent, 

discotics like porphyrins and phthalocyanines have been known for many years. The 

discotic mesophase materials have been closely studied by several research groups for a 

diverse array of applications.'" '''''''' There are many properties that are shared among the 

discotic materials, but each class of molecule has its own unique properties as well. 

1.1.2.1 Triphenylenes 



Triphenylenes were one of the first major classes of discoiic LCs to be examined. 

These molecules have a small aromatic core and as a result tend to wealdy associate with 

one another. Ringsdorf and co-workers demonstrated that upon doping 2,3,6,7.10.11-

pentyloxy triphenylene with an electron acceptor trinitrofluorene (TNF) an ordered 

hexagonal phase is formed.^' The triphenylene without the presence of TNF showed no 

liquid crystalline properties; the electron acceptor promotes the formation of a hexagonal 

mesophase. The formation of these columnar mesophases is believed to be driven by the 

formation of charge transfer complexes. ̂ " It was shown that 2,3,6,7,10,11-hexahexylthio 

triphenylene (HHTT) forms well ordered mesophases. In fact, HHTT exhibits a helical 

mesophase before entering into a hexagonal discotic mesophase.'^"'' Recent work by 

Cammidge and Gopee illustrated that helical columnar assemblies can be obtained with 

unsymmetrically substituted triphenylenes. A helical columnar mesophase is obtained 

when 3,6-bis(hexyloxy)-3,6,10,ll-tetrakis(hexylthio) triphenylene is heated and cooled. 

The structural requirements for this mesophase are very stringent as none of the other 

corresponding isomers exhibited this additional mesophase transition. 

1.1.2.2 Porphyrins 

Porphyrins have a somewhat larger aromatic core in comparison to triphenylenes 

and have the added ability to chelate metals in the center of aromatic core. Bard and co

workers demonstrated that porphyrin analogues of LC phthalocyanines of the group of 

Simon also have unique and interesting properties. Bard and co-workers, interested in 

developing low cost PV devices, sought to utilize a porphyrinic core as opposed to a 

phthalocyanine core to improve the rheological properties of the LC mesophase."' This 



group postulated that the smaller aromatic core reduce viscosity and would require 

shorter chains to induce LC behavior, which would also lead to reduced viscosity.'' As 

expected alkoxy derivatives of oclaelhanolporphyrin were found to be liquid crystalline 

and the mesophases investigated were fluid enough to allow short range ordering and 

even allow for capillary filling."' 

Porphyrins in general, tend to form dimers in solution, hut Sudholter and co

workers demonstrated that non-ionic tetraphenyl porphyrins (TPPs) substituted with oligo 

or 
(ethylene oxide) side chains can form higher aggregates in aqueous media. Patel and 

Suslick prepared a series of TPPs in which the phenyl groups were substituted in 3 and 5 

positions with n-alkyl esters. These moleculcs arc somewhat unique in that they are not 

planar, but still exhibit liquid crystalline properties forming ordered hexagonal liquid 

crystalline domains upon cooling from the melt. " TPPs are not; however, the only 

porphyrin derivative that exhibit liquid crystalline properties. Velasco and co-workers 

synthesized an asymmetrical P-polysubstituted porphyrin which exhibited multiple liquid 

crystalline mesophases. ''' 

1.1.2.3 Phthalocyanines 

Phthalocyanines (Pes) and their derivatives have a greater tendency to aggregate 

co-facially due to the increased size of the 7i-system, compared to triphenylenes and 

porphyrins. Simon and co-workers demonstrated that the addition of eight dodecyloxy 

chains to the aromatic core imparted liquid crj'stallinity."" Since the discover}- of this 

first LC Pc several groups have investigated substituted Pes for use in a variety of opti-

electronic applications. Most of the substituted Pes described in the literature are simple 



alkoxy, alkyl, or alkyl thiol substituted Pes. This is mainly due the low yields and the 

complicated Rosemund von Braun reaction that is most commonly used to synthesize 

Pcs.'^ The development of more generalized synthetic procedures will certainly allow for 

higher yields of Pes with increasingly complex substiluenls. 

Several side chain motifs have been examined by various groups in efforts to 

increase the cohcrence of the columnar mesophase. Nolte and co-workers synthesized 

Pes with long alkoxy chains containing acrylate groups at the terminus. Thermally 

initiated radical polymerization of these acrylate substituted Pes at the LC transition 

temperature led to a fully cross-linked intractable solid.Few reports; however, have 

been made of Pes containing aromatic groups at the terminus of solublizing aliphatic 

chains. O'Brien. Armstrong and co-workers were the first to report synthesis and 

characterization of 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy) Copper (11) 

Phthaiocyanine. ' ' ' It is believed that the terminal aromatic groups in these Pes add 

dramatically to their self-organizing properties of the Pc. Kobayashi and co-workers 

recently reported the synthesis and characterization of star-shaped stilbenoid Pes that 

form ordered hexagonal aggregates from the melt. '*^ 

1.1.2.4 Hexa-pen-hexabenzocoronene 

The most recent addition to the discotic LC family and one of the largest discotic 

mesogens prepared to date is hexa-/«'r/-hexabenzocoronene (HBC). Aliphatic 

substituted derivatives have been shown to organize face to face in very coherent 

columnar aggregates. The HBC molecule with six dodecyloxy side chains was found to 

form ordered hexagonally packed LC mesophases. HBC-Ci?: however, was found to be 



less ordered than other discoiic LCs due to the large physical mobility of the aromatic 

91 
core in the mesophase. The movement of the core is of great concern, as high lateral 

movement may lower the charge mobility due to changes in the overlap n-% systems in 

the aggregates.^' Inserting a phenyl between the aromatic core and the side chain was 

found to have profound effect on the core mobility. The core mobility was lowered by 

15% as evidenced by solid state NMR studies, while the side chain mobility actually 

increased.^' The increase in side chain mobility may increase the HBC's freedom of 

21 motion and allow restructuring or "self-healing" in the mesophase. 

Recently Bard et al. synthesized a phytol derivatized HBC to demonstrate that the 

addition of the branched side chains can effecti vely lower the LC transition temperature 

of discoiic LCs.^ ' The LC transition temperature was lowered from 81° C (for 

unbranched alkyl substituted HBC) to -31° C (for the phytol substituted HBC derivative). 

The phytol substituted HBC forms ordered hexagonal column assemblies upon cooling 

from the isotropic sate and is the first HBC reported to exhibit a thermally stable isotropic 

phase with unfunctionalized side chains. 

1.2.1 Self-Assembled Materials 

Self-assembled materials come in many shapes and sizes, from capsules to 

polymers. This section will focus on smaller assemblies of molecules and the flowing 

sections will examine supramolecular polymers in full detail. As previously stated, self-

assembly requires strong and directional interactions. Metal chelation, charge 

interactions, and hydrogen bonding have been used extensively in designing self-

assembling systems. Although metal chelation and charge interactions are important 



interactions that lead to well defined, self-assembled structures, they have little relevance 

to the current research. The main focus here will be the use of hydrogen bonding in self-

assembly. 

Hydrogen bonding in combination with other intramolecular forces can lead to 

unique architectures. Lehn and co-workers recently disclosed the formation of helical 

assemblies based on o 1 igo-pyridine-dicarboxamide strands. Formation of helical 

structures is driven through an additive effect of n-n stacking and hydrogen bonding.'^ 

Heptamcric and pentameric strands were found to form helical structures of one and a 

half turns and a little over one turn respectively by X-ray. The formation of the helical 

structures is guided by intramolecular hydrogen bonding. NMR studies of dilute 

heptamer gave rise to peaks corresponding to a helical monomer. Upon increasing the 

concentration of the oligomer a new set of signals begin to grow in, which correspond to 

dimer formation. Heating of the NMR solution leads to a 98 % increase of the helical 

dimcr. The NMR signals of the dimers are strongly shielded compared to the signals of 

the monomeric species, thus indicating that n-n stacking plays an important role in the 

assembly of the dimcrs. The fact that the monomeric species does not have ti-tc stacking 

-2q 
and the duplex structure does may be a driving force for the formation of the duplex. 

As would be expected the helical structures increase in stability as chain length increases 

on 
due to increased n-n stacking and hydrogen bonding interactions. 
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Figure 1.4. Intramolecular hydrogen bonding leads to helical conformations of pentamcric and 
I 39 heptameric oligopyridine-dicarboxainide strands. Adapted from Lehn et al.' 

Hydrogen bonded assemblies are not limited to hclical structures, nor are 

supramolecular assemblies restricted to small, simple building blocks. That is to say that 

a self-assembled aggregate can be assembled and then go on to self-organize or self-

assemble into ever larger structures. Kato and coworkers exemplify this by using self-

assembly to form smectic and discotic thermotropic liquid crystalline mesogens which 

can then go on to form smectic or discotic mesophase structures respectively. The nature 

of the assembly of the 2-{3,4-dialkoxyphcnyl )ethyl substituted folic acid derivatives was 

found to be strongly dependent on the length of the alkoxy group.^" A discotic 

mesophase is obtained when the alkoxy chains are octadecyloxy or tetradecyloxy; 

however, shorter side chains (hexyloxy and undecyloxy ) exhibit smectic LC behavior. 

Due to nature of the mesogens the type of LC mesophase exhibited can be changed 

through external stimuli. Kato and co-workers found that the addition of 0.5 mol of 

NaOTf could change the LC phase displayed by the undecyloxy compound from smectic 

to a columnar mesophase. The change of the aggregate form from the smectic to discotic 

mesogen is believed to driven by the ion-dipolar interaction between the metal cation and 

the pterin ring system."^" It should be noted that the hexyloxy substituted folic acid 
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derivative did not undergo the phase change, illustrating that with this system the length 

of the alkoxy chain is important to stability of the discotic mesophasc. 

Kloster, Carducci, and Mash recently reported the synthesis and characterization 

of self-assembling molecular units designed utilizing a three-dimensional assembly 

paradigm. The molecules were designed to incorporate three separate and orthogonal 

moieties to aid in the self-assembly of the molecules into three-dimensional tape-like 

sinjctures.'" Assembly of the units into ladder-like structures was directed by the central 

piperazine-2,5-dione core. Second and third dimensional control was achieved through 

7t-n interactions and van der Waals interactions of long alkoxy side chains." These 

molecules were shown to form microcrystals as well as exhibit liquid crystalline behavior. 
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Figure 1.5. A) Ribbon-like structures arise form short alkoxy side chains, B) longer alkoxy chains 
favor formation of discotic aggregates from folic acid derivatives. Adapted from Kato et al.^' 
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Figure 1.6. Three-dimensional assembly based on supramolecular units containing three orthogonal 
molecular recognition moieties. Adapted from Kloster et al.'" 



13 Supramolecular Polymers from Calamatic or Linear Monomers 

Supramolecular polymers are polymers comprised of molecular building blocks 

that are held to together by intermolecular forces rather than covalent bonds? The 

majority of the supramolecular polymers have been based upon hydrogen bonding units 

and are straight chain polymers, however, metal chelation'^', and tt-jt stacking''^ motifs 

have also been studied. These intramolecularly bonded polymers do not exhibit the same 

sort of mechanical properties that covalently linked polymers do. Covalently linked 

polymers will most likely not be superceded by non-covalently linked polymers. The 

reversible nature of the non-covalent polymer makes these materials unsuitable for 

applications that need high tensile strength materials. However, supramolecular 

polymers are highly suited for applications that need materials that are responsive to 

external stimuli." 

13.1 Single Hydrogen-Bonded Polymers 

Hydrogen-bonding is a viable means of assembling complicated structures; 

however, interactions between monomer involving a single hydrogen bond are usually 

not strong enough to give high molecular weight polymers. The use of a single 

hydrogen-bond is still attractive in many situations due to straight forward nature of the 

synthesis required for the monomers. The pyridine-carboxylic acid hydrogen bonding 

motif has been used successfully to create new materials. Coleman and co-workers 

showed that the pyridine-carboxylic complexes of copolymer blends of 

ethylenemethacrylic acid/methylmethacrylate and 2-vinylpyridine/styrene were 5 times 

stronger than the rival carboxylic acid dirner complexes.'" 
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Kumar, Kato, and Frechet took this idea one step further and used pyridine-

carboxyHc acid interactions to synthesize side chain LC polysiloxanes. Utilizing a 

poly(mcthylsiloxane) and poly( methyl-co-di methyl si loxane) with pendant 4-

alkoxybenzoic acid pendant groups as hydrogen bond donors and trans-4-[(4-

methoxybenzoyl)oxy]-4'-stilbazoie as hydrogen bond acceptors, self-assembled 

hydrogen-bonding complexes were formed that displayed liquid crystalline mesophases 

that were not displayed by either of the individual components.^'"' X-ray characterization 

of the LC phases of the polymers indicated that a smectic A or smectic C mesophase is 

formed (depending on the composition of the polymer mixture) with these thermally 

stable complexes. This method has been used more recently by Zigon and Ambrozic to 

synthesize a side chain LC jx)lyurethane^''; demonstrating that this method can be used 

with a wide variety of polymers and possibly other materials as well. 

Figure 1.7. Hydrogen-bonded LC side chain complex and cartoon representation of the smectic C 
mesophase."*' 
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1.3.2 Supramolecular Polymers Based on Multiple Hydrogen Bonds 

Although single hydrogen, bonds are sulTicient to hold pendant groups onto a 

polymer backbone, stronger interaction are required to hold monomers together to form a 

true main chain supramolecular polymer. Realizing this, Lehn and co-workers 

developed difunctional 2,6-diaminopyridinc (P) and uracil (U) derivatives of long chain 

tartaric acid capable of triply hydrogen bonding."'^ The chirality of the monomeric 

species is translated into the aggregate. In (1:1) mixtures of the (DP +DU) and (1:1) 

mixtures of the (LP + LU) give left and right handed helical structures respectively that 

have been imaged by electron microscopy. These complexes exhibit liquid crystalline 

behavior from below room temperature up to ca. 200 °C. Although these monomer units 

were held together by three hydrogen bonds, they had very low degrees of polymerization. 

The triple hydrogen bonds were destabilized by repulsive secondary charge interactions, 

lowering the expected strength of the hydrogen bonding units linking the monomeric 

units together.The synthesis of supramolecular polymers with high degrees of 

polymerization would require the design of hydrogen-bonding units that would lower the 

repulsive secondary charge interactions while still allowing for the use of multiple 

hydrogen bonds. 
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Figure 1.8. Role of secondary interactions in hydrogen-bonded complexes. Adapted from Brunsveid 
et al." 

Meijer and co-workcrs have developed a self-complementary monomer based on 

2-uriedo-4-pyrimidone capable of forming four hydrogen bonds. This hydrogen bonding 

unit is easily synthesized and its DDAA (donor-donor-acceptor-acceptor) array 

experiences very little destabilization due to repulsive secondary interactions."^'^ 

Extremely high degrees of polymerization (7 x 10'. corresponding to an average 

molecular weight of ~5 x 10"'' g/mole) were obtained using this quadruple hydrogen 

bonding moiety. Due to these high DPs polymer behavior is seen even in dilute solutions 
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and the directionality of the intermolecular Ibrccs prevent microphase separation that 

would lead to crystallization or gelation of the polymers.^''' 

1.4 Supranidlecular Polymers of Discotic Mesogens Through Hydrogen Bonding 

Discotic LCs as previously discussed lend to form linear 2-D columnar structures. 

These structures arc typically loosely held together by TC-n interactions. The addition of 

hydrogen bonding groups in the periphery of discotic monomers allows for a more tightly 

bound assembly due to the increased specificity of the intermolecular interactions. Fewer 

examples of rod-like polymers from discotic monomers exist than for the linear polymers 

discussed in the preceding sections. This is most likely due to difficulties in the 

preparation of the monomers and characterization of the polymers. 

The largest body of work has been focused on systems based on derivatives of 

1,3,5-benzene tricaboxamides or 1.3,5-cyclohexane tricarbixamides. Mair and co

workers have demonstrated that these molecules, which have C3 symmetry, form rigid 

rod polymers as a consequence of both hydrogen bonding and n-n stacking as evidenced 

by X-ray diffraction and IR studies.''" The fact that these carbonyl groups prefer to 

remain near planar for conjugative reasons leads to an inducement of a helical twist.^" It 

is important to note that the helical twist is absent in molecules based on 1,3,5-

cyclohexanetricaboxiunides.''' The hydrogen bonding occurs parallel to column axis and 

therefore may lead to an induced dipole along the column axis. Alternating hydrogen-

bonding assemblies have been obtained through the addition of silyl groups of varying 

CO 
degrees of steric bulk. Other small molecules have been shown to exhibit similar 

column forming behavior as well. 
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Figure 1.9. (a)Benzene triamides form columns in apolar solvents via hydrogen bonding and n-TC 

stacking: (b) Solid-state arrangement of helical columns; (c) Cartoon representation of helical 
columns with each amide group depicted with a different shade of gray. Adapted from Bninsveld et 
al.-

More complex systems have been shown to exhibit column formation as well. 

Ghadiri and co-workers have developed a wide variety of nanotubes based upon cyclic 

peptide monomers. These cyclic peptide monomers have anywhere from 4-12 amide 

functionalities in the ring backbone. The amide groups are oriented parallel to the 

supramolecular column axis. Varying the number of the peptide residues inside the ring 

was shown to allow for the tuning of the internal pore of the nanotubes.'*'''''' Moreover, 

the dipolar nature of the nanotube can be changed through variation of the number of 

55 3 peptide residues, ji -peptide nanotubes have a unidirectional hydrogen bonding motif, 

which induces a macromolecular dipole reminiscent of the 1,3,5-cyclohexane 

tricarboxamide system. The dipolar nature can also be modified by the addition of "cap" 

molecules. The "caps" reside at the termini of the peptide nanotubes and alter the 

conductive and rectification properties."^*' 
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Figure 1.10. (a) p'-tetrapeptide nanotube is expected to display a niacronwlccular dipolc due to the 
unidirecti(»nal alignment of the dipolcs in the backbone, (b) Cyclic D,L-a-octapeptidc nanotube 
displays no niacromolecular dipole. Adapted form Clark et al.^""" 

It is apparent from studies with 1,3,5-benzenc tricarboxamides that the ceniral 

aromatic core plays a role in the assembly of the columnar aggregates. The group of 

Shinkai has recently explored whether or not the same hydrogen bonding interactions 

could aid in the assembly of molcculcs with larger aromatic cores. Shinkai and co

workers synthesized porphjrins with amide groups in the periphery to aid in aggregate 

formation. Surprisingly, the mode of aggregation is not the expected H aggregation in all 



28 ^9 cases. The H versus J aggregate fonnation was found to be tunable by slight 

modifications in the hydrogen bonding moiety. Porphyrins with 4"-N-

akylamidemethoxyphenyl substituents in the 5, 10, 15, 20 positions were found to 

•ya 

favorably form columnar aggregates in organogels." ' Placing 3',5'-bis (N-

alkylamidemethoxy)phenyl substituents in the 5, 10, 15, 20 positions was found to favor 

the formation of linear polymeric structures based on the J aggregate form. ' The J 

aggregate can be converted to a co-1'acial polymeric structure through the formation of a 

fullerene-porphyrin complex. 

1.5 Summary of Previous Work in the O'Brien and Armstrong Groups 

Initial work in the O'Brien and Armstrong groups with octasubstituted Pes led to 

several important discoveries. The nature of the side chains of the phthalocyanines was 

found to greatly effect the order, aggregation, and oxidation/reduction properties 

Electron donating substituents were found to lower the oxidation potentials of the Pc, 

while electron withdrawing substituents lowered the reduction potentials. It was, 

however, the discovery of the unusual stability and coherence of the Langmuir-BIodgett 

(LB) films of 2,3.9,10,16,17,23,34-oclakis(2-benzyloxyethoxy) phthalocyanine (3) that 

led to the realization that terminal aromatic groups greatly affected the order of the Pc 

film.^""'^""'' This Pc forms highly ordered monolayers and bilayers on the LB trough. The 

coherence and unusual stability is attributed to the incorporation of the terminal phenyl 

groups. Through an accumulation of weak n-n interactions extremely stable discotic 

mesophases are observed. 
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The length of the side chains was also expected to play a role in the ordering of 

the Pc films. Increased chain length was expected to increase the liquid crystalline nature 

of the Pes. The behavior of the Pc as the substituent is changed from benzyloxyethoxy to 

benzyloxytriethoxy is tremendous. The LB behavior indicated that the 

benzyloxytriethoxy side chains exhibit more freedom of motion which overcomes the 

stabilizing effects of the terminal phenyl groups.'" However, determination of the 

optimal chain length was not attempted. 

Figure 1.11. Previously synthesized octasubstituted Pes: 1) the second generation polymerizable Pc 
with the full ethylene oxide moiety; 2) the first generation poiyinerixable Pc: 3) the model compound 
that the polymerizable Pes were designed after. In the lower right corner, the proposed 
polymerization mechanism is displayed. Adapted from Donley et al.'^ 
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The mechanism of charge transport is different in organic semiconducting 

materials versus inorganic semi-conducting materials. This difference is due to the 

nature of interactions that hold the materials together. Inorganic semi-conductors are 

generally held together by covalent bonds allowing for optimal orbital overlap resulting 

in delocalization of the orbitals. The charge transport occurs in the delocalized orbitals, 

referred to as bands. The weaker interactions holding organic semi-conductors together 

do not allow for band formation. The lack of band formation creates the need for the 

organic materials to have localized excited states that charges hop between. This hopping 

mechanism lowers the charge mobility in the organic systems as compared to the 

inorganic systems. If organic systems can be prepared with optimal overlap of the 

bonding and anti-bonding orbitals, the mechanism of charge transport is believed to allow 

band formation. 

Increasing the coherence and order of the co-facial aggregates would, in theory, 

allow band formation and improve conductance of the Pc materials. Polymerizing the Pc 

assembly in an ordered state would lock the order of the assembly and allow conduction 

to occur through delocali/ed bands. Ideally these polymerized phthalocyanine rods 

would behave as "molecular wires." Polymerizable Pc molecules were not a new idea. 

However, previous polymerizable Pes were lacking in several ways. The polysiloxane 

Pes of Wegner and coworkers allowed for high-molecular polymeric Pc assemblies, but 

were severely limited in the choice of the central atom.^^ Nolte and co-workers 

synthesized Pes with acrylate substituents in the periphery. These acrylate substituted 



Pes would have allowed access to a wide variety of metal centers, but the resulting 

polymers were extensively cross-linked and unprocessable. 

It was clear from these previous works that the utmost care most be taken in the 

design of polymeri/able Pes. It was clear from the work of the group of Nolte that any 

polymeri/able group to be incorporated in the side chains would need to be isolated on 

the inside of the side chain to reduce the likelihood of crosslinking. Styr\l groups were 

incorporated in the side chain moieties to allow the photopolymerization of ordered 

assemblies of Pes. The first generation polymerizablc Pc, the 2.3,9.10,16,17.23.34-

octakis(styrylethoxy) phthalocyanine (2], was found to form ordered LB films.'" The LB 

transitions observed were not as sharp as those observed for 3 and stable bilayers were 

not obtained.'''*^ Irradiation of a 28 monolayer film with 254 nm polarized light yielded 

rod-like objects that could be dissolved and recast. The recast film on HOPG was 

characterized by AFM and molecular rods were observed with lengths ranging from 5-

290 nm."" The LC mesophase temperature was raised from 68" C to 212" C to the 

reduction of flexibility in the side chain. The solubility if the unpolymeri/ed Pc was also 

perturbed due to the stiffness. Although the thermotropic phase behavior and 

processability of the styryl Pc were less than ideal, polymerized molecular rods were 

formed.'^ 

It was believed that the processability and lower LC phase temperature was 

o b t a i n a b l e  d u e  t o  t h e  a d d i t i o n  o f  a n  e t h e r  l i n k a g e  i n  t h e  s i d e  c h a i n . T h e  

2.3.9.10,16,17.23,34-octakis(2-cinnamyloxyethoxy) phthalocyanine (1) was designed to 

incorporate an ethylene oxide moiety in the side chain to make the molecular properties 
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18 more similar to 3. The desired thermotropic phase behavior and solubility was restored. 

The increased flexibility in the side chains increased the molecules polymerizability; the 

percent conversion was increased from 30%^^ to 75%.'^ Charge density studies with 

polymerized and unpolymerized films demonstrated that ratio of the conductance along 

the column axis versus across the column axis (o||/o-l) was increased by a factor of 20.'^ 

These encouraging findings demonstrated that the polymerization of the Pc assembly can 

increase the conductance of the Pes along the column axis and that these materials may 

find use in organoelectronic devices with continued research. 

1.6 Overview of Current Work 

The current body of work is a continuation of the work previously completed in 

the O'Brien and Armstrong groups. Indeed the molecules previously synthesized 

possessed desirable properties for a variety of organoelectronic devices. The anisotropic 

conductivities exhibited by the benzyloxyethoxy Pc^ and the cinnamyloxyethoxy Pc'^. 

suggested that these molecules could be used as "molecular wires." A convenient 

synthetic procedure was developed by Drager and O'Brien that allowed for a direct 

synthesis of a variety of metallated and metal free Pes.'" This synthesis, although longer 

than the common Rosemund von Braun reaction, at forded a radical free environment. 

The method also yielded reaction mixtures that are readily purified through distillation or 

column chromatography. A disadvantage to Drager's method is the strongly acidic and 

basic conditions required in several steps. These conditions may cause rearrangements or 

fragmentation of complicated substituents. 



It was evident that a mild and even more general method for synthesizing 

complex phthalonitriles would be necessary. The SnAr displacement of the chlorines of 

4,5-dichlorophthalonitrile by thiolates originally reported by Worhle and co-workers"''® 

would not have been an obvious choice, but recent publications by Lux and co-workers"^'' 

and Ng and co-workers'^" have shown that the SnAr reaction could be carried out at room 

temperature with very short reaction times. The current work explores the use of 

thioether linkages which greatly increases the efficiency of the synthesis. The improved 

efficiency of the synthetic procedure is not the only benefit of the thioether linkages. 

Fortuitously, the thioether linkages add to the attraction between molecules through weak 

non-covalent interaction between the thioether groups. With the increased attraction 

between molecules via the non-covalent interactions of the thioether groups, the 

possibility of making more coherent assemblies has been raised. In fact, the replacement 

of the ether groups with thioether groups has allowed the growth of single crystals of the 

some of the Pes. 

It was expected from the previous work that the thioether groups would act as 

stronger electron-donating substituents than the ether groups. The stronger electron-

donating groups should lower the oxidation potential of the Pes '", therefore, it was 

expected that the thioether Pes would perform better as charge carriers in a variety of 

devices. The current series of molecules will be investigated for use in OFETs as well as 

photovoltaic devices. 



1.6.1 Molecules of Interest 

Simon and co-workers found that by placing alkoxy subslituents on the periphery 

of the Pc ring, the solubility of the Pes in organic solvents were greatly enhanced/'' 

Further investigation revealed that liquid crystallinity was also imparted on these 

molecules due to the addition of the side chains. While Pes remain attraclive for many 

different applications, there have not been a wide variety of complex Pes synthesized. 

Drager asserts that the synthesis of complex Pes is limited by the synthesis of the 

corresponding substituted phthalonilrilc.'^ Until recently, the most effective way of 

synthesizing substituted Pes was by using an alkoxy linker. Alkoxy substituted Pes, in 

general, are made using the traditional Rosemund von Braun reaction.'^ This reaction is 

unattractive to the synthetic chemist due to the high temperature and harsh radical 

reaction conditions. Often times, the reaction provides a complicated reaction mixture or 

low yields. 

The current study examines a family of thioether linked Pes. The departure from 

the oxygen substituted Pes has allowed for larger scale synthetic methods. The synthetic 

method also has allowed us to look at several Pes containing a variety of side chains. 

The sulfur linkage also plays a large role in the spectroscopic, thermal, and self-

organizational characteristics of the Pes. For the first time, single crystals of an LC Pc 

have been grown in part due the ehalcogen-chalcogen interactions that greatly increase 

the interactions between molecules. The complete role of the thioether linkage may not 

be completely understood for some time, but it is clear that the thioether linkage has had 

a profound impact on the current molecules of interest. It is a goal of this research effort 
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to uncover the effects of the thioether linkage as a diverse family of substituted Pes is 

investigated. 

The diversity of the Pes examined has allowed for investigation of the subtleties 

of the L.C mesophases of this series of molecules. If one considers the term liquid 

crystalline it is an obvious oxymoron. It truly means that the material has a blend of 

properties from the crystalline and liquid phases. Generally, however, it is the properties 

of the liquid phase such as the ability to flow that comes to mind when the term liquid 

crystal is heard. This family of molecules displays properties that span the LC spectrum. 

That is to say that some of the molecules, while arc LC tend to behave more like a single 

crystal, due to higher intermolecular attraction, and others behave more like a liquid 

demonstrating properties such as flow. 

Crystalline Liquid 

Liquid 
Crystalline 

Figure 1.12. A liquid crystalline mesophase is a phase somewhere between a liquid and a crystalline 
phase. However, the L€ mesophase can be by definition anywhere in the spectrum between a liquid 
and a crystal. 

The molecules synthesized fall into one of three categories: 1) Self-organizing; 2) 

Self-assembling; 3) Polymerizable. The self-organizing molecules arc variations of the 
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benzyloxyethoxy Pc. The main perturbations on the design of the side chains focus on 

the terminal phenyl group. The distance of the phenyl group from the Pc core were 

varied systematically to determine the optimal position for the desired self-organization. 

The self-assembling Pes are a first generation series of molecules that were synthesized 

to explore the possibility of hydrogen bonding to direct the aggregation and ordering of 

the Pes in the bulk. The polymerizable Pes designed incorporate a P-styryl group to 

allow the photopolymerization of the Pc mesophase. 

Self-Organizing Polymerizable 

O 
CuPc 

CuPc 

Sell-Assembling 

CuPc 

Figure 1.13. Pc side chains examined in this study fall into one of three categories. 
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Chapter 2 : Experimental 

2.1 Overview of the Synthetic Route 

A constant in all of the thioether linked phthalonitriles is 4,5-

dichlorophthalonitrile, which is commercially available. The thioether side chains are 

prepared from the corresponding alkyl halide (bromide or chloride) or tosylate using a 

modification of a procedure published by Svensson and co-workers.' The alkyl halide is 

dissolved in dry DM SO with varying amounts of K1 depending on the reactivity of the 

substrate. The solution is degassed with argon. Potassium thioacetate is then added to 

the reaction mixture in slight excess. The displacement of the halide is complete within 

30 min to 24 hrs (depending on the identity of the halide) giving yields ranging from 86-

99%. The acetyl protecting group is removed using either basic or acidic conditions with 

yields ranging between 90-99% yield. The thiol is then stirred with K2CO3 and 4,5-

dichlorophthalonitrile in dry DM SO to yield the desired phlhalonilrile in 70-80% yield. 

The thioelher-substituted Pes can subsequently be prepared following procedures 

developed by Tomoda and co-workers." 

Figure 2.1. Synthetic method for thioether phthalonitriles. a) potassium thioacetate/DMSO b) 1. 
NaOMeAlethanol 2. Dowex c) K2CO3/DMSO. 

0 
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2.2 Synthesis of Thioether Substituted Phthalocyanines 

General Information: All non-aqueous reactions were carried out under an argon 

atmosphere unless stated otherwise. Reagents and solvents were purchased from 

Aldrich®, Fluka®, or TCI® and were used as received unless specified otherwise. THF 

was distilled from Na/benzophenone. DCM was distilled from CaH2. LiBr was dried for 

24-48 h in a vacuum oven at 200" C. Column chromatography was performed using 300 

mesh SiOa unless otherwise specified. 

2.2.1 Synthesis of 2,3,9,10,M,17,23,24-octakis(2- Benzyloxyethy Isulfanyl) 

phthalocyanine (2-4) 

Initially, thiol substituents were prepared following a method published by 

Yokoyama and co-workers. This method required long reaction times at high 

temperatures and proved to give low yields of the desired thiols. It was found that 

following a modified procedure published by Svensson and co-workers, higher yields 

could be obtained.' The modified procedure also had an added benefit of synthesizing a 

protected thiol, which allowed for longer storage times of the desired thiol substituents. 
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Figure 2.2 Synthetic pathway to 2.3.9,10.16,17,23 J4-octaki.s(2-Benzyloxyethylsulfanyl) 
phthaiocvanineC 2-4). 

Thioacetic acid-S'-(2-benzyloxyethyl) ester (2-1), 

A procedure from the literature^ was modified as follows: 

Ben/.yloxyethyibromide (9.95 g. 46.0 mmoles) and KI (7.64 g, 46.0 mmoles) were 

dissolved in 35 niL of dry DMSO. The solution was degassed by bubbling argon through 

the solution for 10 min. The reaction was cooled to 8° C with an ice bath. Potassium 

Ihioacetate (5.80 g, 51.0 mmoles) was added to the reaction mixture. The reaction was 

stirred overnight under argon. The reaction mixture was partitioned between 100 mL of 

DI water and 200 mL of ether. The aqueous solution was washed (2 x 100 mL) with 

ether. The combined organic layers were dried over MgSCli. The solution was gravity 



filtered and concentrated in vacuo to yield a yellow-tinted oil. The oil was purified by 

column chromatography using 80/20 hexanes/EtOAc as the eluent (Rj= 0.93). The 

weight of the purified product was 9.20 g. 95% yield. 'H NMR (CDCl?) 8 7.28-7.25 (m, 

5H), 4.46 (s, 2H). 3.56-3.50 (t, 6.22 Hz, 2H), 3.08-3.02 (t, 6.36 Hz, 2H). 2.27 (s, 3H), 

NMR (CDCI3) 8 195.47, 137.94, 128.38, 127.64, 72.96. 68.64. 30.52. 29.01. IR (neal) 

2934.48, 1687.93. 1450.00 cm"'. Mass Spectral Analysis (ESI+) [M+H]=211.0 

(Theoretical mass for Ci 1H14O2S = 209.07) 

Benzyloxyethanethiol (2-2). 

Compound 2-2"'was prepared using a modification of a literature procedure.' 

Thioacetic acid-5'-(2-benzyloxyethyl) ester (5.00 g. 24.0 mmoles) was dissolved in 30 

mL of anhydrous methanol. The solution was degassed by bubbling argon through it for 

10 min. NaOMe (2.30 g, 43.0 mmoles) was dissolved in 15 mL of previously degassed 

methanol and the solution was added to the reaction mixture. The reaction mixture was 

stirred under argon at room temperature for 1 hr. Dowex exchange resin, 5.00 g, was 

added and the reaction was stirred for an additional 30 min. The solution was gravity 

filtered and concentrated in vacuo to yield a yellow oil weighing 3.60 g, 90% yield. The 

spectral data was found to be consistent with the literature. 'H NMR (CDCI V) 6 7.36-7.20 

(m, 5H). 4.55 (s,2H), 3.65-3.58 (t, 6.38 Hz, 2H). 2.77-2.67 (q, 6.38 Hz, 2H). 1.64-1.55 (t, 

8.28 Hz, 1H).'\: NMR (CDCI3) 5 128.39. 127.66. 72.94, 71.80, 24.40, IR (neat) 3483.68. 

2853.68. 2560.00. 1456.32. 688.95 cm"'. Mass Spectral Analysis (GC/MS-basic CI) [M-

H]=167 (Theoretical mass for C9H12OS = 168.06) 
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4,5-bis-(2-Benzyloxyethyl,sullanyl)phthalonitrile (2-3). 

A procedure from the literature^ was modified as follows: 4.5-

dichlorophthalonitrile (0.49 g. 2.5 mmoles) and 2.6g (20 imnoles) of K2CO3 were 

suspended in 25mL of anhydrous DMSO. The solution was then degassed with argon. 

Benzyloxyethanethiol {1.68 g, 9.9 mmoles) was then added. The reaction was allowed to 

stir at room temperature. By TLC the reaction had gone to completion at 60 rnin. The 

reaction mixture was then added to a 500 mL separatory funnel and the product was 

partitioned between 200 mL of ether and 50 mL of water. The aqueous layer was 

extracted with 50 mL of ether. The combined organic layers were then washed with 50 

mL of a saturated sodium chloride solution and were dried over MgSO.i. The excess 

solvent was removed in vacuo (79% yield. 0.91 g). 'H NMR (CDCI3) 8 7.55 (s, 2H), 

7.36-7.32 (m, lOH). 4.55 (s, 4H). 3.79-3.73 (t, 6.22 Hz. 4H), 3.27-3.21 (t. 6.08 Hz. 4H), 

'•'C NMR (CDCI3) 5 143.97. 137.97, 129.53, 128.52. 127.97. 127.64. 115.40, 111.54, 

73.36. 68.07. 32.89, IR (KBr) 3071.58. 2867.89. 2578.95. 2255.16 cm Mass Spcctral 

Analysis (FAB+) [M+H]=461.2 (Theoretical Mass for C26H24N2O2S2 = 460.13) 

2,3,9,10,16,17,23,24-()ctakis(2-BenzyloxyethyIsulfanyI)phlhaI(R'yanato Copper (II) 

(M)' 

A procedure from the literature was modified as follows; 4.5-bis-(2-

benzyoxyethy 1 sulfany 1 )phlhalonitrile (0.369 g, 0.802 mmoles) was added to a 25 niL 

conical flask, which contained a large spin vane. Copper(Il)bromide (0.047 g, 0.201 

mmoles) and 0.135 g (0.887 mmoles) of l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were 



added to the flask. Finally, 10 mL of 1-pentanol was added to the flask. The reaction 

vessel was fitted with a reflux condenser and the reaction was brought to reflux under 

argon. After 24 h the reaction was allowed to cool to room temperature and was then 

capped and placed in the freezer for 1 hour. The product was collected using vacuum 

filtration. The dark green solid was then washed with copious amounts of water followed 

by 50 mL of ether. The blue-green solid was continuously extracted with ether for a 48 

hour period using a Soxhlet extractor. The solid was then purified by column 

chromatography (98:2 CHCI3/CH3OH). A dark blue-green solid was obtained (0.22g. 

58%). UV-Vis (CHCI3) 712. 638, 324 nm, IR (KBr) 3445. 3048, 2920, 2851, 1099 cm"'; 

Mass Spectral Analysis (MALDl) 1906.7350 (Theoretical mass for Cio-jH^jgCuNxOsSs = 

1905.47). 

2,3,9,10,16.17,23,24-<>ctakis(2-Henzyloxyethylsulfanyl)phlhal(M:yanato Zinc (II) (2-5). 

A procedure from the literature was modified as follows: 4,5-bis-(2-

benzyoxyelhylsulfcinyl)phthalonitriIe (0.9024 g, 1.961 mmoles) was added to a 25 mL 

conical flask, which contained a large spin vane. Zinc(II)bromide (0.1143 g, 0.4376 

mmoles). and (0.3084 g. 2.026 mmoles) of DBU were added to the flask. Finally, 9.0 mL 

of 1 -pcntanol was added to the flask. The reaction vessel was fitted with a reflux 

condenser and the reaction was brought to reflux under argon. After 24 h the reaction 

was allowed to cool to room temperature and was then capped and placed in the freezer 

for 1 hour. The product was collected using vacuum filtration. The dark green waxy 

solid was taken up in CHCI3 and was then purified by column chromatography using 99:1 

CHCI3 as the eluent (Rf=0.98). The Pc was then loaded on to an Isolutc NH2 SPE column 



with CHCI3 to remove the metal free Pc. After the metal free Pc eluted. the solvent was 

switched to 95:5 CHCI3 to remove the Zinc Pc from the column. The solid was then 

purified by column chromatography (98:2 CHCI3/CH3OH). A dark blue-green solid was 

obtained (0.47 g. 49.5%). UV-Vis (CHCI3) 708, 636, 366 nm. IR (KBr) 3420, 3053, 

2924. 2851, 2788, 1646, 1007 cm '. Mass Spectral Analysis (MALDI) 1904.4325 

(Theoretical mass for Cio.iH.)sZnNsOsSs = 1904.4420). 

2,3,9,10,I6,17.23,24-<>ctakis(2-Benzyloxyethylsull'anyr)phlhak)cyanine (2-6). 

A procedure from the literature^ was modified as follows: 4,5-bis-(2-

ben/.yoxyethyfsulfanyl)phthalonitri]e (0.52 g, 1.1 mmoles) and DBN (0.18. 1.5 mmoles) 

were suspended in 5.0 mL of 1-pentanol. The reaction vessel was fitted with a reflux 

condenser and the reaction was brought to reflux under argon. After 24 h the reaction 

was allowed to cool to room temperature and was then capped and placed in the freezer 

for 1 hour. The product was collected using vacuum filtration. The dark green solid was 

placed in a Soxhlet thimble and was extracted with boiling ether for 48 h. The Pc was 

purified by column chromatography using 99:1 CHCI3 as the eluent (Rf=0.67). A dark 

blue-green solid was obtained (0.31 g. 59%). UV-Vis (CHCI3) 730, 698, 666, 634, 440 

nm, IR (KBr) 3025. 2915, 2855, 1366, 1087, 950 cm Mass Spectral Analysis (MALDI) 

1842.5198 (Theoretical mass for CifuHv^NsOsSg = 1842.5283). 

2.2.2 Synthesis of 23,9,10,16,17,23,24-octakis(2-CinnaniyloxyethyIsulfanyI) 

Phthalocyanine (2-13) 

2-Cinnamyloxyethanol (2-8) was prepared following literature procedures and 

was prepared in 88% yield overall.' Tosylation of (2-8) was carried out in ether with 
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tosyl chloride and NaOH. The tosylate (2-9) was then converted to the thioacetate and 

corresponding thiol utilizing a modification of a procedure published by Svensson and 

co-workers in 67 % overall.' 

, TsOH 

Benzene 
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Figure 2.3 Synthetic pathway to 2.3.9.10,16,17,23,24-«ctakis{2-CinnainyloxyethylsuIfanyi t 
phthalocvanine(2-13). 
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2-Styryl-[l,3|dioxolane (2-7). 

Compound 2£7 was prepared according to the literature.^ 

2-Cinnamyloxyethanol (2-8). 

o 

Compound 2^8 was prepared according to the literature. 

2-CinnaniyloxyethyI tosylate (2-9). 

Compound 2^9 was prepared according to the literature.^ 

Thioacetic acid-S-(2-dnnamyloxyethyl) ester (2-10). 

A procedure from the literature' was modified as follows: 2-Cinnamyloxyethyl 

tosylate (2-9) (20.08 g, 630 mmoles) was dissolved in 60 niL of dry DM SO and the 

solution was degassed by bubbling argon through the solution for 10 min. Potassium 

thioacetate (7.91 g, 690 mmolcs) was added to the reaction mixture. After stirring for 4 h 

the mixture was partitioned between 200 mL of DI water and 200 niL of ether. The 

aqueous layer was washed (2 x 200 mL) with ether. The combined ether layers were 

washed (2 x 100 mL) with DI water followed by (1 x 100 mL) of saturated NaCl (aq) 

solution. The organic layer was then dried over MgSOa, was gravity filtered, and was 

concentrated in vacuo to yield a brown oil that was purified by column chromatography 

using 70:30 hexanes/ethyl acetate as the eluent (Rf=0.85). The yellow oil weighed 10.34 

g. 69 % yield. IR (neat) 3360, 3027, 2930. 2856, 1684, 1357, 1117 cm 'H NMR 

(CDCI3) 8 7.41-7.23 (m, 5H), 6.65-6.57 (d, J=16.0 Hz, IH), 6.33-6.20 (m, J=5.82 Hz, 

IH), 4.18-4.15 (d, J=5.94 Hz, 2H), 4.14-4.07 (d, J=6.02 Hz, 2H), 3.62 (t, J=6.22, 2 H), 

3.13 (t, 6.48 Hz, 2H) 2.34 (s, 3H); '^C NMR (CDCI3) 8 195.4, 136.6. 132.6, 128.5. 127.7, 



126.5, 125.7, 125.2, 71.5. 66.6. 30.5, 29.0; Mass Spectral Analysis (EI-) MI 236,191. 

117. 103, 77 (Theoretical mass for Ci ̂ Hi^OnS = 236.1). 

2-Cinnamyloxyethane thiol (2-11). 

A procedure from the literature' was modified as follows: Thioacetic acid S-(2-

cinnainyloxyethyl) ester (2-10) (5.02 g, 210 mmoles) was dissolved in 60 mL of 

methanol and the solution was degassed hy bubbling argon through the solution for 10 

min. Sodium methoxide (1.36 g, 252 mmoles) was dissolved in 10 mL of degassed 

Methanol and the solution was added to the reaction mixture. The reaction was stirred 

under argon for 1.5 h. Dovvex exchange resin was added to reaction vessel after being 

washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The solution was 

vigorously stirred for 30 min. The solution was filtered to remove the resin. The resin 

was washed (2 X 50 mL) with methanol followed by (2 x50 mL) with CHCI3. The 

solution was concentrated in vacuo to yield 3.97 g of a viscous yellow oil, 97 % yield. 

IR (neat) 3410, 3063. 2913. 2742. 1961, 1880, 1807, J677, 1450, 1115 cm 'H NMR 

(CDCI3) 8 7.41-7.23 (m. 5H), 6.66-6.58 (d, J=15.84 Hz, IH), 6.35-6.21 (m, J=5.86 Hz, 

IH), 4.19-4.16 (d. .1=6.20 Hz. 2H), 3.66-3.59 (t, .1=6.56 Hz, 2H), 2.78-2.67 (q. J=6.26, 2 

H). 3.13 (t, J=6.48 Hz, 2H) 1.64-1.55 (t, J=8.30 Hz, IH); "C NMR (CDCI3) 5 136.5. 

132.6. 128.5. 127.7. 126.5. 125.7, 71.8, 71.5, 24.4; IR (neat) 3410.34, 3063.79. 

2913.79.2851.72, 2742.02, 1961.35. 1888.54, 1807.64. 1677.59, 1450.00, 1111.91, 

741.38, 705.17 cm '; Mass Spectral Analysis (EI-) [M-H] 194, 117, 77 (Theoretical mass 

forCi3Hi602S = 195.1). 



4,5-bis (2-Cinnainyloxyelhylsulfanyl) phthalonitrile (2-12). 

A procedure from the literature^ was modified as follows: K2CO3 (3.53 g, 27.2 

mnioles) and 4,5-dichlorophthalonitrile (0.67 g, 3.4 mmolcs) were dissolved in 30 mL of 

dry DM SO and the solution was degassed by bubbling argon through the solution for 10 

niin. 2-Cinnainyloxycthanc thiol (2-11) was added to the reaction mixture and the 

reaction was stirred for 2 h. The reaction mixture was partitioned between 200 mL of 

ether and 200 mL of DI water. The aqueous layer was washed (2 x 200 mL) with ether. 

The combined organic layers were washed with saturated NaCl solution (aq). The 

organic layer was then dried over MgS04, was gravity filtered, and concentrated in vacuo 

to yield a white solid. The solid was purified by column chromatography using 70:30 

hexanes/ethyl acetate as the elucnt, Rf = 0.44. The compound was then recrystallized 

from methanol. The weight of the purified while solid was 0.92 g. 53% yield, (mp = 60-

62" C) 'H NMR (CDCI3) 5 7.57 (s, 2H), 7.39-7.23 (m. lOH), 6.61-6.56 (d. J=15.90 Hz. 

211), 6.29-6.20 (m, J=6.00 Hz, 2H). 4.19-4.17 (d, J=6.00 Hz, 4H), 3.80-3.76 (t, J=6.00 

Hz, 4H), 3.27-3.23 (t, J=6.30, 4H); ''C NMR (CDCI3) 6 144.0. 136.3. 129.4, 128.6, 

127.9, 126.5. 125.1. 115.4, 111.6, 71.9, 67.8, 32.9; IR(KBr) 3081. 3022, 2932. 2852. 

2744. 2597. 2231.1953. 1879, 1806. 1728. 1562, 1455. 1112, 961. 739. 691 cm"'; Mass 

Spectral Analysis (FAB+) Ml 512.31 (Theoretical mass for C30H28O2N2S2 = 512.16). 
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2,3,9,10,16,17,23.24-«ctakis(2- CinnamyioxyethylsulfanyDphthalocyanato copper 

(II) (2-13). 

Following the procedure for 2-4. 4,5-bis (2-Cinnamyloxyethylsulfanyl) 

phlhalonitrilc (2-12) (0.70 g, 1.37 nimoles). copper (11) bromide (0.08 g, 0.34 mmoles), 

and DBIJ (0.21 g, \ .38 mmoles), I -penlanol (10 mL) yielded a green solid which was 

purified by column chromatography using 99:1 CHClVmethanol as the eluent (after 

soxhlet extraction), Rf = 0.98, to yield 0.68 g of the blue-green solid. 94% yield. UV-Vis 

(CHCI3) 712. 638. 324, 254 nm; IR(KBr) 3427. 3079. 3056, 2932. 2854. 2644. 1718. 

1608, 1473, 1279. 1202. 1106 cm Mass Spectral Analysis (MALDI) [M+2] 2113.5734 

(Theoretical mass for CiidHnoCuNsOsSx = 2111.5526). 

2.2.3 Synthesis of 2,3,9,10,16,17.23,24-CK'takis(2-Hydrocinnamyloxyethylsulfany 1) 

Phthalocyanine (2-20) 

Several attempts were made to synthesize hydrocinnamylethanol (2-15). It was 

eventually found that the desired alcohol could be prepared in reasonable yields by 
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ethylene glycol were refluxed in benzene with a catalytic amount of p-toluenesulfonic 

acid. Water was removed from the reaction mixture using a Dean-Stark trap. The 

desired [1,3] dioxolane was obtained in 90% yield. Initial attempts to open the dioxolane 

using the method of Davis and Brown were unsuccessful.^ According to the proposed 

mechanism of the reaction the removal of the double bond would destabilize the 

carbonium intennediate greatly reducing the rate of the reaction. It was found, however, 

that by adding two full equivalents of LAM and four full equivalents of AICI3 the reaction 

went to completion within 12 h. The tosylate, thioacetate, and thiol were all prepared in 

the same manner as previously described. 

2-Phenylethyl-[ 1,31 dioxolane (2-14). 

Compound 2-14^'^ was prepared as follows: 3-phenylpropion aldehyde (38.00 g, 

283 rnmoles). ethylene glycol (21.1 g, 340 mmoles), and p-toluenesulfonic acid (0.54 g, 

2.8 mmoles ) were dissolved in 200 mL of ben/ene. The reaction was refluxed under 

argon with a dean-stark trap for 48 h. The reaction was then cooled to room temperature 

and an excess of K2CO3 was added to the reaction vessel. After stirring for 30 min at 

room temperature, the solution was filtered and the benzene was removed in vacuo. The 

orange oil was vacuum distilled (1 i 5-120" C. at 2 torr; literature^ 60" at 0.1 torr) to yield a 

clear oil weighing 45.54 g, 90% yield. The spectral data were consistent with the 

literature. 'H NMR (CDCI3) S 7.25-7.10 (m, 5H), 4.85-4.81 (t, J=4.68 Hz. IH), 3.97-3.76 

(m, 4H), 2.73 (m. 2H), 1.97-1.87 (m. 2H); "C NMR (CDCI3) 5 141.6, 128.4, 125.8. 

103.8, 64.9. 35.5. 30.1; IR(neat) 3022. 2955. 2882. 2768, 1601, 1496. 1455. 1403, 1 139. 



1025 cm '; Mass Spectral Analysis (EI-) [M-H] 177. 117. 73 (lit 1M+H]=I79.1 )'^ 

(Theoretical mass for C11H14O2 = 178.10). 

2-HydrocinnainyloxvethanoI (2-15). 

A procedure from the literature' as follows; LAH (4.21 g. 110 mmoles) was 

suspended in 100 niL of anhydrous ethyl ether and cooled to 0 °C. A solution of A1C1-, 

(44.60 g. 3345 mmoles) in 200 mL of cold anhydrous ether was slowly added as the 

mixture was stirred at 0 "C for 15 min. 2-Phenylethyl-[l,3] dioxolane (2-14) (10.00 g, 

55.00 mmoles) was dissolved in 25 mL of ether and slowly added to the aluminum 

reagent solution. The solution was stirred for 12 h and a 15% aqueous KOH solution was 

slowly added until gas evolution ceased. The white precipitate (lithium aluminate) was 

removed by suction filtration. The salt was washed with 50 mL of ether. The filtrate was 

partitioned between 200 mL of DI water and 150 mL of ether. The aqueous layer was 

washed twice with 50 mL ether. The organic layer was then dried over MgSOi. gravity 

filtered and the organic solvent was removed in vacuo. The resulting liquid weighed 7.42 

g (74% yield) and was determined to be pure by TLC. NMR. and mass spectral analysis. 

Rf = 0.29 (70:30 hexanes/ethyl acetate); 'H NMR (CDCI3) 5 7.35-7.12 (m, 5H). 3.76-

3.69 (q, .1=5.50 Hz, 2H). 3.540-3.42 (m, 4H). 2.73-2.65 (t, J=7.34 Hz, 2H), 2.32-2.26 (t, 

J=5.86. IH), 1.99-1.85 (p, J=6.32. 2H); '"C NMR (CDCI3) 5 141.7. 128.4. 128.3, 125.8, 

71.7, 70.3. 61.7. 32.2. 31.1; IR(neal) 3436. 3022, 2934, 2856, 1941, 1874. 1812. 1724. 

1604. 1589. 1128, 1059 cm '; Mass Spectral Analysis (EI) Ml 181. 117, 91, 65 

(Theoretical mass for C| iHk.O: = 180.12). 



2-Hydrocinnamyloxyethyl tosylate (2-16). 

A procedure was adapted from the literature^ as follows: 2-hydrocirmamyloxy 

ethanol (2-15) (5.49 g, 30.5 nimoles) and tosyl chloride (6.30 g, 33.0 mmoles) were 

dissolved in 250 mL of dry ether. The mixture was chilled to 0" C and freshly pulverized 

NaOH pellets (6.00 g, 150 mmoles) were slowly added. The mixture was stirred under 

argon for 2 h and then was allowed to warm to room temperature. The mixture was 

stirred at room temperature for 36 h. The reaction mixture was partitioned between 200 

mL of DI water and 200 mL of ether. The aqueous layer was then washed (2 x 200 mL) 

with ether. The combined ether layers were dried over MgS04, gravity filtered, and 

concentrated in vacuo to yield a yellow oil. The oil was purified by column 

chromatography using 70:30 hexanes/ethyl acetate as the eluent (Rf = 0.51) to yield 7.74 

g of the compound as a clear oil. 77 % yield. IR (neat) 3058.62, 3027.59, 2944.83, 

2877.59, 1734.48, 1600.00, 1176.24, 1018.45 cm 'H NMR (CDCI3) 6 7.76-7.72 (d, 

J=8.3 Hz. 2H), 7.28-7.07 (m, 7H), 4.13-4.08 (t, J=4.64 Hz, 2H), 3.56-3.51 (t, J =4.84. 2H). 

3.35-3.29 (t, J=6.00, 2H). 2.59-2.51 (t, J=7.24 Hz. 2H), 2.35 (s, 3H), 1.82-1.68 (p. 

.1=11.62 Hz, 2H); "C NMR (CDCI3) 5 144.7, 141.7. 133.1, 129.8, 128.4, 128.3, 127.9, 

70.4, 69.3. 68.1, 32.0, 31.0, 21.6; Mass Spectral Analysis fESI-t-) [M+H] 335.1 

(Theoretical mass for CisH2:04S= 334.12). 

Thioacetic acid S-(2-hydrodnnamyloxyethyl) ester (2-17). 

A procedure from the literature' was modified as follows: 2-

Hydrocinnamyloxyethyl tosylate (2-16) (10.03 g. 30.02 mmoles) was dissolved in 50 mL 

of dry DM SO and the solution was degassed by bubbling argon through the solution for 



10 min. Potassium thioacetate (3.77 g, 33.0 mmolcs) was added to the reaction mixture. 

After stirring for 2 h the mixture was partitioned between 200 mL of DI water and 200 

mL of ether. The aqueous layer was washed (2 x 200 mL) with ether. The combined 

ether layers were washed (2 x 100 mL) with DI water followed by (1 x 100 mL) of 

saturated NaCl (aq) solution. The organic layer was then dried over MgS04, was gravity 

filtered, and was concentratcd in vacuo to yield a brown oil that was purified by column 

chromatography using 70:30 hexanes/ethyl acetate as the eluent (Rf=0.79). The yellow 

011 weighed 10.34 g. 85 % yield. 'H NMR (CDCI3) 8 7.35-7.12 (m. 5H), 3.57-3.51 (t, 

.1=6.26 Hz, 2H ). 3.48-3.41 (t, 1=6.46 Hz, 2H), 3.12-3.06 (t, J=6.32, 2H), 2.72-2.65 (t, 

J=7.04 Hz, 2H) 2.34 (s, 3H). 1.95-1.81 (p. J=6.22 Hz. 2H); "C NMR (CDCI3) 5 195.5, 

141.8, 128.4, 128.3. 125.7, 70.0. 125.7. 69.2. 32.2, 31.1, 30.5. 29.0; IR(neat) 3369. 3037. 

2935, 2861. 2794. 1689, 1484. 1445, 1352. 1112 cm .Mass Spectral Analysis (CI) 

[M+H] 239. 161. 103 (Theoretical mass for C13H18O2S = 238.10). 

2-HydrocinnainyIoxyethane thiol (2-18). 

A procedure was adapted from the literature' as followsiThioacetic acid S-{2-

cinnamyloxyethyi) ester (2-17) (5.55 g. 23.3 mmoles) was dissolved in 40 niL of 

methanol and the solution was degassed by bubbling argon through the solution for 10 

min. Sodium methoxide (1.89 g, 35.0 mmoles) was dissolved in 10 mL of degassed 

Methanol and the solution was added to the reaction mixture. The reaction was stirred 

under argon for 1.5 h. Dowex H^ exchange resin was added to reaction vessel after being 

washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The solution was 

vigorously stirred for 30 min. The solution was filtered to remove the resin. The resin 



was washed (2 X 50 niL) with methanol followed by (2 x5() mL) with CHCI3. The 

solution was concentrated in vacuo to yield 3.70 g of a viscous yellow oil, 97 % yield. 

(Rf = 0.92 70:30 hexanes/ethyl acetate) 'H NMR (CDCI3) 8 7.31-7.15 (m, 5H), 3.57-3.51 

(t, J=6.30 Hz. 2H), 3.48-3.42 (t, J=6.26 Hz, 2H). 2.73-2.62 (q, J=6.50 Hz, 4H), 1.97-1.83 

(p, J=6.26 Hz, 2H), 1.62-1.54 (t, J=8.14 Hz, IH); "C NMR (CDCI3) § 141.8, 128.4, 

128.3, 125.7. 72.3. 69.9, 32.2, 31.1 24.4; IR(neat) 3081, 3062, 3018, 2935, 2861. 2783. 

2558. 1493. 1450, 1362, 1289,1117 cm '; Mass Spcctral Analysis (GC/MS) 196, 118.91, 

77 (Theoretical mass for Ci |Hk,OS = 196.09). 

4,5-bis (2-Hydrocinnamyloxyethylsullanyl) phthalonitrile (2-19). 

A procedure from the literature^ was modified as follows: K2CO3 (5.52 g, 40 

mmoles) and 4,5-dichlorophthalonitrile (0.99 g, 5.0 mmoles) were dissolved in 40 mL of 

dry DMSO and the solution was degassed by bubbling argon through the solution for 10 

min. 2-hydrocinnamy 1 oxyelhane thiol (2-18) (3.20 g, 16.3 mmoles) was added to the 

reaction mixture and the reaction was stirred for 2 h. The reaction mixture was 

partitioned between 200 mL of ether and 200 niL of DI water. The aqueous layer was 

washed (2 x 200 mL) with ether. The combined organic layers were washed with 

saturated NaCl solution (aq). The organic layer was then dried over MgSO.!. was gravity 

filtered, and concentrated in vacuo to yield a yellow oil which crystallized upon sitting. 

The compound was then recrystallized from methanol. The weight of the purified white 

solid (mp = 32-34"C) was 1.72 g, 69% yield. (Rf= 0.80. 60:40 hexanes/ethyl acetate) 'H 

NMR (CDCI3) § 7.63 (s, 2H), 7.30-7.15 (m, 8H), 3.74-3.70 (t, J=12.30 Hz, 4H), 3.47-

3.43 (t, J=12.60 Hz, 4H), 3.24-3.20 (t, J= 12.30 Hz, 4H), 2.68-2.61 (q. J=7.05 Hz, 4H), 



1.93-1.84 (p. J=6.30, 4H); NMR (CDCI3) S 144.0, 141.6, 129.3, 128.4, 128.3, 125.8, 

115.5, 111.4, 70.4, 68.8, 32.9, 32.1, 31.0, IR(KBr) 3079, 3017, 2950, 2856, 2800, 2737, 

2592, 2225, 1946, 1879, 1801, 1724, 1563, 1450, 1108 Mass Spectral Analysis 

(FAB+) MI 516.4 (Theoretical mass for C30H32O2S2 = 516.19). 

2,3,9,109l6?l'7523,24-octakis(2-HydrociiinaiiiyloxyetliyIsiilfanyl) phthalocyanato 

copper (II) (2-20). 

A procedure from the literature^ was modified as follows: 4,5-bis (2-

hydrocinnamyloxy ethylsulfanyl) phthalonitrile (2-19) (1.04 g, 2.01 mmoles), copper (II) 

bromide (0.12 g, 0.51 mmoles), and DBU (0.369 g, 2.42 mmoles) were suspended in 10 

mL of 1-pentanol and the mixture was refluxed under argon for 12 h. The reaction was 

cooled to room temperature and was then placed in a freezer overnight to allow the 

product to crystallize out of solution. The phthalocyanine was collected by suction 

filtration and the blue-green solid was washed (2 x 30 mL) with DI water. The solid was 

then purified by column chromatography using 95:5 CHClg/Methanol as the eluent (Rf = 

0.90) to yield 0.75 g of the blue green solid, 70 % yield. %). UV-Vis (CHCI3) 710, 640, 

434, 322 nm; IR(KBr) 3431, 3053, 3022, 2939, 2851, 2789, 2587, 2365, 2334, 1600, 

1496, 1403, 1108 cm"'; Mass Spectral Analysis (MALDI) 2127.3912 (Theoretical mass 

for C.ioHiioCuNsOgSs = 2127.6929). 

2.2.4 Synthesis of 2,3?9,10,16,17,23,24-octaMs(2-(3,4,5-trimethoxybenzyloxy 

ethylsulfanyl)) phthalocyanine (2-27) 

The 2-(3,4,5-trimethoxyphenyl)-[l,3] dioxolane (2-21) was prepared in a similar 

fashion as the previous two compounds in 78 % yield. The compound is very reactive 
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Figure 2.5 Synthetic pathway to 2,359,10»16,17^3,24-octakis(2-(3,4,5-triniethoxybeiizyloxy 

ethylsulfanyl)) phthalocYaninc(2-27). 

and will revert to the aldehyde readily from the moisture in the air, so the compound was 

taken on the next step the same day as it was prepared. The amounts of LAH and AlCli 

were adjusted accordingly to 1 equivalent and 2 equivalents respectively. The 2-(3,4,5-

trimethoxybenzyloxy) ethanol (2-22) was obtained in 48 % yield overall. 



2-(3,4,5-trimethoxyphenyl)-fl,31 diuxolane (2-21). 

Compound 2-21'" was prepared as follows: 3,4,5-Trimethoxybenzaldehyde 

(10.14 g, 51.68 mrnoles). ethylene glycol (3.53 g, 340 mmoles), and p-toluenesull'onic 

acid (0.10 g, 0.52 mmoles) were dissolved in 200 niL of benzene. The reaction was 

refluxed under argon with a dean-stark trap for 48 h. The reaction was then cooled to 

room temperature and an excess of K2CO3 was added to the reaction vessel. After 

stirring for 30 min at room temperature, the solution was filtered and the benzene was 

removed in vacuo. The clear oil was purified by column chromatography using 60;40 

hexanes/ethyl acetate as the eluent (Rf = 0.58). The purified oil weighed 9.03g. 72% 

yield. (Characterization data was not reported in the literature.) 'H NMR (CDCI V) 6 6.73 

(s, 2H), 5.74 (s, IH), 4.14-4.03 (m, 4H), 3.88 (s, 6H) 3.84 (s, 3H); ' 'C NMR (CDCI3) 5 

153.0, 138.3, 133.1, 103.3, 103.0, 65.0. 60.5, 30.5. 55.8; IR(neat) 3384. 2939, 2886. 

2832. 1694, 1596, 1459. 1127 cm Mass Spectral Analysis (EI-) 240, 209, 168, 73 

(Theoretical mass for CnHiftO^S = 240.10). 

2-(3,4,5-trimethoxybenzyloxy) ethanol (2-22). 

A procedure was adapted from the literature^ as follows; LAH (1.0 g, 37 mmoles) 

was suspended in 100 niL of anhydrous ethyl ether and cooled to 0 "C. A solution of 

AICI3 (9.87 g, 74.0 mmoles ) in 200 mL of cold anhydrous ether was slowly added as the 

mixture was stirred at 0 °C for 15 min. 2-2-(3.4,5-trimethoxyphenyl )-| 1.31 dioxolane (2; 

21) (9.00 g, 37.5 mmoles) was dissolved in 25 mL of ether and slowly added to the 

aluminum reagent solution. The solution was stirred for 12 h and a 15% aqueous KOH 

solution was slowly added until gas evolution ceased. The white precipitate (lithium 



aluminate) was removed by suction filtration. The salt was washed with 50 mL of ether. 

The filtrate was partitioned between 200 mL of DI water and 150 mL of ether. The 

aqueous layer was washed twice with 50 mL ether. The organic layer was then dried 

over MgSQi. gravity filtered and the organic solvent was removed in vacuo. The yellow 

oil was purified by column chromatography using 95:5 CI ICl^/methanol as the eluent (Rf 

= 0.70). The resulting clear liquid weighed 6.02 g, (67 % yield). 'll NMR (CDCI3) 5 

6.55 (s, 2H). 4.47 (s, 2H), 3.84 (s, 6H) 3.81 (s, 3H), 3.78-3.73 (q, J=6.00 Hz, 2H), 3.60-

3.57 (t, J=5.40 Hz, 2H); "C NMR (CDCI3) 8 153.2. 137.4. 133.6, 104.6. 73.4. 71.4. 61.8. 

60.7, 56.0; IR(neat) 3447, 2934, 2871, 1591, 1513. 1464. 1420. 1117 cm '; Mass 

Spectral Analysis (EI-) 242. 211. 181, 167, 77 (Theoretical mass for Ci vHi^OnS = 

242.12). 

2-(3,4,5-trimethoxybenzyloxy) ethyl tosylate (2-23). 

A procedure was adapted from the literature^ as follows: 2-(3.4.5-

Trimethoxybenzyloxy) ethanol (2-22) (6.00 g. 25.0 mmoles) and tosyl chloride (5.20 g, 

27.3 mmoles) were dissolved in 250 mL of dry ether. The mixture was chilled to 0" C 

and freshly pulverized NaOH pellets (4.96 g, 124 mmoles) were slowly added. The 

mixture was stirred under argon for 2 h and then was allowed to warm to room 

temperature. The mixture was stirred at room temperature for 36 h. The reaction mixture 

was partitioned between 200 mL of DI water and 200 mL of ether. The aqueous layer 

was then washed (2 x 200 mL) with ether. The combined ether layers were dried over 

MgSO,}. gravity filtered, and concentrated in vacuo to yield a reddish oil. The oil was 

purified by column chromatography using 50:50 hexanes/ethyl acetate as the eluent (Rf= 



0.60) to yield 7.50 g of the compound as a clear oil. 76 % yield. 'H NMR (CDCI3) 8 7.80-

7.78 (d. J=8.01 Hz, 2H), 7.33-7.31 (d, J=8.01 Hz, 2H), 6.54 (s, 2H). 4.45 (s, 2H), 4.22-

4.19 (t, J=5.10 Hz, 2H), 3.85 (s, 6H), 3.84 (s, 3H), 3.70-3.66 (t, J=5.10 Hz, 2H), 3.60-

3.57 (t, J=5.40 Hz, 2H), 2.43 (s, 2H); ' 'C NMR (CDCI3) 6 153.2, 144.8, 137.4. 133.2, 

132.9, 129.8, 127.9. 104.4, 73.2, 69.2. 67.4. 60.8, 56.0, 21.6; lR{neat) 3061, 2943. 1592, 

1002 cm"'; Mass Spectral Analysis (EI-) 396, 197, 181 (Theoretical mass for C19H24O7S 

= 396.12). 

Thioacetic acid 5-(2-(3,4,5-trimethoxybenzyloxyethyl) ester (2-24). 

A procedure from the literature' was modified as follows: 2-(3,4,5-

trimethoxybenzyloxy) ethyl tosylate (2-23) (7.34 g, 185 mmoles) was dissolved in 40 mL 

of dry DMSO and the solution was degassed by bubbling argon through the solution for 

10 min. Potassium thioacetate (2.33 g, 20.4 mmoles) was added to the reaction mixture. 

After stirring for 2 h the mixture was partitioned between 200 mL of DI water and 200 

mL of ether. The aqueous layer was washed (2 x 200 mL) with ether. The combined 

ether layers were washed (2 x 100 mL) with DI water followed by (1 x 100 ml.) of 

saturated NaCI (aq) solution. The organic layer was then dried over MgS04, was gravity 

filtered, and was concentrated in vacuo to yield a yellow oil that was determined to be 

pure by TLC, NMR. and mass spectral analysis. (Rf=0.54, 50:50 hexanes/ethyl acetate). 

The yellow oil weighed 4.89 g, 86 % yield. 'H NMR (CDCI3) 8 6.57 (s, 2H), 4.47 (s, 

2H), 3.87 (s, 6H), 3.84 (s, 3H), 3.65-3.58 (t, J=6.28 Hz, 2H), 3.17-3.11 (t, .1=6.36 Hz, 

2H), 2.35 (s, 3H); "C NMR (CDCI3) 5 181.9. 153.2, 133.6, 104.5, 73.0, 68.6, 56.0. 40.9. 



30.5, 28.9; IR(neat) 3057. 2994, 2935. 1691. 1005 cm '; Mass Spectral Analysis (EI-) 

300, 196, 181, 77 {Theoretical mass for CuHaoOsS = 300.10). 

2-(3,4,5-trinietllioxybenzyloxy) ethane thiol (2-25). 

A procedure was modified from the literature' as follows: thioacetic acid S-(2-

(3,4,5-trimethoxybenzyloxyethyl) ester (2-24) (4.83 g. 16.1 mmoles) was dissolved in 60 

mL of methanol and the solution was degassed by bubbling argon through the solution 

for 10 min. Sodium methoxide {1.04 g, 19.3 mmolcs) was dissolved in 10 mL of 

degassed Methanol and the solution was added to the reaction mixture. The reaction was 

stirred under argon for 1.5 h. Dowex exchange resin was added to reaction vessel 

after being washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The 

solution was vigorously stirred for 30 min. The solution was filtered to remove the resin. 

The resin was washed (2 X 50 mL) with methanol followed by (2 x50 mL) with CHCh. 

The solution was concentrated in vacuo to yield 4.01 g of a viscous yellow oil, 96 % 

yield. (Rf = 0.96, 50:50 hexanes/ethyl acetate); 'H NMR (CDCI3) 5 6.59 (s, 2H), 4.49 (s, 

2H), 3.87 (s, 6H), 3.84 (s, 3H), 3.66-3.60 (t, J=6.40 Hz, 2H), 2.80-2.70 (q, J=6.34 Hz, 

2H), 1.64-1.56 (t, J=8.22 Hz, IH); "C NMR (CDCI3) 5 153.3, 137.5, 133.6. 104.6, 73.1. 

71.8. 60.8. 56.1, 24.4; IR(neat) .3521. 2935, 2837. 2558. 1591, 1503, 1235, 1125, 1010 

cm '; Mass Spectral Analysis (EI-) 258, 198. 181, 77 (Theoretical mass for C12H18O4S = 

258.09). 

4,5-bis (2-(3,4,5-Trimethoxybenzyh»xyethylsulfanyl)) phthalonitrile (2-26). 

A procedure was modified from the literature^ as follows: K2CO3 (4.42 g. 32.0 

mmoles) and 4.5-dichlorophthalonitrile (0.79 g, 4.0 mmoles) were dissolved in 40 mL of 



dry DM SO and the solution was degassed by bubbling argon through the solution for 10 

min. 2-(3,4,5-trimethoxybenzyloxy) ethane thiol (2-25) (3.64 g. 14.1 mmoies) was added 

to the reaction mixture and the reaction was stirred for 8 h. The reaction mixture was 

partitioned between 200 mL of ether and 200 mL of DI water. The aqueous layer was 

washed (2 x 200 mL) with ether. The combined organic layers were washed with 

saturated NaCl solution (aq). The organic layer was then dried over MgS04, was gravity 

filtered, and concentrated in vacuo to yield a yellow oil which crystallized upon sitting. 

The compound was purified by column chromatography using 60:40 hexanes/ethyl 

acetate as the eluent (Rf= 0.44). The weight of the purified solid was 1.75 g, 68% yield. 

'H NMR (CDCI3) 8 7.56 (s, 21T). 6.56 (s, 4H), 4.50 (s, 4H), 3.86 (s, 12H), 3.84 (s, 6H), 

3.82-3.76 (t, J=6.02 Hz,4H). 3.30-3.24 (t, 5.94 Hz, 4H); '''C NMR (CDCI3) 8 153.3, 

143.8, 137.6, 133.0, 129.0, 115.4, 111.5, 104.6, 73.4, 67.7, 60.8, 56.1. 32.9, IR(KBr) 

3436, 3048, 3027. 2924, 2851, 1496. 1455, 1351. 1118, 1051 cm"'; Mass Spectral 

Analysis (ESI+) [M+HiO] 658.0 (Theoretical mass for CiiH^oNiOsS^ = 640.19). 

2,3,9,10,16,17,23,24-<)ctakis(2-(3,4,5-TriiTiethoxybenzyloxyethylsulf'anyl)) 

phthulocyanato copper (II) (2-27). 

A procedure was modified from the literature" as follows: 4.5-bis (2::(3,4,5-

trimethoxybenzyloxyethyisulfanyl)) phthalonitrile (2-26) (1.60 g. 2.50 mmoies). copper 

(II) bromide (0.10 g, 0.43 mmoies), and DBU (0.37 g, 2.4 mmoies) were suspended in 10 

niL of 1 -pentanol and the mixture was refluxed under argon for 12 h. The reaction was 

cooled to room temperature and was then placed in a freezer overnight to allow the 

product to crystallize out of solution. The phthalocyanine was collected by suction 
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filtration and the blue-green solid was washed (2 x 30 niL) with DI water. The solid was 

placed in a Soxhlct thimble and was extracted with boiling ether for 48 h and was then 

extracted for 48 h with boiling methanol. The solid was then purified by column 

chromatography using 95:5 CHCla/Methanol as the eluent (Rf = 0.95) to yield 0.66 g of 

the blue green solid, 60 % yield. UV-Vis (CHCl,) 711. 638, 324 nm; IR(KBr) 2934, 

2846. 2360. 2329. 1589, 1501, 1455, 1418, 1243, 1118. 1005 cm '; Mass Spectral 

Analysis (MALDl) 2623.6847 (Theoretical mass for C128H144CUN8O32S8 = 2623.6960). 

2.2.5 Synthesis of 23-.9,10,16,17.23,24-<)ctakis (3-(4-<Ktylbenzamidepropyl.sullanyl)) 

phthalocyanine (2-32) 

It was determined through experimentation that the amide group would have to be 

in place prior to the addition of the thiol. Using a modified procedure published by 

Rashidi-Ranjbar and co-workers," the commercially available 4-octylbenzoyl chloride 

was coupled on 3-chloropropylamine hydrochloride in 71% yield. The thioacetate was 

prepared the previously described method of Svensson and co-workers and was obtained 

in 88 % yield. The removal of the acetyl protecting group was carried out under basic 

conditions in 88% yield. The thiols were coupled onto the 4,5-dichlorophthalonitrile in 

95 % yield. The phthalonitrile was found to gel the reaction mixture, and was necessary 

to heat the reaction gently to keep the phthalonitrile in solution to allow the reaction to go 
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Figure 2.6 Synthetic pathway to 2,3»9,10,16,17,23,24-octakis(3-(4-octylbeiizainidepropylsulfanyl) 
phthalocvaninc(2-32). 



to completion. The DMSO was removed from phthalonitrile by washing the gel with 

copious amounts of methanol. The phthalocyanine was found to be more soluble in 

chloroform than previous molecule designs. However, the molecule has a strong 

tendency to aggregate making purification by other means than Soxhlel extraction 

virtually impossible. 

A'-(3-(-hloropropyl)-4-oclylbenzamide (2-28). 

A procedure was modified from the literature'' as follows: 3 -chl oro propyl ami ne 

hydrochloride (2.08 g. 16 mmoles) was suspended in 50 mL of Dri-Solv 

Dichloromethane. Pyridine (2.5 mL, 32 mmoles ) was slowly added to the reaction 

mixture. The mixture was stirred under argon for 30 min before 4-octylbenzoyl chloride 

(2.7 g. 11 mmoles) was added. The mixture was stirred under argon for 36 h. The 

mixture was then partitioned between 1 (X) mL of DI water and 200 mL of ether. The 

aqueous layer was washed (2 x 100 mL) with ether. The combined organic layers were 

dried over MgSO.), gravity filtered, and concentrated in vacuo to yield a clear oil which 

crystallized upon sitting. The solid was recryslallized from ethyl acetate to yield 2.2 g of 

a white solid, 71% yield, (mp = 38-40" C) 'H NMR (CDCI3) § 7.63-7.61 (d. J=8.40 Hz, 

2H). 7.17-7.14 (d. J=8.40 Hz, 2H), 6.48 (t, J=12.0 Hz, IH). 3.58-3.50 (m, J=6.30 Hz. 

4H). 2.59-2.54 (t. J=7.80 Hz, 2H), 2.07-1.99 (p, J=6.60 Hz, 2H), 1.56-1.49 (p. J=7.20, 

2H), 1.23-1.20 (t, J=5.40 Hz. 2H), 0.83-0.79 (t, .1=6.30 Hz, 3H); ''C NMR (CDCI3) 8 

167.7, 146.9. 131.6. 128.6. 126.9, 42.7. 37.5, 35.8, 32.0, 31.8, 31.2. 29.4. 29.2. 22.6, 

14.5; IR(KBr) 3301, 3068, 2929, 2846, 1631, 1543 855 cm"'; Mass Spectral Analysis 

(FAB+) [M-i-H] 310.2 (Theoretical mass for CigHagClNO = 309.19). 



Thioacetic add S-[3-(4-octylbenzoylaniiiio)-propyl] ester (2-29). 

A procedure was modified from the literature' as follows: N-(3-Ch 1 oropropy 1)-4-

octylbenzamide (2-28) (5.39 g, 17.4 mmoles) and KI (5.77 g, 34.7 mmoles) were 

dissolved in 70 mL of dry DMSO. The orange solution was degassed by bubbling argon 

through it for 10 min. Potassium thioacetate (2.72 g, 23.8 mmoles) was added to the 

solution and the reaction was stirred under argon for 12 h. The pale yellow solution was 

partitioned between 200 niL of DI water and 200 mL of ether. The aqueous layer was 

washed (2 x 200 mL) with ether. The combined ether layers were washed (1 x 100 mL) 

with DI water and were then dried over MgS04. The solution was gravity filtered and 

was concentrated in vacuo to yield a yellow oil which crystallized upon silting. The solid 

was recrystallized from methanol to yield a yellow solid weighing 5.23 g, 88% yield. ' H 

NMR (CDCI O S 7.68 (s, IH). 7.40-7.37 (d, J=9.(K) Hz, 2H), 7.06-7.03 (d, J=8.10 Hz, 

2H), 2.91-2.86 (t, J=7.20 Hz, 2H), 2.51-2.46 (t, .1=7.80 Hz. 2H), 2.36-2.46 (t, J=7.20 Hz. 

4H), 1.98-1.91 (p, .1=6.90 Hz, 3H), 1.53-1.48 (m, J=7.20, 2H), 1.23-1.17 (m, J=6.48 Hz, 

lOH) 0.83-0.79 (t, J=6.30 Hz, 3H); ' NMR (CDCI3) 8 196.6. 170.2, 138.9, 135.5, 

128.8, 119.9, 60.4. 35.9. 35.3, 31.8, 31.5, 30.6. 29.4, 29.2. 28.3, 25.7, 22.6. 21.0. 14.1, 

14.0; IR(KBr) 3345. 3081.2925, 2852, 2646. 1689, 1625, 1523, 1117 cm '; Mass Spectral 

Analysis (ESl-f-) MI 350.0 (Theoretical mass for C20H31NO2S = 349.21). 

iV-(3-mercaptopropyI)-4-octyIbenzamide (2-30). 

A procedure from the literature' was modified as follows: thioacetic acid .S'-[3-(4-

octylbenzoylamino)-propyl] ester (2-29) (4.85 g, 13.8 mmoles) was dissolved in 60 mL 

of methanol and the solution was degassed by bubbling argon through the solution for 10 



mill. Sodium methoxide (0.90 g, 17 mmoles) was dissolved in 10 iiiL of degassed 

Methanol and the solution was added to the reaction mixture. The reaction was stirred 

under argon for 1.5 h. Dowex IF exchange resin was added to reaction vessel after being 

washed (2 x 50 niL) with methanol and (2 x 50 iiiL) with 10% HCl. The solution was 

vigorously stirred for 30 min. The solution was filtered to remove the resin. The resin 

was washed (2 X 50 niL) with methanol followed by (2 x50 mL) with CHCI3. The 

solution was concentrated in vacuo to yield 3.66 g of a viscous yellow oil, 85 % yield. 

(R, = 0.85, 50:50 hexanes/ethyl acetate) 'H NMR (CDCI3) 6 7.64-7.60 (d, J=8.26 Hz. 

2H), 7.17-7.13 (d, J=8.06 Hz, 2H), 6.42 (broad s, IH). 3.56-3.46 (q, J=6.30 Hz, IH). 

2.61-2.50 (q, J=7.26 Hz, 4H), 1.93-1.79 (p, J=6.68 Hz, 2H). 1.58-1.41 (m, 3H), 1.20 (s, 

12H), 0.84-0.78 (t, J=6.22 Hz, 3H); ''C NMR (CDCI3) 5 167.7. 146.9, 131.7. 128.6, 

126.9, 38.5, 35.8, 33.5, 31.8. 31.2. 29.4. 29.2. 22.6. 22.1. 14.0. IR(KBr) 3300, 3061, 

3033, 2560, 1637, 1548, 1314, 1188, 853 cm '; Mass Spectral Analysis (ES1+) [M-l-H] 

308.0 (Theoretical mass for CigHzgNOS = 307.20). 

4,5-bis (3-(4-octyll>enzamide)propyIsiilfanyl)) phthalonitrile (2-31). 

A procedure from the literature^ was modified as follows: K2CO3 (3.31 g, 24 

mmoles) and 4,5-dichlorophlhalonitrilc (0.62 g. 3.1 mmoles) were dissolved in 60 mL of 

dry DMSO and the solution was degassed by bubbling argon through the solution for 10 

min. 7V-(3-mercaptopropyI)-4-octylbenzamide (2-30) (3.50 g. 11.4 mmoles) was added to 

the reaction mixture and the reaction was stirred for 2 h at room temperature, at which 

point the solution gelled. The reaction was heated to 40" C and was stirred for an 

additional 2 h. The reaction mixture was cooled to room temperature and the resultant 



yellow gel was collected via suction filtration. The gel was washed with 300 mL of 

methanol. The remaining white solid was dried in a vacuum oven at 40° C for 4 h. The 

weight of the purified solid was 3.50 g, 95% yield. (Rf = 0.87, 95:5 CHCla/Methanol). 

MP=170-173'' C; NMR (CDCI3) 5 8.47-8.43 (t, J=5.7 Hz, 2H), 7.91 (s, 2H), 7.76-7.31 

(d, J=8.4 Hz, 4H), 7.25-7.23 (d, J=8.1 Hz, 4H), 3.41-3.33 (m, lOH), 3.25-3.21 (t, J=6.90 

Hz, 4H), 2.61-2.56 (t, J=7.50 Hz, 4H), 1.92-1.83 (p, J=6.90 Hz, 4H), 1.56-1.52 (m, 4H), 

1.20 (s, 20H), 0.85-0.80 (t, J=6.60 Hz, 3H); NMR (CDCI3) 8 166.2, 145.5, 143.1, 

131.9, 127.9, 127.1, 115.8, 110.2, 38.1,34.8,31.1,30.5, 28.6, 28.4, 27.8., 21.9, 13.7; 

IR(KBr) 3296, 3079,2924, 2851, 2225, 1641, 1537, 828 Mass Spectral Analysis 

(FAB-t-) [M+H] 739.4 (Theoretical mass for C13H16O2S = 738.40). 

2,3,9,10,16,17,23,24-octekis(3-(4-octylbenzai]iiidepropylsiilfaiiyl)) phthalocyanato 

copper (II) (2-32). 

A procedure from the literature^ was modified as follows; 4,5-bis (3-(4-

octylbenzamide)propylsulfanyl)) phthalonitrile (2-31) (1.16 g, 1.57 mmoles), copper (II) 

bromide (0.09 g, 0.40 mmoles), and DBU (0.25 g, 1.6 mmoles) were suspended in 10 mL 

of 1-pentanol and the mixture was refluxed under argon for 12 h. The reaction was 

cooled to room temperature and was then placed in a freezer overnight to allow the 

product to crystallize out of solution. The phthalocyanine was crashed out of solution 

with the addition of 50 mL of methanol. The precipitate was collected by suction 

filtration and the blue-green solid was washed (2 x 30 mL) with D! water. The solid was 

placed in a Soxhlet thimble and was extracted for 48 h with boiling methanol. The solid 

weighed 0.72 g of the blue green solid, 64 % yield. UV-Vis (CHCI3 w/ 3 drops of TFA) 



712, 638. 324, 254 nm; IR(KBr) 3312, 3068. 3022, 2929, 2846, 2598. 2355, 2329. 1631, 

1537, 1300, 1186. 1077, 850 cm"'; Mass Spectral Analysis (MAI.PI) 3021.5482 

(Theoretical mass for CiTfJi^.MCuN i(.OkSx = 3021.5495). 

2.2.6 Synthesis of 2,3,9,10,16,17,23,24-octakis(3-(4-octylphenylcarlM)moyl) 

propylsuifanyl))phthal()cyanine (2-37) 

4-acetylsufanylbutyric acid (2-33). the corresponding amide, and thiol were 

prepared using modifications of procedures published by Svensson and co-workers.' The 

commercially available 4-bromobutyric acid. KI, and potassium Ihioacetate were 

dissolved in DMSO. The desired ihioacetate was recovered in 69 % yield. The 4-

acety 1 sulfanylbulyric acid was coupled with 4-octyl aniline using EDC and HOBt to yield 

the desired amide in 64 % yield. Basic conditions were used to deprotect the thiol in 

94 % yield. Initially, attempts were made to remove the acetyl protecting group using 

acidic conditions, this seemed to cause rearrangements on the benzene ring possibly due a 

Friedl-Crafts reaction. However, basic deprotect ion seems to eliminate the 

rearrangements. 
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Figure 2.7 Synthetic pathway to 23.9,10,16,17.23,24-octakis(3-(4-octylbenzamidepropyl.sulfanyl) 
ph thalocvaninef 2-37). 

4-Acetylsulfanylbutyric acid (2-33). 

Compound 2-33'" was prepared as follows: 4-Bromobutyric acid (6.63 g. 39.9 

mmoles) and K1 (6.74 g. 40.6 mmoles) were dissolved in 30 mL of dry DMSO. The 

solution was degassed by bubbling argon through the solution for 10 min. The solution 



was chilled to 10" C and potassium thioacetate (6.40 g, 56.0 mmoics) was slowly added 

to the reaclion mixture. The reaction mixture was stirred for 1.5 h. The rcaclion mixture 

was then partitioned between 200 mL of ether and 200 mL of DI water. The aqueous 

layer was washed (2 x 200 mL) with ether. The combined organic layers were dried 

over MgS04, gravity filtered, and concentrated in vacuo to yield orange oil. The crude 

oil was purified by column chromatography using 70:30 hexanes/ethyl acetate (w/ 1 mL 

of formic acid per L of solvent), Rf = 0.26. The weight of the purified oil was 4.50 g, 

69% yield. The proton and carbon NMR were consistent with those reported in the 

literature.'" 'H NMR (CDCI3) 8 2.91 (t, .1=7.32, 2 H), 2.42-2.34 (t, J=7.40 Hz. 2H) 2.28 

(s, 3H), 1.92-1.78 (q. J=7.24 Hz, 2H), ''C NMR (CDCI3) 5 195.7, 179.1, 32.6, 30.5. 28.1. 

24.5; IR(neat) 3540, 3135, 2930, 2661, 1718, 1420, 1127 cm"': Mass Spectral Analysis 

(EI-) [M+H] 163, 102, 43 (Theoretical mass for Cf.HniO^S = 162.04). 

Thioacetic acid 5-[3-(4-<)ctylphenylcarboiTioyl)propyl] ester (2-34). 

A procedure from the literature' was modified as follows: 4-Acetylsulfanyl 

butyric acid (2-33) (3.22 g, 19.9 mmoics) was dissolved in 200 mL of dry 

dichloromethane and the mixture was chilled to -5° C. 4-octyl aniline (6.11 g, 29.7 

mmoles) was added to the reaction vessel followed by 1 -hydroxybcnzotriazole (4.05 g. 

29.7 mmoles) and EDC (5.75 g, 29.7 mmoles). The mixture was stirred at -5° C for an 

additional 2 h and then was allowed to warm to room temperature and was stirred 

overnight. The rcaclion was quenched by adding the reaclion mixture to 100 mL of 10% 

HCl. The resulting emulsion was broken by the addition of 20 mL of ethanol. The 

organic layer was removed. The aqueous layer was then washed (2 x 200 mL) with 



dichloromethane. The combined organic layers were dried over MgS04, gravity filtered, 

and concentrated in vacuo to yield a brown oil which crystallized upon sitting. The solid 

was purified by column chromatography using 60:40 hexanes/ethyl acetate as the eluent 

(Rf= 0.81). The weight of the purified solid (mp = 66-68° C) was 6.40 g, 64 % yield. 'H 

NMR (CDCI3) 5 7.69 (s, IH), 7.40-7.37 (d, J=9.00 Hz, 2H), 7.06-7.03 (d, J=8.01 Hz. 

2H), 2.91-2.86 (t, J=7.20 Hz, 2H), 2.51-2.46 (d, J=7.80 Hz, 2H), 2.36-2.31 (t, J=7.20 Hz, 

2H), 1.98-1.91 (p. J=7.20, 4H), 1.53-1.48 (m, J=7.20 Hz, 2H), 1.23-1.17 (m, IIH), 0.83-

0.79 (t, J=6.30 Hz, 3H); ' Y' NMR (CDCI3) S 196.6, 170. 2. 138.9, 135.5. 128.8, 119.9. 

60.4, 35.9. 35.3, 31.8, 31.5, 30.6. 29.4, 29.2, 29.1, 28.3, 25.7. 22.6. 21.0, 14.1, 14.0; 

IR(KBr) 3300, 2932, 2847. 1686, 1649, 1540, 1132, 840 cm '; Mass Spectral Analysis 

(ESI+) MI 332.2 (Theoretical mass for C20H31NO2S = 349.21). 

4-Mercapto-iV-(4-octylphenyl) butyraniide (2-35). 

A procedure from the literature' was modified as follows; Thioacetic acid 5'-[3-

(4-octylplienylcarbomoyl)propyl] ester (2-34) (2.55 g, 7.30 mmoles) was dissolved in 30 

mL of methanol and the solution was degassed by bubbling argon through the solution 

for 10 min. Sodium methoxide (0.66 g, 12.2 mmoles) was dissolved in 10 mL of 

degassed Methanol and the solution was added to the reaction mixture. The reaction was 

stirred under argon for 1.5 h. Dowex H"" exchange resin was added to reaction vessel 

after being washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The 

solution was vigorously stirred for 30 min. The solution was filtered to remove the resin. 

The resin was washed (2 X 50 mL) with methanol followed by (2 x50 mL) with CHCI3. 

The solution was concentrated in vacuo to yield 2.10 g of a viscous yellow oil which 



solidified upon sitting, 94 % yield. (Rf = 0.96. 50:50 hcxanes/cthyl acetate); 'H NMR 

(CDCI3) 8 7.68 (s, IH). 7.35-7.31 (d, .1=8.14 Hz, 2H), 7.05-7.01 (d, J=8.06 Hz, 2H). 2.58-

2.39 (m. 5H), 2.00-1.86 (p. J=7.24 Hz, 2H), 1.60-1.40. (m, 2H), 1.98 (s, lOH), 0.84-0.77 

(t, .1=5.94 Hz, 3H); 'T NMR (CDCI3) 8 170. 6, 139.2, 135.3, 128.8, 120.1, 35.4. 35.3, 

31.8, 31.4, 29.4, 29.2. 24.0, 22.6, 14.0; IR(KBr) 3308. 3178. 3110. 2928. 2847, 1662, 

1522, 832 cm '; Mass Spectral Analysis (ESI+) [M+H] 308.1 (Theoretical mass for 

C18H29NOS = 307.20). 

4,5-bis (3-(4-<>ctylphenylcarbomoyl)propylsulfanyl)) phthalonitrile (2-36). 

A procedure from the literature^ was modified as follows: K2CO3 (2.20 g, 15.9 

mmoles) and 4,5-dichlorophthalonitrile (0.39 g, 2.0 mmoles) were dissolved in 35 mL of 

dry DMSO and the solution was degassed by bubbling argon through the solution for 10 

min. 4-Mercaplo-A'-(4-octylphenyl) butyramide (2-35) (2.00 g, 6.51 mmoles) was added 

to the reaction mixture and the reaction was stirred for 1 hour at room temperature, at 

which point the solution gelled. The reaction was heated to 40" C and was stirred for an 

additional 2 h. The reaction mixture was cooled to room temperature and was partitioned 

between 200 mL of CHCI3 and 1 (K) niL of DI water. The aqueous layer was washed (2 x 

100 mL) with CHCI3. The organic layers were dried over MgS04, gravity filtered, and 

concentrated in vacuo to yield a yellow oil which solidified upon sitting. The solid was 

purified by column chromatography using 50:50 hexanes/ethyl acetate as the eluent (Rf = 

0.82). The weight of the purified solid (mp = 42-44" C) was 4.24 g, 87% yield. 'H NMR 

(CDCI3) 6 9.86 (s, 2H), 7.98 (s, 2H), 7.48-7.46 (d, 8.40 Hz, 4H), 7.07-7.05 (d, J=8.40 Hz, 

4H), 3.25-3.20 (t, J=6.9 Hz. 4H), 1.95-1.91 (p, J=6.90 Hz, 4H), 1.53-1.48. (m, 4H), 1.22 



(s, 20H), 0.85-0.80 (t, J=6.60 Hz, 6H); '"C NMR (CDCI3) 8 169. 8, 142.9, 136.8. 136.7, 

128.5, 128.1, 119.0, 115.8, 110.2, 34.7, 34.4, 31.1, 30.9, 28.6, 28.5, 28.4, 23.7, 21.9, 

13.7; IR(KBr) 3348, 3316. 3057, 2924. 2851, 2584. 2228. 1900, 1662. 1605, 1120, 824 

cm '; Mass Spectral Analysis (FAB+) Ml 739.7 (Theoretical mass for C44H59N4O2S2 = 

739.41). 

2,3,9,10,16,17,23,24-<K.'takis(3-(4-«)ctylphenylcarbonioyl)propylsulfanyl)) 

phthalocyanato copper (II) (2-37). 

A procedure from the literature was modified as follows: 4,5-bis (3-(4-

oclylphenylcarbomoyl)propylsulfanyl)) phthalonilrile (2-36) (0.70 g, 0.94 mmoles), 

copper (II) bromide (0.06 g, 0.24 mmoles), and DBIJ (0.14 g, 0.94 mmoles) were 

suspended in 10 mL of 1 -penlanol and the mixture was re fluxed under argon for 12 h. 

The reaction was cooled to room temperature and was then placcd in a freezer overnight 

to allow the product to crystallize out of solution. The phthalocyanine was collected by 

suction filtration and the blue-green solid was washed (2 x 30 mL) with DI water and ( 2 x 

30 mL) with ether. The solid was placed in a Soxhlet thimble and was extracted for 48 h 

with boiling ether. The solid weighed 0.52 g of the blue green solid. 73 % yield. UV-

Vis (CHCI3 w/TFA) 758, 729. 695. 445, 322 nm; IR(KBr) 3300, 3186, 3118, 3037. 2928, 

2847. 2600, 2365, 2330, 1666, 1597, 1532, 1415, 958, 820 cm '; Mass Spectral Analysis 

(MALDl) 3020.6697 (Theoretical mass for C,76H2mCuN,„08Sk = 3020.5417). 
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2.2.7 Synthesis of 2,3,9,10,16,17,23,24-(Ktakis (2-(4-octylbenzainide ethylsulfanyl)) 

phthalocyanine (2-42) 

Using a modification of a procedure published by Rashidi-Ranjbar and co

workers,' ' the commercially available 4-octylbenzoyl chloride was coupled on 2-chloro 
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Figure 2.8 Synthetic pathway to 23.9.10,16,17,23vZ4-<M.'takis( 2-( 4-octylbenzaiiiide ethylsulfanyl)) 

phthalocYanine(2-42). 



ethylamine hydrochloride in 75 % yield. The thioacetate was prepared the previously 

described method of Svensson and co-workers and was obtained in 91 % yield. The 

removal of the acetyl protecting group was carried out under basic conditions and the 

desired thiol was obtained in near quantitative yields. The thiol was coupled onto 4.5-

dichlorophthalonitrile in 87 % yield. The phthalonitrile was found to gel the reaction 

mixture, and was necessary to heat the reaction gently to keep the phthalonitrile in 

solution to allow the reaction to go to completion. The Pc has a strong tendency to 

aggregate making purification by other means than Soxhlet extraction virtually 

impossible. 

yV-(2-chloro ethyl )-4-octyll>enzainide (2-38) 

A procedure from the literature" was modified as follows: 2-Ch I oropropy I amine 

hydrochloride (5.51 g, 47.0 mmoles) and K2CO3 (13.10 g, 94.9 mmoles) were suspended 

in 150 mL of dry dichloromethane. The mixture was stirred under argon for 30 min 

before 4-octylbenzoyl chloride (8.00 g, 31.6 mmoles) was added. The mixture was 

stirred under argon for 72 h. The mixture was then partitioned between 100 mL of DI 

water and 200 mL of ether. The aqueous layer was washed (2 x 100 mL) with ether. 

The combined organic layers were dried over MgSO.4, gravity filtered, and concentrated 

in vacuo to yield a white solid. The solid was purified by column chromatography using 

70:30 hexanes/ethyl acetate as the cluent (R| =0.45). The purified solid weighed 7.08 g, 

75% yield. (mp=76-8(y'C); 'H NMR (CDCI3) S 7.56-7.52 (d, J=8.28 Hz, 2H). 7.11-7.07 

(d. J=7.86 Hz, 2H), 6.36 (s, IH). 3.70-3.54 (m, 4H), 2.53-2.45 (t, J=7.34 Hz, 2H), 1.50-

1.42 (t. J=8.20 Hz. 2H), 1.11 (s, 9H), 0.75-0.68 (t, J=5.98 Hz, 3H); "C NMR (CDCI3) 5 



167.6. 147.2, 131.4. 128.6, 127.0. 44.2. 41.6. 35.8, 31.8, 31.2, 29.4, 29.2, 22.6, 14.1; 

IR(KBr) 3340, 3071, 2042, 2920, 2842, 1635, 1547. 1303, 853 cm"'; Mass Spectral 

Analysis ( FAB+) Ml 296.2 (Theoretical mass for C13H16O2S = 296.17). 

Thioacetic acid S-[2-(4-octyIbeiizoylaiiiino)-ethyl] ester (2-39 ). 

A procedure from the literature' was modified as follows: A'-{2-Chloro ethyl )-4-

octylbenzamide (2-37) (3.25 g, 11.0 mmoles) and KI (3.65 g, 22.0 mmoles) were 

dissolved in 45 mL of dry DM SO. The orange solution was degassed by bubbling argon 

through it for 10 min. Potassium thioacetate (1.76 g, 15.4 mmoles) was added to the 

solution and the reaction was stirred under argon for 12 h. The brown solution was 

partitioned between 100 mL of DI water and 200 mL of ether. The aqueous layer was 

washed (2 x 200 mL) with ether. The combined ether layers were washed (1 x 100 mL) 

with DI water and were then dried over MgSO^. The solution was gravity filtered and 

was concentrated in vacuo to yield a brown oil which crystallized upon sitting. The solid 

was purified by column chromatography using 50:50 hexanes/ethyl acetate as the eluent 

(Rf = 0.76). The tan solid weighed 5.23 g, 91% yield. 'H NMR (CDC!,) § 7.64-7.60 (d, 

J=8.06 Hz, 2H), 7.18-7.14 (d, J=8.06 Hz, 211). 6.69-6.64 (t, J=4.84 Hz, IH). 3.62-3.53 (q, 

J=5.96 Hz, 2H), 3.12-3.04 (t, J=6.14 Hz. 2H). 2.61-2.53 (t, J=7.34, 2H), 2.28 (s, 3H), 

1.62-1.47 (p. J=7.32 Hz, 2H), 1.20 (s, lOH), 0.84-0.77 (t, 6.30 Hz, 3H); "C NMR 

(CDCI3) 5 196.8, 167.5, 146.9, 131.4, 128.5. 126.9. 40.2, 35.8, 31.8, 31.1, 30.6. 29.4, 

29.2, 28.8, 22.6. 14.1; IR(KBr) 3368. 2936, 2875, 1706, 1653, 1504, 1128, 820 cm '; 

Mass Spectral Analysis (FAB+) [M+H] 336.2 (Theoretical mass for C19H29NO2S = 

335.19). 



A^-(2-mercaptoethyl)-4-octylbenzamide (2-40). 

A procedure from the literature' was modified as follows: thioacetic acid 5'-[2-(4-

octylben/.oylainino)-ethyl ] ester (2-38) (2.34 g, 6.98 mmoles) was dissolved in 30 niL of 

methanol and the solution was degassed by bubbling argon through the solution for 10 

min. Sodium methoxide (0.64 g. 11.8 mmoles) was dissolved in 10 niL of degassed 

methanol and the solution was added to the reaction mixture. The reaction was stirred 

under argon for 1.5 h. Dowex exchange resin was added to reaction vessel after being 

washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The solution was 

vigorously stirred for 30 min. The solution was filtered to remove the resin. The resin 

was washed (2 X 50 mL) with methanol followed by (2 x50 mL) with CHCI3. The 

solution was concentrated in vacuo to yield 2.03 g of a viscous yellow oil which 

solidified upon sitting (mp = 54-56" C) , 99 % yield. (Rf = 0.74. 50:50 hexanes/ethyl 

acetate): 'H NMR (CDCI3) 5 7.66-7.62 (d. J=8.22 Hz, 2H), 7.19-7.15 (d, J=8.26 Hz, 2H), 

6.66 (s, IH), 3.60-3.51 (q, J=6.14 Hz, 2H), 2.76-2.66 (q, J=6.60 Hz, 2H), 2.61-2.54 (t, 

J=7.32, 2H), 1.62-1.48(p, J=6.96 Hz, 2H). 1.39-1.30 (t, J=8.72 Hz, IH) 1.2()(s, lOH). 

0.84-0.78 (t, J=5.86 Hz, 3H); '''C NMR (CDCI3) 5 167.6, 147.1, 131.5. 128.6. 127.1. 

126.9. 42.7, 35.8, 31.8. 31.1, 29.4. 29.2. 24.7. 22.6. 14.0, IR(KBr) 3325. 3066. 2925. 

2847. 1640. 1542, 1303, 1191, 836 cm '; Mass Spectral Analysis (FAB-l-) [M-t-H] 294.25 

(Theoretical mass for C17H27NOS = 293.18). 



4,5-bis (2-(4-octyIbenzamide) ethylsulfanyl)) phthalonitrile (2-41). 

A procedure from the literature^ was modified as follows: K2CO3 (1.19 g, 8.62 

inmoles) and 4,5-dichlorophthalonitrilc (0.35 g, 1.8 mmoles) were dissolved in 40 niL of 

dry DM SO and the solution was degassed by bubbling argon through the solution for 10 

min. iV-(2-mercapto ethyl )-4-oc(ylben/.amide (2-39) (1.80 g, 6.13 mmoles) was added to 

the reaction mixture and the reaction was stirred for 1 h at room temperature, at which 

point the solution gelled. The reaction was heated to 40" C and was stirred for an 

additional 2 h. The reaction mixture was cooled to room temperature and was partitioned 

between 200 mL of CHCI3 and ] 00 mL of DI water. The aqueous layer was washed (2 x 

100 mL) with CHCI3. The organic layers were washed (1 x 100 mL) with Dl water and 

were dried over MgSO,!. The solution was gravity filtered, and concentrated in vacuo to 

yield a tan solid which solidified upon sitting. The solid was washed with hot acetone. 

The remaining white solid was dried in a vacuum oven at 60" C overnight. The weight of 

the purified solid (mp = 228-230" C) was 1.13 g, 87% yield. 'll NMR (d,rDMSO. 45" C) 

S 8.81-8.77 (t, 6,00 Hz, 2H), 8.07 (s, 2H), 7.78-7.75 (d, J=9.00 Hz, 4H), 7.25-7.22 (d. 

J=9.00 Hz, 4H). 3.52- 3.48 (t, J=6.30 Hz, 4H), 3.39-3.35 (t, J=6.90 Hz, 4H), 2.62-2.57 (t, 

J=7.80, 4H). 1.59-150 (m. 4H), 1.22 (s, 20H), 0.85-0.81 (t, J=4.80 Hz, 6H); "C .NMR 

(de-DMSO, 45" C) 8 166.3, 145.9, 142.8, 131.4. 128.1, 127.2. 115.9. 110.5, 38.3. 38.1. 

34.9, 31.3. 30.7. 28.7. 28.6, 22.1. 13.9; IR(KBr) 3358. 3068, 2918. 2851, 2587. 2225. 

1641. 1527. 1305, 1222, 1113, 844 cm '; Mass Spectral Analysis (FAB+) [M+H] 711.57 

(Theoretical mass for C42H54N4O2S2 = 710.37). 



2,3,9,10,16,17,23,24-<)ctakis(2-(4HM.'tylbenzamide ethylsulianyl)) phthalocyanato 

copper (I!) (2-42). 

A procedure from the literature" was modified as follows: 4,5-bis (2-(4-

octylben/amide) ethylsulfanyl)) phthalonitrile (2-40) (0.71 g. 0.94 mmoles), copper (II) 

bromide (0.06 g, 0.24 mmoles). and DBLJ (0.15 g. 1.1 mmoles) were suspended in 10 mL 

of 1-pentanol and the mixture was refluxed under argon for 12 h. The reaction was 

cooled to room temperature and was then placed in a freezer overnight to allow the 

product to crystallize out of solution. The phthalocyanine was collected by suction 

filtration and the blue-green solid was washed (2 x 30 mL) with DI water and (2 x 30 

mL) with ether. The solid was placed in a Soxhlet thimble and was extracted for 48 h 

with boiling ether. The solid weighed 0.51 g of the blue green solid, 71 % yield. UV-Vis 

(95:5 THF/triflic acid) 799.750. 700, 638. 324 nm; IR(KBr) 3314, 3291. 2924. 2846. 

1625, 1527, 853 cm ';Mass Spectral Analysis (MALDI) 2905.3890 (Theoretical mass for 

CisgHanCuNifiOgSg = 2905.4142). 

2.2.8 Synthesis of 2,3,9,10,16,17,23,24-octakis (2-(Phenethyloxy ethylsulfanyl)) 

phthalocyanine (2-48) 

2-hcnzyl-[ 1,3 j-dioxolane purchased from TCI Japan and the dioxolane ring was opened 

using a modification of a literature procedure." The tosylate was prepared utilizing the 

same procedure as used for previously discussed phenyl terminated alcohols. The desired 

thiol was recovered in 90 % yield. The phthalonitrile was synthesized in 92% yield. The 

Pc was prepared in 32% yield overall. 
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l.LAH, AlCl,. EI2O 
2.15% NaOH 
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Figure 2.9 Synthetic pathway to 23.9,10,16,17.23.24-i)ctakis( 2-( phenethy loxy )€thy Isuifany 11) 
phthalocvaninc(2-48). 

2-Phe.nethyloxy ethanol (2-43). 

1 ̂  7 Compound 2-43 ^ was prepared as follows using a modification of a literature 

procedure: LAH (9.24 g, 244 mmoles) was suspended in 500 mL of anhydrous ethyl 

ether and cooled to 0 "C. A solution of AICI3 (65.0 g. 488 mmoles) in 200 mL of cold 

anhydrous ether was slowly added as the mixture was stirred at 0 "C for 15 niin. 2-

Bcn/yl-11,3] dioxolane (Purchased and used as received from TCI Japan.) (20.0 g, 122 

mmoles) was dissolved in 25 mL of ether and slowly added to the aluminum reagent 

solution. The solution was stirred for 12 h and a 15% aqueous KOH solution was slowly 



added until gas evolution ceased. The white precipitate (lithium aluminate) was removed 

by suction filtration. The salt was washed with 50 mL of ether. The filtrate was 

partitioned between 200 mL of DI water and 150 mL of ether. The aqueous layer was 

washed twice with 50 mL ether. The organic layer was then dried over MgS04, gravity 

filtered and the organic solvent was removed in vacuo. The resulting liquid weighed 

15.19 g (75 % yield) and was determined to be pure by TLC, NMR, and mass spectral 

analysis. R/ = 0.55 (70:30 hexanes/ethyl acetate). The proton NMR was consistent with 

the literature." NMR (CDCI3) 6 7.33-7.21 (m, 5H), 3.73-3.71 (t, J=1.50 Hz, 2H), 

3.69-3.68 (t, J=2.4 Hz, 2H), 3.57-3.55 (t, J=3.6 Hz, 2H), 2.93-2.88 (t, J=6.9Hz, 2H), 2.06-

2.01 (t, J=6.6 Hz, IH); "C NMR (CDClg) S 138.8, 128.8, 128.4, 126.3, 72.0, 71.8, 61.7, 

36.2, IRCneat) 3426, 3030, 2936, 2869, 1605, 1122, 1067, 702 cm"^; Mass Spectral 

Analysis (FAB+) [M+H] 167.22 (literature" [M]-f=166.1) (Theoretical mass for 

CIOHI402= 166.10). 

2-Plienethyloxy ethyl tosylate (2-44). 

o 

A procedure was adapted from the literature as follows: 2-phenethyloxy ethanol 

(2-42) (10.09 g, 60.7 mmoles) and tosyl chloride (13.89 g, 73.0 mmoles) were dissolved 

in 250 mL of dry ether. The mixture was chilled to 0" C and freshly pulverized NaOH 

pellets (9.76 g, 244 mmoles) were slowly added. The mixture was stirred under argon for 

2 h and then was allowed to warm to room temperature. The mixture was stirred at room 

temperature for 24 h. The reaction mixture was partitioned between 200 mL of DI water 

and 200 mL of ether. The aqueous layer was then washed (2 x 200 mL) with ether. The 

combined ether layers were dried over MgS04, gravity filtered, and concentrated in 



vacuo to yield a clear oil weighing 17.52g. 90% yield. Rf = 0.67 (70:30 hcxanes/ethyl 

acetate), IR (neat) 3062, 3030, 2952. 2877. 1597, 1181. 1024 cm 'H NMR (CDCI3) 5 

7.80-7.77 (d. J=8.4 Hz, 2H), 7.34-7.15 (m, 7H), 4.16-4.12 (t, J=5.1 Hz, 2H), 3.64-3.60 (t, 

.1=3.3 Hz, 2H), 3.63-3.58 (t, J=7.5 Hz, 2H), 2.83-2.78 (t, J=7.5 Hz, 2H), 2.44 (s, 3H); "C 

NMR (CDCI3) 8 144.7. 138.5, 133.0, 129.8, 128.8. 128.3, 126.2, 72.4. 69.2, 68.2, 36.0, 

21.6; Mass Spectral Analysis (FAB+) (M+H| 321.3 (Theoretical mass for Ci7H2o04S= 

320.11). 

Thioacetic acid S-(2-phenethyIoxyethyI) ester (2-45). 

A procedure from the literature' was modified as follows: 2-Phenethyloxyethyl 

tosylate (2-43) (16.39 g, 51.20 mmoles) was dissolved in 100 mL of dry DM SO and the 

solution was degassed by bubbling argon through the solution for 10 rnin. Potassium 

thioacetate (6.43 g, 56.3 mmoles) was added to the reaction mixture. After stirring for 3 

h the mixture was partitioned between 200 mL of DI water and 200 mL of ether. The 

aqueous layer was washed (2 x 200 mL) with ether. The combined ether layers were 

washed (2 x 1 (K) mL) with DI water followed by (1x1 (K) mL) of saturated NaCl (aq) 

solution. The organic layer was then dried over MgSOi. was gravity filtered, and was 

concentrated in vacuo to yield a yellow tinted oil weighing 11.40 g. 99 % yield. 'll NMR 

(CDCI3) 6 7.31-7.20 (m, 5H), 3.68-3.64 (t, J=6.9 Hz, 2H), 3.59-3.55 (t, J=6.9 Hz, 2H), 

3.09-3.05 (t, J =6.3, 2H). 2.90-2.85 (t, .1=6.9 Hz, 2H,) 2.33 (s, 3H); ''C NMR (CDCI3) 8 

195.5. 138.7, 128.9, 128.8. 128.4, 128.3. 126.2. 71.9, 69.3. 36.2. 30.5. 28.9: TR(ncat) 

3369, 3037, 2935, 2861, 2794, 1689. 1484, 1445. 1352, 1112 cm '; Mass Spectral 

Analysis (FAB-t-) [M+H] 225.2 (Theoretical mass for C12H16O2S = 224.09 ). 



2-Phenethyloxyethane thiol (2-46). 

Compound 2-46'"^ was prepared as follows; Thioacctic acid S-(2-

cinnamyloxyethyl) ester (2-45) (11.26 g, 50.25 mmolcs) was dissolved in 250 mL of 

methanol and the solution was degassed by bubbling argon through the solution for 10 

min. Sodium methoxide (3.24 g, 60.0 mmolcs) was dissolved in 15 mL of degassed 

Methanol and the solution was added to the reaction mixture. The reaction was stirred 

under argon for 1.5 h. Dowcx H * exchange resin was added to reaction vessel after being 

washed (2 x 50 mL) with methanol and (2 x 50 mL) with 10% HCl. The solution was 

vigorously stirred for 30 min. The solution was filtered to remove the resin. The resin 

was washed (2 X 50 mL) with methanol followed by (2 x50 mL) with CHCI3. The 

solution was concentrated in vacuo to yield 9.07 g of a viscous yellow oil. 99 % yield. 

(Rf = 0.52 70;30 hexanes/ethyl acetate); NMR (CDCl/) S 7.29-7.21 (m. 5H), 3.70-3.66 

(t, J=5.10 Hz, 211). 3.59-3.57 (t, J=6.3 Hz, 2H), 2.92-2.87 (t, J=7.2 Hz, 2H), 2.69-2.63 (q, 

J=6.3 Hz, 2H). 1.56-1.51 (t, J=8.4 Hz, IH); ''C NMR (CDCI3) 8 138.8, 128.9, 128.3, 

126.2. 72.4. 71.8. 36.2, 24.3; IR(ncat) 3081. 3062, 3018, 2935. 2861, 2783, 2558, 1493, 

1450, 1362, 1289,1117 cm '; Mass Spectral Analysis (FAB+) [M+H] 183.2 (Theoretical 

mass for C10H14OS = 182.08). 

4,5-bis (2-Phenethyloxy ethyisuH'anyi) phthalonitrile (2-47). 

A procedure from the literature"'' was modified as follows; K2CO3 (15.49 g, 112.2 

mnioles) and 4,5-dichlorophthalonilrile (2.78 g, 14.1 mmoles) were dissolved in 100 mL 

of dry DM SO and the solution was degassed by bubbling argon through the solution for 

10 min. 2-phenethyloxy ethane thiol (2-46) (9.00 g, 49.4 mnioles) was added to the 



reaction mixture and the reaction was stirred for 4 h. The reaction mixture was 

partitioned between 200 niL of ether and 200 ml. of Dl water. The aqueous layer was 

washed (2 x 200 mL) with ether. The combined organic layers were washed with 

saturated NaCl solution (aq). The organic layer was then dried over MgSOa, was gravity 

filtered, and concentrated in vacuo to yield a yellow oil. The oil was purified by column 

chromatography using 70:30 hexanes/ethyl acetate as the eluent (Rf = 0.65), the clear oil 

weighed 6.31 g, 92% yield. 'H NMR (CDCI3) 5 7.55 (s, 2H). 7.31-7.18 (m, lOH), 3.76-

3.73 (t, J=6.0 Hz, 4H). 3.72-3.68 (t, J=7.2 Hz, 4H), 3.21-3.17 (t, J =6.3 Hz, 4H), 2.91-2.86 

(q, J=6.9 Hz, 4H); ^'C NMR (CDCl,) 8 143.9, 138.4, 129.3, 128.8, 128.3, 126.3, 115.5, 

111.4, 76.6, 72.2, 68.9, 36.1. 32.8; IR(neat ) 3030. 2932, 2794. 2786. 2739. 2586. 2229, 

1951, 1876. 1809. 1738. 1565. 1452, 1110 cm '; Mass Spectral Analysis (MALDl) 

[M+H] 489.07 (Theoretical mass for (SkH.sN.O.S. = 488.16). 

23,9,10,16,17,23,24-f>ctaki.s (2-PhenethyloxyethylsuIfanyl) phthalocyanato copper 

(II) (2:^). 

A procedure from the literature" was modified as follows: 4.5-bis (2-

Phenethyloxyethylsulfanyl) phthalonitrile (2-47) (1.64 g, 3.36 mmoles), copper (II) 

bromide (0.17 g, 0.75 mmoles), and DBU (0.46 g, 3.4 mmoles) were suspended in 10 mL 

of l-pentanol and the mixture was refluxed under argon for 12 h. The reaction was 

cooled to room temperature and was then placed in a freezer overnight to allow the 

product to crystallize out of solution. The phthalocyanine was collected by suction 

filtration and the blue-green solid was washed (2 x 30 mL) with DI water. The solid was 

extracted in a soxhlet extractor with boiling ether for 48 h followed by extracting with 
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methanol for 48 h. The solid was then purified by column chromatography using 98:2 

CHCiyMethanol as the eiueni (Rf = 0.90) to yield 0.70 g of the green solid. 53 % yield. 

UV-Vis (CHCI3) 711. 637, 429. 323 nm; IR(KBr) 3436. 3060. 3025. 2924. 2858, 1599, 

1495, 1406. 1109 cm Mass Spectral Analysis (MALDI) 2015.5574 (Theoretical mass 

for C|,2H,,2CuNkOsSs = 2015.5676). 

2.3 Polarized Optical Microscopy (POM) 

POM experiments were conducted on various fibers, thin films, and spin cast 

films of the phthalocyanines whose synthesis was described in the previous section. 

These experiments were conducted with a Nikon Eclipse ME600 outfitted with cross 

polarizers designed to examine liquid crystalline properties of samples. Images were 

captured though a camera port utilizing a Nikon E950 digital camera. 

Crystals or materials are either considered to be optically isotropic or anisotropic. 

Isotropic materials have a uniform spatial distribution and the refractive index is equal in 

all directions of the material.'^'' Plane polarized light will interact with the optical axes in 

the material and all of the incident light will be refracted equally independent of the 

orientation of the material with respect to the incident light. 

An anisotropic material is molecularly ordered material and the refractive index is 

orientation-dependent.'Incident light will experience a non-uniform environment and 

the refraction of light that is observed will vary dependent upon the orientation of the 

light with respect to the incident light. This phenomena is termed double refraction or 

birefringence. 
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A sample is placed between two polarizers oriented at right angles to one another 

to determine if the material is birefringent. If the sample is isotropic, randomLy 

oriented, or the long optical axis of the anisotropic material is parallel to the incident 

light; the sample will appear dark. If the sample has an anisotropic nature and has the 

long optical axis perpendicular to the incident light beam, then the incident light beam 

will be split into two beams and is said to be doubly refractive or birefringent.'^ 

Incident polarized 
light 

Ordinary 

Extraordinary 

Long optical 
axis 

Incident polarized 
light 

^ ^ UnsDiit liaht 

i i 

Long optical 
axis 

Figure 2.10. A) Incident light hits the anisotropic sample perpendicular to the long optical axis and is 
doubly refracted. B) Incident light hits the anisotropic sample parallel to the long optical axis and 
remains unaffected. 

In the birefringent sample, the incident light enters the sample and the beam 

interacts with the both optical axes of the sample. The light is broken up into two 

orthogonal components: the ordinary ray and a slower ray termed the extraordinary ray.''' 

Slower ray implies that the index of refraction is different for light traveling in two 

different directions. The two rays of light travel at different speeds and become out of 

phase. The phase change of the light, created by constructive and destructive 

interference, allows light at a particular wavelength to pass through the polarizers. The 
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sample will exhibit various colors and intensities as a result of this effect, and the 

manifestation of birefringence can produce several different colors in such materials. 

The observation of birefringence alone does not mean the sample is necessarily liquid 

crystalline (LC). The birefringence must increase to indicate that a LC mesophase is 

indeed present. 

The samples were heated from room temperature to the isotropic transition to 

monitor any phase transition or liquid crystalline behavior. The samples, supported on a 

glass slide were heated in a hot stage assembly that was under a nitrogen atmosphere. 

The experiments were conducted with the microscope in EPI mode. The optical 

birefringence was recorded using the images of a digital camera which were directly 

transferred as JPEG files to a computer. The pictures taken were taken with the cross 

polarizers in place and with the polarizers uncrossed at each temperature. Every effort 

was taken to record these images in the same region of the sample. 

2.4 Differential Scanning Calorimetry (DSC) 

DSC was performed on the previously described Pc samples utilizing a TA 

Instruments Model DSC 2920 Modulated DSC. Pc samples were prepared by weighing 

2-3 rng of the green solid in aluminum DSC pans, which were subsequenlly crimped shut. 

The samples were then placed in the instrument and experiment was conducted using the 

OBRIENPc.mth parameters (described below). The DSC chamber was purged with a 

nitrogen with a flow rate of 30 mL/min during the experiment. The samples were cooled 

to -40" C and were heated to 250° C at a rate of 5° C/min. The sample was then cooled to 

25" C and finally heated to 400" C at a rate of J (f C/ min. 
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2.5 Atomic Force Microscopy (AFM ) 

AFM images were obtained by Carrie Donley. Wei Xia, and Chet Carter. Images 

were obtained in tapping mode with an ozone-cleaned, sharpened silicon nitride tip with 

the samples on Si (100) wafers hydrophobozed with a I; I mixture of phenyl or methyl 

sila/.anes. Si (100), or HOPG substrates. These samples were immersed in Millipore 

Milli-Q water. Unless otherwise slated. 

2.6 Langmuir-BIodgett Experiments (LB) 

Langmuir-Blodgett films were prepared on a Riegler & Kerstein RK3 LB trough. 

The trough is outfitted with a Wilhemy balance (WSl) mounted in the center of the 

trough. The water sub-pha.se was purified using a Millipore Milli-Q system. The barriers 

of the instrument were fully expanded and the balance was zeroed prior to the 

introduction of any Pc solution. A 1 mM chloroform solution (usually 100 fiL of the 

desired Pc) was evenly dispersed on the water sub-phase. The organic solvent was 

allowed to evaporate for 15 min and then the barriers were slowly compressed at a rate of 

29.6 cm~/s. The barriers were then stopped a predetermined pressure to obtain ordered 

monolayers, ordered bilayers. or even fibers. Films were transferred using horizontal or 

Schaefcr transfer. (The water level of the trough can be lowered so that the film rests on 

a baffle, allowing for the stamping out of sections of the film without disturbing other 

areas of the film.) The substrate typically a hydrophobized (with 1:1 methyl and 

phenylhydrosilazanes) Si (100) wafer was pressed through the film and held in place for 

10 seconds and was then slowly retracted. After substrate retraction the substrate could 

then be relocated to another section of the baffle and the process could be repeated to 
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transfer the desired number of layers. When the desired number of layers was transferred 

the substrate was dried with dry nitrogen and the film was then annealed in a vacuum 

oven above the Pc's LC transition. 

Fibers were prepared in a similar fashion. The barriers of the LB were 

compressed until only about 1 cm apart. At this point fibers could be transferred 

mechanically or by horizontal dipping of a glass slide. 

2.7 Failed Experimental Methodologies 

2.7.1 4,5-dihydroxy phthalonitrile 

It was obvious from early work done for the synthesis for the amide containing 

Pes that the method developed by Drager would not be mild enough to allow for 

successful preparation of the desired Pes. It was thought thai if the amide bearing 

substituents could be added to 4.5-dihydroxy phthalonitrile. high yields of the desired Pes 

could be obtained. This was also attractive for the synthesis of other Pes because the 

number of steps for Pc preparation could be reduced. The substituents would only have 

to be stable to the Williamson ether synthesis conditions and those conditions required 

for Pc formation. 

Figure 2.11. The Williamson ether synthesis could be used to put complex substituents on the 
phthalonitrile. This would allow the subtituent to experience milder reaction conditions. 

Synthesis of the 4,5-dihydroxy phthalonitrile began starting with the 4,5-

bis(hydroxy) phthalic acid dimethyl ester following the methods outlined by Drager. 4,5-

Ben/yloxy phthalic acid dimethylester was prepared using Williamson ether synthesis 
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conditions with benzyl bromide and the 4,5-bis(hydroxy) phthalic acid dimethyl ester and 

was obtained in high yield (92%). The diester was easily sapponified to the 

corresponding phthalic acid in 89% yield. The phthalic acid was then converted to the 

phthalimide by dissolving the compound in melted urea. This proved to be a low-

yielding reaction due to the insolubility of the phthalic acid (56%). Conversion of the 

phthalimide to the phthalamide proved to be unsuccessful due to solubility issues. About 

the same time as these studies were reaching completion Cabezon and co-workers 

reported the synthesis of 4,5-dihydroxy phthalonitrile also using benzyl protecting 

groups, but through the Roscmund von Braun reaction."' They stated that although the 

4,5-dihydroxy phthalonitrile was prepared in reasonable yields, the compound did not 

readily undergo alkylation. This was thought to be due to the electron withdrawing 

nature of the nitriles. Subsequently, this route was abandoned and studies turned to the 

SnAr reactions of 4,5-dichlorophthalonitrile. 

2.7.2 Perfluorinated benzyloxyethylsull'anyl Pc 

Building upon the work of Coates and Grubbs'^ with perfluorphenyl and phenyl 

stacking interactions; a Pc was designed that would have perfluorinated phenyl 

substituents in the periphery. The ground work for this molecule was began by Tony 

Drager. who successfully synthesized the 2,3,4,5,6 perfluorophenyl [1,3] dioxolane. His 

efforts to open the dioxolane were unsuccessful, however. 

As part of the current study this molecule was revisited. It was found that the 

dioxolane could be opened using LAH/AICI3 by increasing the equivalents of each used 

respectively from 0.5:0.5 to 2:4. This afforded the desired 2.3.4.5.6 perfluoro benzyloxy 



cthanol in high yields (-93%) and the product never needed purification. The tosylation 

of the 2,3,4,5,6 perfluoro benzyloxy ethanol also went smoothly with high yields (94%). 

Again the tosylate was pure and did not need to be purified. The bromide was also 

prepared in high yields (99%). However, displacement of the bromide or the tosylate 

with potassium thioacetate led to the displacement of the fluorines of the benzene ring as 

well. The purified Thioacetic acid .V-f2,3,4,5,6 perfluorobenzyloxyethyl] ester was 

deprotected to afford the desired thiol. Mass spectral analysis showed that oligomers of 

the thiols (through displacement of the fluorines). Attempts to make the phthalonitrile 

were unsuccessful due to the same reason. Fluorine is by far the best leaving group for 

the SnAr reaction and the fluorines appear to be too reactive to for the thioether linked 

Pes. According to March phenolic hydroxides are better nucleophiles than thiolates in 

the SnAr reaction so making the Pc as an ether linked Pc was also out of the question. 

Test reactions with perfluorobenzyl bromide demonstrated the fluorines could also be 

displaced with a sodium alkoxide. This appeared to be a dead end, so further studies were 

abandoned. 

2.7.3 Hydrogen-bonding Pes 

The currently reported amide containing Pes are the results of several dead-end 

routes. Early work, as previously mentioned in section 2.8.1, was centered on the 

synthesis of 4,5-dihydroxy phthalonitrile. This lead to the exploration of using Drager's 

method to synthesize an alkoxy substituted (these arms would contain a latent group that 

could be readily converted to the desired amide functionalities) phthalonitrile. These 
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attempts were unsuccessful as well. This led to the current work with the thiolate 

substitution of 4.5-dichlorophthalonitrilc. 

The thiolate displacement of the chlorines of 4,5-dichlorophthalonitrile was not 

without problems though. Early attempts to form thio-substituted phthalonitriles 

according to the methods of Worhle and co-workers'^ were unsicccssful. This literature 

method required the heating of the thiol in DMF for several h. Under these conditions it 

was found that disulfide formation and polymerization of the phthalonitrile seemed to be 

predominant. It was hypothesized that reaction conditions were too harsh to favor the 

SnAr reaction. Work by several groups published around the time of this work seemed to 

confirm this hypothesis. The current method used is similar to the conditions reported by 

Holmes and co-workers.^ 

Once the thiolate displacement was under control, more time was devoted to the 

formation of the desired amide containing arms. Formation of the arms proved to be non-

trivial. Several techniques were explored to synthesize the desired arms. Attempts to 

preferentially protect the sulfur over the oxygen or nitrogen of 2- mercapto ethanol or 2-

mercapto ethyl amine, respectively, were unsuccessful. The use of disulfides to 

synthesize the desired arms also proved to be fruitless. It was obvious that the thiol and 

the alcohol (or amine) could not both be in place at the same time. Converting a halide to 

the thiol seemed to be the key. The use of potassium thioacetate was a convenient way to 

add the thiol and keep it protected. 

The 2.3,9.10,16.17.23.24-octakis (2-benzylamide ethyisulfanyl)) phthalocyanine 

was the first generation of the current hydrogen-bonding based Pes. It was synthesized in 



the same manner as those presented earlier in this chapter. Solubility was a huge issue 

with this version. The phthalonitrile was insoluble in all but DMSO. The phthalocyanine 

was formed, however, in low yield (5%). The resultant Pc was virtually insoluble. This 

led to the addition of pentyl chains and eventually octyl chains in the 4-position of the 

terminal benzene ring to aid in solublizing the phthalonitriles and Pes. The addition of 

the alkyl chains led to the exclusive use of basic deprotection of the thioacetate group. It 

was found that under acidic conditions the alkyl chains had a tendency to rearrange. 

The octyl chains seemed to provide the best solubility and were incorporated into 

the molecule design. The phthalonitriles of the both of the complimentary Pes were 

synthesized with the ethyl linker. However. 2,3,9,10,16,17,23,24-octakis(2-(4-

octylphenylcarbomoyl)ethyllsuIfanyl)) phthalocyanine was not formed. The side chains 

appeared to decompose during the reaction to form the Pc. This may be due to a retro 

aldol reaction. It is unclear why this phenomenon was not seen with the 

2.3,9,10,16.17.23,24-octakis (2-benzylamide ethylsulfanyl)) phthalocyanine. However, 

by adding an extra carbon in the linker between the thiol and the amide alleviated this 

problem. 
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Chapter 3: 2,3,9,10,16,17,23,24-Octa(2-benzyIoxyethylsulfanyI) Pc 

3.1 Overview of Compound 

This chapter will examine the physical and spectroscopic properties of the 

2.3.9,10, ] 6.17.23,24-Octa( 2-benzylo.\yethylsulfanyl) Pc (2-4). The change in direction 

from ether to thioether substituted Pes was undertaken for several reasons. Thioether 

linked Pes have been shown to exhibit higher hole mobilities than n-alkoxy substituted 

Pes', making them ideal for various device applications. Thioether linked Pes also are 

attractive synthetic targets because they can be synthesized under mid conditions and can 

be made on a larger scale with high purity.. The Pc will be closely compared to the 

previously prepared 2,3,9,10.16,17.23,24-Ocla(2-ben/.yloxyethoxy) Pc (3-1). 

It was clear when 2^4 was designed and first synthesized that the addition of 

sulfur atoms in the side chains would have a profound effect on the properties of the Pc. 

It was not clear, however, to what extent the change from oxygen to sulfur would alter 

the physical properties of the Pc. The flexibility and the polarity of the side chains would 

certainly he affected and the addition of the thioether groups provides an increased 

interaction between Pc molecules. In fact, the interaction of the thioether groups allows 

for the formation of crystals; something that has not been possible with the ether version 

of this molecule. 

Data presented in this chapter will be used to shed light on the changes observed. 

There may be many factors that lead to many of the differences observed in the 

characterization of the Pes; however, this chapter will try to deconvolute the findings for 
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the Pes. The ihioether group was expected to lead to some interesting effects based on 

the increase in the electron-donating effect and increased sterics. The addition of the 

thioether linkages seems to have a more complex contribution to the electronic, 

spectroscopic, and physical properties than was expected. 

O O 
S 
S^S 

H .0-̂  
-Q IV IN _ S-

NCu-N 

(y 
O' n ^N  

Q 

0" "0 
2-4 

O 

"O o 
S 
0^0 

°"Vo _ o-
NCu-N 

(y 
O' yo n^n.N o-V Q 

0 °̂ 

(T "O 
3-1 

Figure 3.1. The benzyioxy substituted Pes. 

3.2 UV-Visible Spectroscopy 

Phthalocyanines typically have two major absorbances in the UV-Visiblc region. 

The higher energy absorbance B-band and the lower energy Q-band both arise from n-n* 

transitions. The Q-band absorbance band is sensitive to the mode of aggregation of the 

phthalocyanine corcs. Pes most commonly aggregate in either a co-facial (H-aggregate) 

or slip-stack (J-aggregate) fashion. Molecular exciton theory can be applied to solutions 

or thin films of interacting dyes. Quantitatively, the interaction of the molecular dipoles 

is dependent on the molecular geometry of the interacting molecules and the intensity of 

the optical transition being investigated. The molecular orientation, molecule spacing. 
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amount of core overlap, and the twist of the molecules are all factors that affect the 

changes observed in the UV-Vishle absorption spectra." 

Kasha and co-workers developed a simple vector analysis that can be applied to 

aggregates of strongly interacting dyes. The ground state and cxcited state energies are 

perturbed when the Pes begin to closely pack together. All of the Pes examined as part of 

this research effort have D4h symmetry and have two degenerate LUMO orbitals and the 

degeneracy of the orbitals is lifted upon aggregation as is depicted in Figure 3.2." When 

the molecular dipoles arc parallel as in the co-facial dimer situation only the high energy 

transition is allowed causing a blue-shift in the Q-band. If the molecular dipoles are 

positioned head-to-tail, then only the low energy transition is allowed causing a red shift 

in the Q-band absorbance. Positioning the molecular dipoles oblique to one another 

relaxes the selection rules allowing a splitting of the Q-band giving rise to a blue and red 

shift simultaneously. 

Monomer Dimer Monomer Dimer Monomer Dimer 

Parallel Dipole Head-to-Tail Dipole Oblique Dipole 
Blue Shift Rod Shift Band-Splitting 

Figure 3.2. The perturbation of the energy levels of molccules with strongly interacting dipoles as 
proposed by Kasha et al.' 
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The solution and thin film UV-Vis properties are quite unique for compound 2-4. 

The solution UV-Vis spectrum exhibits a substantial red shift (ca. 35 nm) in the Q-Band 

forM, as compared to the previously reported 3-1. ̂ Compound 2^4 has an estimated 

Kagg=4.2 X 10^ compared to 2.9 x 10" for ̂  indicating a slight increase in the tendency 

to aggregate.^ Both molecules have aggregation numbers ca. 1.1 indicating they exist as 

primarily monomer in solution."^ The red-shift is consistent with other reports of thioether 

substituted Pes. but a red-shift for an electron-donating group is counter intuitive. 

Electron donating groups typically cause a blue-shift to occur in the Q-Band absorbance. 

however, it has been shown that the p orbitals of the thioether groups of azaporphyrins 

mix well with the ring n system, effectively increasing the n system size.^ The increased 

size of the n system leads to the observed red-shift of the Q-band.^ Wegner and co

workers demonstrated that increased Ti-system size results in a red-shift of the Q-band 

with a substituted triphenylene-based porphrazine.'' 

The thin film Q-band absorbance for 2^ is greatly broadened compared to the 

solution spectra. Interestingly, the expected monomer peak in the thin film is not present. 

The multiple peaks must correspond to absorbances due to various aggregate species. 

The blue shifted component is most likely due to a co-facial aggregate. The other two 

absorbances are both shifted equal amounts in opposite directions indicating that these 

peaks may be due to a single component. If the transition dipoies are no longer parallel, 

the rules for allowed transitions are relaxed, thus resulting in two excited state transitions. 

The molecular exciton model has been applied to helical aggregates by Kasha, where the 

dipoies are no longer parallel, and it was determined that the normally forbidden lower 



energy excited state is allowed?'^ The peak at 740 nni is therefore allowed lending 

support for a possible helical columnar aggregate. 

Polarized IJV-VisibIc spectroscopy of thin films of 2^ indicates that film 

restructuring occurs upon annealing the film. Prior to annealing the film, the IJV-Visible 

spectra parallel and perpendicular to the column axis arc nearly identical. However, upon 

annealing a large increase is observed in the most blue-shifted components. Dichroic 

ratios of 1.5 (659 nm), 1.35 (694 nm). 1.1 (740 nm) were observed. These results 

coupled with X-ray data of LB films demonstrate that there are two relatively distinct 

regions present following the annealing process. This is somewhat in disagreement with 

the DSC data that will be discussed in section 3.5. The DSC data clearly indicates the 

presence of one sharp and reversible LC mesophase. It is plausible that the LB films or 

the thin films pack the Pc molecules in a structure that is less energetically favorable than 

the crystalline form. The Pes in a multilayer system may not be able to reform 

completely to the preferred crystalline lattice upon annealing due to steric constraints. 
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Figure 3.3. Solution UV-Vis data for 2^4 at varying concentrations. (Top) Thin film UV-Vis data 
prior to annealing shows very little change. (Middle) Thin film UV-Vis data for annealed film. 
(Bottom) 

3.3 Langmuir-Blodgett Studies 

The Langmuir-Blodgett (LB) technique has been used to make ordered films of 

both 2r4 and 3-1. Figure 3.3 shows the isotherms for both Pes. and it can be seen from 

this figure that striking similarities exist between the LB isotherms of 2^4 and 3-1. Both 

molecules exhibit two well defined transitions at ca. 105A/molecule and 50 A/molecule 

corresponding to monolayer and bilayer formation respectively. These transitions occur 

at roughly the same area per molecule, but the pressures necessary for these transitions to 

occur are greatly lowered in 2-4. The sulfurs are larger and may lead to reduced 

translational rotation and lateral movement of the Pc in the ordered film.' However, there 

is a large discrepancy between the changes observed as the films are compressed. The 

films of 24 are less stiff than 3-1: this may be due stronger intermolecular interactions in 
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films of 3-1. The interactions of the molecules on the LB trough may be reinforced by 

hydrogen bonding between water and the ethylene oxide side chains. 

The sulfurs, due to their larger size, may also force a slight twist in the ordered 

columns as has been seen for hexahcxylthio triphenylenes(HMTP) as observed through 
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Figure 3.4. The LB isotherms of 2^ and 3-1. The consistently lower pressures required for the 
transitions to occur for the thioether linked Pc may be in part due to steric constraints. The 
stiffness of the films of 34 may be reinforced by hydrogen bonding with the subphase. (LB 
isotherms were collected by Carrie Donley.) 

X-ray and differential scanning calorinietry.''"'" It should be noted, however, that the 

helical twist has only been seen for HHTP and for no other alkylthio substituted 

triphenylenes.' "' Bilayer films of were transferred from the trough to a 

hydrophobized silicon wafer using horizontal or Schafer transfer, these films were then 

characterized by a variety of techniques. Compression of the films of 2^4 beyond the 
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bilayer transition yielded fibers of the Pc; however, these fibers were not as mechanically 

robust as those reported for 3-1." Overall, the LB behavior of the two Pes is similar as 

would be expected for molecules that are so similar in structure. 

Atomic Force Microscopy (AFM) images were taken in contact mode in solution 

with 1-bilayer of 2^ on hydrophobized Si. Columns of Pc can be seen clearly lying 

parallel to the substrate. The coherent rods have been found with lengths up to 200 nm. 

The lateral periodicity suggested by the AFM images is around 2-2.2 nm for as-deposited 

films and around 2.7 nm for vacuum annealed films. The lateral periodicity of the 

vacuum annealed film is close to the value of 2.75 nm found for 3-1. The change 

observed in the in-plane periodicity is due to restructuring of the film as a result of 

annealing. This film restructuring is supported by polarized UV-Vis, X-ray, and AFM 

data. 

Figure 3.5. Tapping mode AFM images of 2^4 on a hydrophobized Si(lOO) substrate. The change in 
column spacing is clearly seen in the before (A) and after (B) annealing images. Areas of distortion 
and column coherence are shown in both images. 
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Figure 3.6. AFM images of a spin cast film of 24 before (right) and after annealing for 4 hours at 
180" C (left). 

3.4 Polarized Optical Microscopy (POM) 

POM studies were conducted on fibers of 2M that were prepared on the LB trough 

to confirm LC behavior. Fibers of lA were prepared by compressing the barriers of the 

LB trough until they were almost touching. The barriers were then retracted and the 

fibers were transferred horizontally onto a hydrophobized glass slide. The fibers of 24 

are less strand-like than those obtained for 3-1. However, at room temperature these 

fibers still exhibit bireli ingence at room temperature in large areas of the fibers. This 

indicates that there is some degree of long range order present in localized areas of the 

fibers, even though the fibers arc less robust. 
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Figure 3.7. Polarized optical microscopy (POM) of 2-4. A )28" C, unpolari/ed B) 28" C, polarized C) 
150" C, unpolari/ed D) 150" C, polarized E) 315" C, unpolari/ed F) 315" C, polarized G) Cooled to 
30" C, unpolarized H) Cooled to 30" C, polarized. 

As the fibers were slowly heated, the birefringence of the fibers increased with 

temperature. The largest increase was observed around 120-150" C which is around the 
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LC temperature of 134" C. The fibers displayed birefringence all the way up 305" C. 

which is slightly below the decomposition temperature, and the birefringence is retained 

after cooling. The increase in birefringence is in agreement with the differential scanning 

calorimetry data that will be discussed in the next section. A direct comparison of the 

POM data cannot be made with 34 and ZA because too many variables such as film 

thickness must be taken into account. However, both molecules exhibit birefringence at 

room temperature and an increase in the birefringence is seen as the molecules are heated 

to their respective LC temperatures. After the POM experiment, a change in the color of 

the fibers of 2^ was observed. The fibers had changed from a dark green color, to a 

blue-green color. This color change could be attributed to a small degree of 

decomposition or more likely the same sort of restructuring that is observed upon 

annealing the LB films of 2-4. 

The birefringence of crystals grown from N.N-dimethyl acetamide was studied as 

the temperature was varied. The thin crystals are birefringent at room temperature 

indicating that the crystals are anisotropic. The birefringence is observed to increase as 

the temperature is ramped up. The birefringence again increases at the LC transition 

temperature. The birefringence was greatly enhanced by heating the crystals above the 

LC mesophase temperature and then slowly cooling the sample back to room 

temperature. 
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Figure 3.7. Polarized optical microscopy images of crystals of 2-4. A) 17" C; B) 17" C, polarized; 
C) 80" C; D) 80" C, polarized; E) 130" C; F) 130" C, polarized; G) 145" C; H) 145" C, polarized; I) 
30" C, cooled; J) 30" C, cooled, polarized. 

3.4 Differential Scanning Calorinietry (DSC) 

Differential scanning calorimetry (DSC) was used to investigate the thermotropic 

phase behavior of 2^ and 3-1. Compound 2^4 exhibited a sharp, reversible K^D 

transition at 134" C. A 32" C histeresis was observed upon cooling. A K->D transition is 



observed at 68° C for 3-1. but the transition is less well-defined with a 13"C histeresis. 

The observed transition for 2^ is much sharper than observed for 34 indicating that the 

molecule is more crystalline and the orientation of the molecules in the LC mesophase is 

presumably very similar to the orientation of the molecules in the crystalline phase. The 

larger histeresis observed for 2-4, is most likely a result of a supercooling of the LC 

phase and the bulky side chains require more time to reorganize. The energies associated 

with the K-^D transition is 62 KJ for 2^ and 11 KJ for 3-1. The larger AH value for 2-4 

indicates that there is a much stronger attraction between molecules than observed for 

compound 3-1. This may seem to be at odds with the LB data obtained, but it seems 

likely that a supramolecular architecture is imposed by the LB process which is different 

from the preferred orientation in the bulk. 

The stronger attraction between molecules may be due to chalcogen-chalcogen 

12 interactions between the thioether moieties of the Pc molecules. These hydrogen-

bonding like chalcogen-chalcogen interactions were first discovered during X-ray studies 

of tetrathiofulvalene.'' Chalcogen-chalcogen interactions may be responsible for the 

increased AH values. If it is assumed that the difference between the AH values observed 

between the ether linked and thioether linked Pes were solely due to the chalcogen 

interactions, then the difference, 51 KJ/mol. divided by eight sulfurs would give a 

contribution of ca. 6.4 KJ/mol per thioether group. This is consistent with reported 

12 literature values of chalcogen-chalcogen interactions (2-9KJ/mole ). These increased 

interactions make compound 24 a more crystalline material than 3-1. 
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DSC thermograms show that the mesophase is stable to 299° C, at which point the 

Pc begins to decompose. The DSC data closely corresponds with the POM data that was 

obtained with fibers transferred from the LB trough and drop-cast films of the Pc. 

11 KJ/Moie 

134° C 

62 KJ/Mole 

Temperature (°C) Temperature ("C) 

Figure 3.9. A) The DSC thermogram for compound 2^ shows sharp phase transitions with a large 
histeresis. B) The DSC thermogram for compound 3J[ shows rather broad phase transitions and a 
small histeresis. 

3.5 X-ray Data 

All of the X-ray data for 2^4 and 3WI were obtained by Wei Xia. X-ray 

reflectivity experiments were conducted with 3-Bi layer films of both Pes on 

hydrophobized Si (100). The Bragg peak for both films appear at roughly at the same 20 

value, indicating that the structure is nearly the same in both films. The first Bragg peak 

is sharper for compound 3;4 than for 2^4 indicating a longer coherence length in the LB 

film. An increased number of Keissig fringes also indicate a smoother surface and better 

correlation in the films of 3-1. 

The effects of annealing were examined on a lO-bilayer film of 24. The first 

order Bragg's peak was around 3.7 (29), indicating the vertical packing periodicity of 

24.2 A and inter columnar distance of 27.9 A assuming a hexagonal close packed system. 



Annealing seemed to improve the roughness at the surface and interfaces of the 

muUilayer system as suggested by the number and amplitude of fringes. An extra Bragg 

peak was observed around 4.7 (20) with a new vertical spacing of 18.8 A and an 

intercoluninar distance of 21.7 A. This is an indication of a secondary lattice 

superimposed on the first one, which could be a result of lateral and vertical 

reorganization of the layer-by-layer constructed system. 
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Figure 3.10. X-ray reflectivity data obtained by Wei Xia. A ) Compound 3J[ exhibits a greater 
number of Keissig fringes and a sharper Bragg peak indicating a higher degree of order than 
exhibited by 2-4. B) Annealing a 10 bilayer film appears to increase the order of the film as can be 
seen from the sharper Bragg's peaks, but also domains of an alternately ordered Pc assembly 
appears as well. 

The powder diffraction of 2^4 exhibits numerous peaks which have allowed for a 

tentative unit cell to be indexed. The unit cell is monoclinic and is comprised of 2 

molecules. The tentative unit cell does not, however, give any information about the 

orientation or position of the side chains. The powder diffraction data provides one of the 

two known unit cells known to date for 2-4. The other indexed unit cell, closely related 

to the unit cell obtained from powder diffraction studies, has been obtained from 

diffraction studies of single crystals of 2-4. 
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Figure 3.11. Powder diffraction spectra and the tentative unit cell for 2-4. 

Limited single crystal data has been obtained to date for compound 24 due to the 

weakly diffracting nature of the crystals; presumably resulting from disorder in the side 

chains and the small size of the crystals. The diffraction data obtained was sufficient to 

determine monoclinic cell parameters of a = 23.911 (18) A, b = 5.724(3) A, c = 39.17(3) 

A. a= 90°, p = 96.961(14) y = 90 volume = 4903(8) A'\ The phthalocyanine cores, 

arranged in columns, are parallel to the b axis of the unit cell. The spacing of the Cu 

atoms is 5.274 A apart. The molecules within the column are parallel between the planes 

of the molecules with a spacing of 3.43 A. Sulfur atoms on ad jacent molecules are 3.53 

A apart, supporting the hypothesis that chalcogen-chalcogen interactions promote crystal 

growth. 
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Figure 3.12. A) Packing of the molecules into columns parallel to the h axis. The dashed lines 
indicate S-S contacts of 3.52 A. B) Relative orientation of molecules in two adjacent columns 
(along the c axis). 

3.6 Summary of Data 

The LB behavior of both molecules is intriguing. Both molecules form well 

ordered assemblies on the LB trough as shown by AFM and X-ray. A broadening and 

red-shift of the absorbances in the UV-Visibie for the thin film are observed for 2-4 and 

not for 3-1. The X-ray data indicates that the films of 2^4 are less ordered overall than 

films of 3-1. The annealing process does increase the coherence of the films of 2-4, but 

by AFM, UV-Vis. and X-ray it is apparent that the film restructures and at least two 

distinct domains arc present. It appears that the sulfur linkages play a large role in the 



mesophase behavior. The AH values observed for 2^4 are roughly six times higher than 

the values observed for 3-1. This is a strong indication that the interactions between 

molecules in the bulk are much stronger for 2^ than 3-1. The increase in the interaction 

between molecules allows for the formation of crystals and has allowed for the unit cell 

of the Pc to be indexed from powder diffraction data. 

3.8 Conclusion 

In conclusion, there are similarities between 2^ and 30 as would be expected 

with the similarities in the structures of the two molecules. However, there are striking 

differences that are apparent, it appears that in the bulk the attraction between molecules 

is enhanced with the sulfur Pes and this is most likely due to chalcogen-chalcogen 

interactions. These chalcogen-chalcogen interactions seem to increase the attraction 

between molecules in an intercolumnar and intracolumnar fashion. 

There are other factors that must be considered as well as the chalcogen-

chalcogen interactions. Certainly, there is an effect due to just the increased bulkiness of 

the sulfur linkages, which may affect the packing and supramolecular architecture of the 

Pc assemblies. The degree to which the flexibility of the side chains has been affected is 

something that will need to be investigated further as well. 

The films of 3^1 prepared on the LB trough seem to be much stiffer than those of 

2-4. and it is likely that hydrogen bonding between the Pc side chains of imd the 

water subphase of the LB trough may likely be the cause of the increased rigidity of the 

films. Film restructuring is only observed in the LB films of 2^ indicating that the 

preferred geometry of the molecules in the crystalline state is different from that which is 



127 

mechanically imposed on the LB trough. The change in structure may be necessary to 

provide steric relief due to the increased size of the sulfur atoms or it may be due the 

maximization of the of the chalcogen-chalcogen overlap. 

The stream-lined synthetic procedure makes Mi an attractive molecule for device 

applications. The sulfur based molecules feature a much shorter synthetic scheme than 

the oxygen linked Pes. The ordering, morphology, and properties as whole are very 

similar to the ether linked Pes; however, they are considerably easier to synthesize and 

purify. This makes the thioether Pes more attractive for use in device applications. The 

orientation of the LB deposited supramolecular assemblies is not ideal for PV devices, 

however, the columnar arrays, which lie parallel to the substrate, may find use in OFETs. 

Spin-casting or other casting methods may provide a more optimal orientation for PV 

devices. 

(1) van de Craats, A.; W ami an, J. Synthetic Metals 2IM)1,121, 1287-1288. 
(2) Kasha, M.; Raw Is, H.; El-Bayoumi, M. Pure Appl. Chem. 1965, II, 371-392. 
(3) Osburn, E. J.; Chau, L. K.; Chen, S. Y.; Collins, N.; O'Brien, D. F.; Armstrong, N. 
R. Langmuir 1996,12, 4784. 
(4) Tai, S.; Hayashi, N. J. Chem. Soc. Perkin Trans 2 1991, 1275-1279. 
(5) Guo, L.; Ellis, D. E.; Hoffman, B.; Ishikawa, Y. Inorg. Chem. 1996, 35, 5304-
5312. 
(6) Mohr, B.; Wegner. G.; Ohta, K../. Chem. Soc. Commin. 1995, 995-996. 
(7) Chau. L. K.; England, C.; Chen, S. Y.; Armstrong, N. R. J. Phys. Chem 1993, 97, 
2699-2706. 
(8) Kasha, M. Spectroscopy of the Excited State: Plenum Press; New York. 1976. 
(9) Pontes, E.; Heiney, P.; de Jeu, W. Phys. Rev. Lett. 1988, 61, 1202-1205. 
(10) Adam. D.; Schuhmacher, P.; Simmerer, J.; Haussling, L.; Siemensmeyer, K.; 
Etzbach, K.; Ringsdorf, H.; Haarer, D. Nature 1994, 371, 141-143. 
(11) Osburn, E. J.; Schmidt, A.; Chau, L. K.; Chen, S. Y.; Smolenyak, P.; O'Brien, D. 
F.; Armstrong, N. R. Adv. Mater. 1996, 8, 926. 
(12) Gleiter, R.; Werz, D.; Rausch, B. Chem. Eur../. 2003, 9, 2676-2683. 
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Chapter 4: 2,3/^»10,16,17,23^4-Octa(2-Cinnamyloxycthylsulfanyl) Pc 

4.1 Overview of Compound 

This chapter examines the data obtained for a thioether-Iinked version of a 

previously reported polymerizable Pc. The side chains incorporate a P-styryl group that 

1 2 has been previously used successfully to polymerize ordered assemblies of Pes. ' A 

major disadvantage of these previously reported materials is the unwieldy synthetic 

procedure. The use of the thioether linkage, as discusscd in the previous chapter with the 

parent Pc with the thioether-side chains, again allows the Pc to be made more efficiently. 

There are several changes in the physical properties, due to the thioether linkage, 

that will be thoroughly examined. It is clear from the previous chapter that chalcogen-

chalcogen interactions play an integral role in the thermal and self-organizational 

properties due to increase attraction of molecules in an intercolumnar and intracolumnar 

fashion. The increased interaction between molecules again allows the formation of 

crystals as was observed with compound %4 as seen in the previous chapter. The 

I'ormation of crystals of the cinnamyloxy ethylsulfanyl Pc adds the possibility of 

polymerizing single crystals for use in a variety of applications with out complicated 

assembly methods such as LB techniques. The physical properties will be compared to 

compound 44 and compound 2-4. 
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2-13 4-1 

Figure 4.1. The cinnamyluxyethylsuifanyl copper Pc (2-13) and the cinnamyloxycthoxy copper Pc 
(4-1) incorporate p-styry! groups in the side chains to allow polymerization of the ordered 
mesophase. 

4.2 UV-Visible Spectroscopy 

The solution UV-Visible spectrum of 2-13 exhibits a Q-hand absorbancc at 711 

nm with similar vibronic side bands. The absorbancc at 638 nni, presumably, 

corresponds to the co-facial dimcr species in solution. ' The molar absorptivity of the Pc 

at 711 nm is 2.1 x 10^ M ' cm '. Compound 2-13 has an estimated Kagg=1.13 x 10^ with 

an aggregation number (n) of 1.36.^ (An aggregation number between 1.4 and two is 

indicative of a compound that exists primarily as dimer in solution.) ' The higher 

aggregation number and larger Kagg for 2-13 as compared to lA is an indication that 2-13 

has a stronger tendency to aggregate in solution. An additional absorbance at 254 nm is 

observed, corresponding to the styryl moiety in the Pc side chains. This peak is unshifted 

by the switch from the ether to thioether linkage, as would be expected. The sulfur group 

is too far from the styryl group for electronic coupling to occur. 
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Figure 4.2. Thin film UV-Visible Spectra of compound 2-13 (a) absorbance at 254 nm disappears 
unon irradiarion, Pnlariwdl ITV-Vis swrtra Kif thip O-hanfl sihsnrlnaiirp-

UV-Visible studies of spin-cast films of 2-13 were conducted by Carrie Donley. 

The spin-casting technique was explored as a "wet" processing technique for 2-13 

because stable LB films were not formed. The IJV-Visiblc spcctrum exhibits a 

broadening of the Q-band while the stryryl band remains unaffected. Annealing the film 

seems to have little effect on the UV-Visible spectra. No dichroism was observed with 

polarizers at 90", indicating that the Pc rings are on average not parallel to the normal 

axis (not perpendicular to the plane of the substrate. A dichroic ratio of 1.3 was observed 



with the sample at a 45" angle to the optical axis. This suggests that the Pc rings are more 

tilted toward the substrate plane, but since the dichroic ratio is small, it also suggests 

considerable disorder within the film 

Upon irradiation of the Pc films at 254 nm the styryl band disappears, as was seen 

for compound 4-1. the original ether side-chain analogue. Following the polymerization 

the film becomes insoluble in chloroform. A decrease of 27 % was observed in the Q-

band absorbancc following polymerization and it is unclear if this is due decomposition 

of the Pc or if there is some other effect at play. 

4.3 Studies of Langmuir-BIodgett Thin Films 

Compound 2-13 behaved somewhat unexpectedly on the LB trough. The 

molecule aggregated very strongly on the trough, forming islands of Pc large enough to 

be easily seen without magnification. Upon compressing the barriers of the LB trough 

the Pc islands were brought together; however, uniform, ordered films were not obtained 

as were obtained with other Pes. Typically Pes will disperse on the LB trough at the air 

water interface, into small islands of rod-like assemblies, allowing the resulting film of 

Pc to be compressed. The LB isotherms obtained by Carrie Donley did not show the 

phase transitions typical of the monolayer and bilayer fomaation which has been observed 

with Other previously disclosed Pcs"^ It is clear that the increased interaction between 

molecules due to the chalcogen-chalcogen interactions play a role in the observed 

increase in aggregation behavior of 2-13 compared to 4-1. After these studies it was 

apparent that the LB technique as applied could not be used to make ordered films. 

Subsequently, all thin films were prepared by spin-casting. 
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4.4 Polarized Optical Microscopy 

Spin-cast films of compound 2-13 did not show any birefringence upon slowly 

heating and cooling. The lack of birefringence is not likely due to disorder in the film, 

but is related to the thickness of the films. In order to confirm the LC behavior of the Pc. 

a concentrated drop (in CHCI3) of the Pc was placed on a glass slide (hydrophobized with 

1:1 phenyl/methyl silazanes) and the solvent was slowly allowed to evaporate. At room 

temperature the sample displays a good deal of birefringence indicating that even from a 

drop cast film the Pc is aggregated and relatively well ordered. The sample was then 

slowJy heated to near the LC mesophase. As the Pc was heated, the birefringence 

increased as the temperature neared the LC mesophase. The Pc melted between 245-255" 

C, and lost birefringence as the Pc became isotropic. Birefringence did not return as the 

sample was cooled back to room temperature, indicating that order was not restored upon 

cooling. The Pes ability to reorder may have been affected by the stiffness of the P-styryl 

group. 
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Figure 4.3. Polarized optical microscopy data of a drop-cast sample of 2-13. A)29° C; B) 29" C, 
polarized; C) 145" €; D) 145" C, polarized; E) 255" C; F) 255" C, polarized; G) 30" C, cooled; H) 30" 
C, cooled, polarized. 

Crystals of compound 2-13 were grown from N.N-dimelhyl acetamide. These 

small crystals were studied by polarized optical microscopy before and after 



polymerization. There is an obvious difference in the optical birefringence of the 

polymerized and unpolymerized crystals. 

Figure 4.4. Polari/ed optical microscopy of unpolymerized crystals of 2-13 
at variable temperatures. A) 18" C; B) 18*'C, polarized; C) 120" C; D) 120" 
C, polarized; E) 180" C; F) 180" C, polarized; G) 250" C, H) 250" C, 
polarized; I) cooled 31" C; J) cooled 31"C, polarized 



135 

'̂ ••' ...^ .. UgHK 

Figure 4.5. Polarized optical microscopy of crystals of compound 2-13 that were 
irradiated at 254 nm for 4 hours. A) 17" C; B) 17° C, polarized: C) 120" C; D) 120" C, 
polarized; E) 190" C: F) 190" €, polarized; G) 240° C; H) 240" C, polarized; I) cooled to 
25" C; J) cooled to 25° C, polarized. 

4.5 Differential Scanning Calorimetry 

The phase transitions of compound 2-13 are very sharp as compared to those 

observed for 4-1. The thioether linked molecule exhibits a K-^D transition at 157° C, 

versus 63" C for 4-1. The thioether linked molecule's LC transition is reversible upon 

cooling with a 31° C hysteresis. The large hysteresis was also seen with compound 2^4 
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and is believed to be due to supercooling of the LC mesophase and the side chains with 

the bulky thioether linkages need more time to reorganize. Again the AH value 

associated with the LC mesophase is much higher with the thioether substituted Pc, 

which again may be an indication that an increased attraction between molecules results 

g 

from chaicogen-chalcogen interactions. The LC phase transition observed for 

compound 44 is very broad and is barely noticeable and is not reversible. Compound 2; 

13 decomposes at 286" C. 
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Figure 4.6. A) DSC thermogram for compound 2-13. B) DSC thermogram for compound 4-1. The 
LC transition is much sharper, and again involves more energy for 2-13 than the LC mesophase 
transition of its ether linked counterpart. 

4.6 X-ray Diffraction Studies 

A unit cell was constructed from the powder diffraction data from compound 2-13 

by Wei Xia. The resulting cell was found to be nearly identical to that observed for 

compound 2-4. It is very clear that the molecule is fairly well ordered in the bulk to be 

able to obtain the necessary information to determine the unit cell of the Pc. The unit cell 

parameters closely resemble the unit cell parameters for compound 2^4 indicating that the 
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unit cells of the molecules are nearly identical. Due to the increased chain length, 

however, the unit cell of compound 2-13 will have much less free volume than that of 

compound 2-4. 
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Figure 4.7. X-ray powder diffraction of compound 2-13. The unit cell is very close 
to that of compound 2-4. The increased length of the side chains for 2-13 
necessitate a unit cell with less free volume 

As compared to compound 4-1. compound 2-13 is better ordered in the bulk. This 

is obvious due to the lower number of diffractions appearing in the X-ray diffraction 

pattern of 44 compared to 2-13. The diffraction pattern for 44 does not allow for the 

determination of a unit cell. The increased coherence observed for compound 2-13 is 

most likely due to the chalcogcn-chalcogen interactions of the thioether groups in and 

between columns of the Pc aggregates. 
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Figure 4.8. X-ray powder diffraction of compound 4-1. The Pc is less ordered 
in the bulk than 2-13 as can be determined by the observation of fewer 
diffractions in the spectrum. 

4.7 Summary of Data 

Compound 2-13 demonstrates similar UV-Vis and polymerization properties 

while the Pc can be prepared in a more efficient manner than the previously reported 

compound 4-1. The UV-Vis data shows that spin-cast films are not entirely without 

order. POM experiments with drop cast films and crystals demonstrate the presence of a 

high degree of order. Polymerized crystals exhibit a wider LC mesophase and greater 

changes in the observed birefringence. Because ordered LB films could not be prepared, 

it is difficult to draw comparisons of the thin film properties of 2-13 to those for 

compounds 2^4 and 4-1. The bulk thermal properties are very similar to compound 2-4 

indicating that the same interactions that make the thermal transitions sharper and less 



139 

energetically favorable, namely the chalcogen-chalcogen interaction that lead to 

crystallization, are at play in compound 2-13. 

It is apparent form the POM data that although the molecule does melt. The 

observed melting of 2-13 is an indication that the Pc is less crystalline than compound 

2-4. The reorganization of the Pc upon cooling is limited, even though the molecule has 

the ability to flow. The terminal phenyl groups are expected to play a large role in the 

self-organizational properties of the Pc as has been seen with other Pes investigated in the 

Armstrong and O'Brien groups.*'"''''"' The terminal phenyl moiety in this case is not free 

to rotate and does not have much freedom of motion which may limit the organization 

from the melt. 

4.8 Conclusion 

In conclusion, the thioether substituted Pc has a strong tendency to aggregate. 

The higher aggregation is likely due to increased interaction between molecules from 

chalcogen-chalcogen interactions. The length of the side chain may be responsible for 

the lack of film formation on the LB trough. Although this compound has crystalline 

properties, LB film formation should not necessarily be precluded as compound 2-4, 

which arguably has stronger interactions between molecules as observed by DSC. still 

forms ordered LB films. It is possible that the Pes need to interact with the water 

subphase to form LB films. The increased length of the side chain and the replacement 

of one of the oxygens in the side chains increase the hydrophobicity of the LC sheath 

reducing the interaction with the water subphase. It may be found that the addition of a 

water miscible aliphatic alcohol such as 1 -propanol may allow the formation of LB films. 
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The fact that the Pc docs melt and is observed to flow in the POM experiments is 

an indication that the attraction between molecules is lowered as compared to 2-4. The 

molecules have more freedom to move around one another, but the formation of an 

ordered assembly upon cooling is not observed. The lack of flexibility in the side chain 

is most likely responsible the lack of reorganization upon cooling as is observed for the 

hydrocinnamyl Pc, which will be described in the following chapter. The p-styryl group 

certainly is less flexible than other side chains explored in the current research, and this 

lack of flexibility may inhibit the reorganization of the viscous fluid into a ordered 

structures from the isotropic melt. 
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Chetn. Soc 201)1,123, 3595-3596. 
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(3) Chau, L. K.; England, C.; Chen, S. Y.; Armstrong, N. R. J. Phys. Chern 1993, 97, 
2699-2706. 
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(5) Drager, A. S. Dissertation, University of Arizona, 2001. 
(6) Smolenyak, P.; Peterson. R.; Nebesny, K.; Torkcr, M.; O'Brien, D. F.; Armstrong, 
N. R. J. Am. Chem. Soc 1999,121, 8628-8636. 
(7) Osburn. E. J.; Chau. L. K.; Chen. S. Y.; Collins. N.; O'Brien, D. F.; Armstrong, N. 
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(9) Smolenyak, P. Dissertation, University of Arizona, 1998. 
(10) Osburn, E. J.; Schmidt, A.; Chau, L. K.; Chen, S. Y.; Smolenyak, P.; O'Brien, D. 
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Chapter 5: 2,3/^,10,16,17,23,24-Octa(2-Hydrocinnamyloxyeth\isullanyD Pc 

5.1 Overview of the Compound 

The hydrocinnamyl Pc (2-20) was designed to extend the length of the termina! 

phenyl group and allow greater flexibility of the side chain. The side chain is a saturated 

version of the cinnamyl side chain presented in the previous chapter. The flexibility is 

enhanced compared to 2-13 due to the removal of the alkene and increased compared to 

compound 2^4 due to the increased number of carbons linking the terminal phenyl group 

to the ethylsulfanyl moiety. Increasing the flexibility of the side chain was expected to 

increase the liquid crystalline nature of the Pc, improving the self-organizational 

properties as well as decreasing the LC phase transition temperature.' Previous work has 

Figure 5.1. The hydrocienamylethylsulfanyl Pc has increased flexibility in the side chains 
compared to 2^ and 2-13. The removal of the alkene in the side chain was expected to allow the 
Pc to form ordered LB films, increa.se the liquid crystalline nature, and improv e the self-
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length has not been determined. It was hoped that removal of the alkene would allow the 

Pc to form ordered films. Compound 2-20 will be compared to compounds 2^ and 2-13 

to help placc the physical properties in context. 

5.2 UV-Visible Spectroscopy 

The solution UV-Visible spectroscopy of 2-20 exhibited the expected Q-band 

absorbance at 711 nm. The spectrum is very similar to compound 2-4. The absorbance 
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Figure 5.2. The solution UV-Visible spectra for variable concentration of 2-20. 

peak 636 nm appears to correspond to the absorbance of the co-facial dimer species.^ At 

concentrations of around 10"^ M, the dimer species is almost completely absent. The 

molar absorptivity of the Pc at 711 nm is 1.3 x 10^. which is slightly lower than the 

observed molar absorptivity for compounds 24 and 2-13. Values of Kagg and 

aggregation number were found to be 2.9 x 10^ and 1.1 respectively.'' This indicates that 



the aggregation in chloroform lies somewhere between that of 2^ and 2-13. Thin film 

UV-Vis spectroscopy has not been completed and will not be discussed here. 

5.3 Langmuir-Blodgett Studies 

Compound 2-20 did not form stable LB films and exhibited similar amphiphile 

behavior as compound 2-13. This was somewhat expected due to the similarities in 

structure between the two compounds. It was thought, however, that the increased 

flexibility of the side chain would allow better interaction of the side chains and allow the 

Pc to form stable films like those observed for 2-4. This is not observed and it is unclear 

as to whether the length of the side chain, and not the flexibility, is the overriding factor 

in this case. 

5.4 Polarized Optical Microscopy 

Polarized optical microscopy experiments were conducted on drop cast samples 

of Pc 2-20. These samples were prepared by taking a very concentrated drop of the Pc in 

chloroform, placing it on a freshly cleaned slide, and then slowly allowing the solvent 

evaporate. Little birefringence was observed at room temperature. Upon heating the 

sample to the LC mesophase temperature the birefringence increased. Above the LC 

mesophase temperature, at ca.250" C, the optical properties of the Pc became isotropic, 

and the sample lost all birefringence. The melting temperatures of 2-13 and 2-20 are 

similar, but the self-organi/ation of 2-20 observed as the Pc was cooled from the 

isotropic phase sets it apart from the Pes synthesized and examined in our laboratories. 

Upon cooling, the sample was observed to form fan shaped crystallite structures 

exhibiting strong birefringence, which have been associated with columnar hexagonal 
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assemblies (and crystals). It appears that the removal of the alkene in the side chain 

greatly enhances the mobility of the terminal phenyl group, and it is this mobility that 

allows 2-20 to reorganize efficiently into ordered structures from the isptropic. 

Figure 5.3. Polarized optical microscopy data for 2-20. The sample was prepared by placing a 
concentrated drop of the Pc on a glass slide and letting the solvent evaporate. A) 26" C; B) 26" C, 
polarized; C) 240" C; D) 240" €, polarized; E) 250" C; F) 250" C, polarized; G) 24" €, cooled; H) 24" 
C. cooled, polarized. Fan-shaped crystallites are formed upon cooling which may be an indication of 
a columnar hexagonal assembly. 
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5.5 Differential Scanning Calorimetry 

The differential scanning calorimetry studies with compound 2-20 revealed some 

very interesting findings. The molecule exhibits a K->D transition at 62.3" C. which is 

considerably lower than observed for 2^4 or 2-13. The transition is less well defined than 

the transitions observed for the previously discussed thioether linked Pes and does not 

seem to be reversible. The energy associated with the transition is nearly identical to the 

energy associated with the LC transition for 2-13. This was expected because of the 

similarities between the molecular structures. The ineversible nature of the transition 

was, however, somewhat unexpected. Another feature was somewhat apparent in the 

DSC thermogram. Another transition was observed at 77.3" C. This extremely weak 

transition maybe due to an extra mesophase as has been reported for HHTP.^ " The 

isotropic phase transition was not observed in DSC. Variable temperature powder 

diffraction experiments may shed some light on the nature of the observed mesophases. 
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Figure 5.4. The DSC thermogram shows that 2-20 exhibits a K->D transition at 62.25" C, as well as 
an additional mesophase at 77.3" C. 

5.6 X-ray Data 

Wei Xia has obtained X-ray difTraction data from a solution-cast sample of 2-20 

on glass. The solution-cast film exhibits 1'^', 2"'', and 3"' order Bragg peaks indicating that 

the film is well ordered. The d spacings of 2.26 nm. 2.31 nm.. and 2.40 nm respectively, 

arc consistent with a columnar aggregate. LB films of 2^4 have exhibited similar d-

spacings. It is clear from this data that 2--20 is most likely forming columnar aggregates 

from the melt. The polarized optical microscopy images of a melted and slowly cooled 

sample exhibit fan-shaped crystals which are indicative of a columnar hexagonally 
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packed LC mesophase. The POM and the X-ray seem to agree and point to the formation 

of a Dh mesophase. 
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Figure 5.5. X-ray data for solution cast 2-20 on glass. The film exhibits l". 2™', and 3"* order 
diffractions indicating a well ordered film. 

5.7 Summary of Data 

Compound 2-20 demonstrates the ability to self-organize from the melt; 

something that none of the other Pes examined in this research has been shown to do. 

Removal of the alkenc group of 2-13 was allowed the molecule to melt and provided for 

the slow formation of ordered and strongly birefringcnt structures (crystals). The 

removal of the styryl moiety greatly lowers the temperature of thcLC mesophase and the 

AH associated with the transition as compared to 2-13. The length of the side chain with 

the thioether linkage in 2-13 and 2-20 appears to be too long to allow for ordered films to 

be prepared on the LB trough. More studies that examine the chain length would be able 

to determine the optimal chain length for the thioether substituted Pc's. Although 
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compound 4^1 forms stable LB films'''®, it seems likely that the optimal chain lengths may 

be different for sulfur and oxygen side chains. The fact that this material can be 

processed from a melt makes it an intriguing candidate as an organic field effect 

transistor Pc, and experiments are underway to determine whether high mobilities might 

be obtained from thin films of this Pc which are spin-cast onto the OFET substrate, 

melted (annealed), allowing good contact to the source and drain electrodes to be made 

5.8 Conclusion 

In conclusion, the mobility of the terminal phenyl group seems to play an 

important role in determining the LC properties of the Pc. The lower LC mesophase 

transition and the molecule's ability to self-organize from the melt demonstrates that the 

molecule is more liquid crystalline than the unsaturated version of the molecule. The 

molecule seems to be unable to form LB films and this is again most likely due to the 

length of the side chain. It seems likely that the side chains are curling up near the core 

of the Pc preventing the formation of LB films and reducing the effect of the chalcogen-

chalcogen interactions that are observed in the 2^4 and 2-13. The addition of an aliphatic 

alcohol to the water subphase may again allow the formation of ordered LB films. 

(1) van de Craats. A.; Wannan, J. Synthetic Metals 2001, 121, 1287-1288. 
(2) Smolenyak, P. Dissertation, University of Arizona, 1998. 
(3) Chau, L. K.; England, C.; Chen. S. Y.; Armstrong, N. R. J. Phys. Chem 1993, 97. 
2699-2706. 
(4) Tai, S.: Hayashi, N../. Chem. Soc. Perkin Trans 2 1991. 1275-1279. 
(5) Pontes, E.; Heiney, P.; de Jeu, W. Phys. Rev. Lett. 1988. 61, 1202-1205. 
(6) Adam. D.: Schuhmacher. P.; Simmerer. J.; Haussling. L.; Siemensmeyer, K.; 
Etzbach, K.; Ringsdorf, H.; Haarer, D. Nature 1994, 371, 141-143. 
(7) Drager, A. S. Dissertation. University of Arizona, 2001. 
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Chapter 6: 2,3f9,l(),16,17,23,24-Octa(2-Phenylethyloxyethylsulfanyl) Pc 

6.1 Overview of the Compound 

The phencthyl Pc (2-48) was synthesized to investigate the cffects of the length of 

the linker connecting the terminal phenyl ring to the Pc side chain. The side chain 

contains one more carbon than the benzyloxy ethylsulfanyl Pc and one less than the 

hydrocinnamyl Pc. The molecule was expected to have a blend of properties of 2^4 and 

2-20. It was assumed that the addition of a methylene would lower the LC mesophase 

temperature as has been seen with many discotics. The flexibility of the terminal phenyl 

group is increased compared to compound 2^ due to the increased number of carbons 

linking the terminal phenyl group' and is slightly less flexible as compared to compound 

2-20. The phenethyl Pc was expected to experience the same chalcogen-chalcogen 

interactions as 2^4 and 2-13 leading to crystal formation. 
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Figure 6.1. The phenethyloxy ethylsulfanyl Pc has increased length and flexibility in the side chains 
compared to 2^4 and slightly less flexible side chains caonipared tocompound 2-20. The compound 
was expected to have a blend of properties of both compounds. 
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Increasing the flexibility of the side chain was expected to increase the liquid properties 

in the liquid-crystalline mesophase of the Pc. Increasing the flexibility of the side chain 

was expected to improving self-organization of the Pc from the isotropic melt and 

decrease the LC phase transition temperature. It was hoped that 2-48 would allow for the 

formation of LB films as with 2^4 and still allow for organization from the melt as has 

been shown with 2-20. 

6.2 UV-Visible Spectroscopy 

The solution UV-Visible spectroscopy of 2-48 exhibited the expected Q-band 

absorbancc at 711 nm. The spectrum is very similar to compound 2-4. The absorbance 

3.96E-5M 
1.98E-5M 
3.96E-6M 
1.98E-6M 
1.98E-7M 

Wavelength (nm) 

Figure 6.2. The normalized solution UV-Visible spectra for variable concentrations of 2-48. The 
absorbances of the two highest concentrations were measured with a 0.1 cm cell, all other 
measurements were conducted with a 1.0 cm cell. 
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peak at 636 nm presumably corresponds to the absorbance of the co-facial aggregate 

species." At concentrations of around 10 ' M the dimer species is almost completely 

absent. The molar absorptivity of the Pc at 711 nm is 1.7 x 10^ M 'cm"'. which is 

comparable to the observed molar absorptivity for compounds 2^4 and 2-13. Compound 

2-48 has an estimated Kagg=5.2 x 10^ and an aggregation number of 1.27.^ This is an 

indication that 2-48 has a higher tendency to aggregate in solution as compared to 2-4. 
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Figure 6.3. Polarized UV-Vis of an 8-bilayer LB film. Dichroic ratios of 1.3 (45") and 1.0 (90°) were 
observed. 
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6.3 Langniuir-Blodgett Studies 

Compound 2-47 formed stable LB films and exhibited similar phase behavior as 

4-1. The pressures observed with the monlayer and bilayer trasitions were much higher 

than that observed for 2-4. The transitions observed seem to occur at roughly the same 

area per molecule as 2-4. It is clear that the optimum length of the linker attaching the 

terminal phenyl group is one carbon. The addition of a second carbon still allows LB 

film formation, but the phase transitions that occur are less well defined and are 

presumably more disordered. 

The LB isotherm bears a striking resemblance to that observed for compound 4-1: 

which may be an indication that if an additional carbon was added to the linker of the 

terminal phenyl group the Pc would no longer form LB films. It is likely that the 

increased length of the side chain allows the chains to "curl up" and form a hydrophobic 

shell around the Pes. With the hydrophobic shell around the Pc, the Pc can no longer 

interact with the water subpha.se and ordered films cannot be obtained. ' Wegner and Co

workers found that the transitions observed in the pressure area isotherms of substituted 

PcPS were strongly dependent on the nature of the aqueous subphase of the LB trough. 

Through the addition of aliphatic alcohols increased definition was observed in the 

transitions obtained with alkoxy substituted PcPs polymers. The addition of the aliphatic 

alcohols may decrease the polarity of the aqueous subphase and allow better interaction 

of the Pc units with the subphase. 

Polarized UV-Vis spectroscopy was conducted on a 8-bilayer LB film. A 

dichroic ratio of 1.3 was observed with the substrate at a 45" angle to the polarized beam. 
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No appreciable dichroisin was observed with the substrate at a 90" angle to the polarized 

beam. These dichroic ratios indicate that the film is not isotropic and that the Pc columns 

are not oriented with the column axis perpendicular to the substrate.. The Pes columns 

appear to be oriented with the column axis parallel to the substrate and the Pes in the 

column exhibit a slight tilt with respect to the surface normal. 
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Figure 6.4. LB isotherms for the phenethyloxy ethylsulfanyl Pc (2-47). the benzyloxy ethylsulfanyl Pc 
(2-4). and the hydrocinnaniyl Pc (2-20). 

6.4 Polarized Optical Microscopy 

Polarized optical microscopy experiments were conducted on fibers of the Pc that 

were prepared by the LB technique (see experimental section). Birefringence was 

observed at room temperature in various areas of the fibers. Upon heating the sample to 

the LC mesophase temperature the birefringence increased confirming the LC nature of 



the observed DSC transitions. Above the LC mesophase temperature, at 276" C, the 

birefringence was greatly enhanced. The sample was observed to go isotropic at 296" C 

and as the sample went isotropic the sample lost all birefringence. The melting 

temperature of 2-48 was found to be much higher than that of 2-13 and 2-20. It was 

found that upon cooling the sample slowly from the melt that the birefringence does not 

return indicating that the transition observed at 296" C is non-reversible. It appears that 

the thermal properties are truly a blend of the properties of 2^4 and 2-20. The Pc melts at 

Higher temperature than 2-20. but does not form ordered structures upon cooling. The 

terminal phenyl group of 2-48 may still be too constrained in order to allow formation of 

ordered assemblies from the melt. 
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Figure 6.5. POM data for fibers of the Phenethyloxy ethylsulfanyl Pc. A) 16" C: B) 16" C, polarized; 
C) 176" C; D) 176" C, polarized; E) 276" C; F) 276° C, polarized: G) 296" €; H) 296" C, polarized. 
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Figure 6.6. Polarized optical microscopy images of crystals of the phenethyl Pc grown from N, N-
dimethyl acctamidc. A ) 20" C; B) 20" C, polarized; C) 100" ('; D) 100" C, polarized; E) 140" C, F) 
140' C, polarized; G) 24" C, cooled; H) 24" €, cooled, polarized. 

6.5 Differential Scanning Calorimetry 

Compound 2-48 displays similar phase transitions to 2-4. A K-^D transition is 

observed at 128" C and is reversible with a 60" C histeresis. This observed histeresis, due 

to supercooling of the LC mesophase, is larger than that observed for 2-4. This should be 
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expected due to the increased sterics and slightly more flexible nature of the side chains. 

The AH associated with the LC transition was 90 KJ/mol compared to the 63 KJ/mol 

observed for 2-4. It is unclear why the AH values vary so drastically for molecules which 

are so similar. At any rale it is clear that molecules of 2-48 have a stronger attraction for 

another that is observed for 2-4. The onset D->[ transition was observed in the POM 

experiments, however, it was not possible to take the molecule all the way through the 

D->r due to the limitations of the hot stage utilized in the experiment. 
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Figure 6.7. The DSC thermogram shows that 2-47 exhibits a K-^1) transition at 128.19" C, and 
appears to decompose at 319" C. 
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6.6 Powder Diffraction Data 

As would he expected with any molecule that has the ability to form crystals, the 

powder diffraction data exhibits a large number of peaks. The diffraction pattern 

observed was found to be considerably different than those observed for 2^ and 2-13. 

To date the unit ccll for 2-48 has not been indexed; however, if a large enough crystal can 

be grown the unit cell may yet be determined. 
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Figure 6.8. The Powder diffraction data of 2-48. 

6.7 Summary of Data 

Compound 2-48 is a compromise between 24 and 2-20. The side chain is the 

longest possible utilizing the current molecular design to allow the formation of quasi-

ordered LB films. The films are not isotropic as evidenced by the polarized UV-Vis 

experiments. The thermal properties are very similar to 2-4. The LC mesophase 
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temperature is slightly lower than 2-4. but a melt is observed with 2-48 and not with 2-4. 

Compound 2-48 seems to have strong chalcogen-chalcogen interactions due to the ability 

to grow crystals of the molecule and the high AH value observed for the LC mesophase 

transition. 

6.7 Conclusion 

The increased chain length increases the LC nature of the Pc. The molecule 

melts, forms quasi-ordered LB films, and crystals of the molecule can be grown from 

various solvents. The length of the side chain is at the threshold for the formation of LB 

films and it is likely that as the chain length increases, the side chains are forming a 

hydrophobic sphere around the Pc limiting the interaction between Pes and limiting 

interactions with the aqueous subphase of the LB trough. The chalcogen-chalcogen 

interactions are clearly at play in the formation of crystals. As further studies are 

conducted with this molecule interesting properties will be observed in thin films. 

(1) Kanie. K.; Nishii, M.; Yasuda, T.; Taki, T.; Ujiie, S.; Kato. T. J. Mater. Chern. 
2001, //,2875-2886. 
(2) Chau. L. K.; England. C.; Chen, S. Y.; Armstrong, N. R. J. Phys. Chern 1993. 97, 
2699-2706. 
(3) Tai, S.; Hayashi, N../. Chern. Sac. Perkin Trans 2 1991. 1275-1279. 
(4) Kalachev, A.; Sauer. T.; Vogel. V.; Plate, N.; Wegner, G. Thin Solid Films 1990, 
188, 341-353. 
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Chapter 7: 2,3,9,10,16,17,23,24-Octa(2-(4-«ctylbenzaniide ethylsulfanyl) Pc, 
2,3,9,10,16,17,23,24-Octa(3-(4-(>ctyIbenzamidepropylsulfanyI) Pc, and 
2,3,9,10,16,17,23,24-Octa(3-(4-octylpheiiylcarl>omoyl)propylsulfanyI) Pc 

7.1 Overview of Compounds 

These phthalocyanines were designed as part of a series of amide containing 

molecules that would be capable of hydrogen bonding in a columnar fashion to make 

highly ordered arrays of Pc molecules through self-assembly. Although a great deal of 

work has been done on hydrogen-bonded supramolecular polymers, very little of this 

work has focused on discotic molecules. The basic design premise was based in part on 

the peptide nanotubes of Ghadiri and co-workcrs. It was shown that a peptide nanotube 

could be held together by 8 hydrogen bonds or in some cases even fewer.' " Recently, 

studies have reported the synthesis and characterization of amide containing porphyrins^'"^ 

and tripyrazines^ that self-assemble in discotic assemblies through hydrogen bonding. 

Figure 7.1. The hydrogen bonding Pes each contains an amide group in the side chain. Long alkyi 
chains were incorporated in the 4-position of the terminal phenyl groups to improve the solubility of 
the Pes. The hydrogen bonding complement of compound 2-41 was unstable and was not isolated. 
Compounds 2-32 and 2-37 are complementary to one another and are stnictural isomers. 
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N-Cu—N 
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This chapter looks at three different Pes that were designed and synthesized to 

make alternating (ABA type) supramolecular assemblies through self-assembly. To our 

knowledge, this is the first attempt to make supramolecular polymers from differing 

discotic monomers. The molccules contain an amide and a thioether linkage in the side 

chains. The amide moiety was chosen as the hydrogen bonding group of choice for 

several reasons. The amide group is synthetically easier to incorporate into the Pc side 

chain and synthesize as compared to more complex hydrogen bonding groups. The 

amide was also very attractive due to the Donor/Acceptor nature of the group, meaning a 

single group could be incorporated to allow for ditopic hydrogen bonding. The main 

thrust of synthesizing amide containing Pes was to create alternating Pc assemblies based 

upon a complementary hydrogen-bonding motif. The amide groups greatly enhanced the 

attraction between the Pc molecules making the Pes virtually insoluble. It was 

hypothesized that the addition of long alkyl chains would need to be included in the 

molecular design to provide some degree of solubility. It will be shown that the It will be 

shown that the alkyl chains have indeed indeed added a degree of processability to these 

Pes to these Pes. however, the overall solubility and processability will need to be further 

optimized. 

Compound 2-41 contains a two carbon chain between the amide and thioether 

linkage; its complement was unstable to the conditions necessary to make the Pc. 

Compounds 2-32 and 2-37 contain an additional carbon in the side chain allowing access 

to both structural isomers. The extra carbon in the side chain was also expected to 

cnhance the processability of the Pes by increasing the flexibility of the side chains. 
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This, however, was not the case. The solubility was indeed affected hy the additional 

carbon increasing the molecules' solubility in chloroform, but the compounds were both 

found to be insoluble in THF. 

8' '17 

8' '17 8' *17 

^ O O 
^8^17 GgH-ly 

Figure 7.2. Proposed AB type assembly that could be made through hydrogen bonding for a mixture 
of 2-32 and 2-37. The Pc is represented as a dark circle and only two side chains are shown for 
simplicity. 

The complexity of the system is greatly increased as one goes from one 

monomeric species to two different monomeric species. Synthetically the problem is 

more complicated due to the fact that two different molecules must be synthesized hy 

different pathways. From the materials characterization standpoint, characterizing a 

material comprised of two nearly identical moleculcs is a daunting task. The hydrogen-

bonding Pes are an especially difficult system to study for several reasons. Many of the 

techniques that would be useful to study conventional polymers or supramolecular 

polymers are not applicable in this case. Light scattering does not lend itself well to 

studying the Pc assemblies because the Pes absorb strongly in wavelengths of the lasers 



used for the technique. Matrix assisted laser desorption ionization (MALDI) mass 

spectroscopy, although it can be used for polymers, has been shown to have low 

sensitivity for high molecular weight Pc assemblies. Fluorescence studies seem very 

unlikely due to the extremely low fluorescence quantum yields observed for copper and 

other heavy metal Pes with UV-Visible absorbances at 730 nm and higher.^ The most 

limiting factor, however, is solubility. All of the amide containing Fes of the current 

work are sparing soluble or insoluble in most solvents. This chapter will explore the 

characterization that has been possible, to date, of compounds 2-32, 2-37. and 2-41. 

7.2 UV-Visible Spectroscopy 

Obtaining meaningful UV-Visible spectroscopic data for these materials was 

limited by the low solubility of these Fes. In THF, the solvent in which 2-41 was most 

soluble, a broad absorbance peak from 600-900 nm was observed which appeared to be 

extremely blue-shifted compared to the other thioether linked Pes studied. A closer look 

at the absorbance band reveals that there appear to be three absorbance bands, which may 

correspond to three different aggregate species in solution. The peak with the largest 

blue shift, at 652 nm, is most likely due to the existence of large co-facial aggregates. 

The most red-shifted peak, at 788 nm, may be due to a helical twist in the columnar 

aggregate. The peak at 695 nm does not seem to correspond to a monomeric species, but 

could be due to a smaller co-facial species such as dimers or trimers. It was hypothesized 

that the intense aggregation of the Pc molecules was due to hydrogen bonding and 

addition of a strong acid such as trifluoromethanesulfonic acid or a strong hydrogen bond 
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acceptor such as hexafluoroisopropanol would sufficiently interfere with the hydrogen 

bonding to allow for UV-Visible studies of the monomeric species. 

Various ratios of trifluoronielhanesulfonic acid were explored. It was determined 

that, by making a solution of the Pc that was 5% in irif 1 uoroniethanesuIfonic acid the 

aggregation of the Pc due to hydrogen-bonding could be completely disrupted. Addition 

of trifluoromedianesulfonic acid beyond 5% seemed to have no additional affect. 

Percentages of trifluoromethanesulfonic acid above 10% were not examined because the 

likelihood of polymerizing the THF solvent.^ The addition of hexafluoroisopropanol had 

little to no effect on the aggregation behavior of the Pc. The trifluoromethanesulfonic 

acid most likely disrupts the hydrogen bonding of the Pes by protonating the amide side 

chains. It seems unlikely that the Pc macrocycle is being protonated. The Pc macrocycle 

was shown to undergo protonation with the benzyloxyethylsulfanyl Pc, but the Q-band 

structure was altered, presumably due to the lowering of the symmetry of the Pc through 

the protonation of the azamethine bridging nitrogens of the Pc macrocycle. The Q-band 

for 2-41 in a trifluoromethanesulfonic acid/THF solution has the expected shape of a 

monomeric Pc in solution and does not seem to be affected by the by the addition of 

trifluoromethanesulfonic acid. It is possible that all four azamethine nitrogens of the Pc 

are protonated keeping the DjH symmetry, but this seems unlikely because the 

o 
protonation of Pes typically occurs in a step wise fashion and this not was observed. 
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Figure 7.3. A) UV-Visible spectra of compound 2-41 as a function of increasing 
t r i n IK I r o ni e t h a n es u I fo n i c acid (TA). B) Without TA, the Q-band of the Pc is blue-shifted, 
corresponding to at least one co-facial aggregate species and there appears to be three absorbance 
peaks corresponding to as many as threedistinct species in solution. (All solutions are at 4.8 xlO'"' 
M). 

After the addition of the tri 11 uoromelhanesulfonic acid there is an obvious red 

shift of the Q-band indicating that the predominant species in the solution is a monomeric 

Pc. The 0-band is significantly red-shifted beyond the expected Q-band absorbance that 

has been exhibited by other thioether substituted Pes presented in this research effort, 

with a molar extinction coefficient of 1.1 x 10^ M"^cm"^. The significance of this red-

shift is not well understood at this point, but may be due to protonation of the Pc 

macrocycie. The red-shift could also be solvatochromic in nature, but the insolubility of 

the Pc has limited the exploration of other solvent systems. The benzyloxy ethylsulfanyl 

Pc (2-4) does exhibit a small red shift in THF. The absorbances observed for 2-41 are 

presumably comparable to 2-32 and 2-37. which were studied in chloroform. 
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The UV-Visible studies conducted with compounds 2-32 and 2-37 were 

considerably more difficult than for compound 2-41. The major difficulty was solubility. 

Compound 2-41 was reasonably soluble in THF and trifluoromethanesulfonic acid was 

miscible with THF allowing for the study of monomeric species in solution. Compounds 

2-32 and 2-37 were found to be insoluble in THF and were found to be only slightly 

soluble in CHCI3. Trifluoromethanesulfonic acid was not miscible with chloroform; 

therefore, trifluoroacetic acid (TFA) was added to the solutions in attempts to observe the 

monomeric species. Both compounds still exhibit very broad absorbances in place of the 

expected sharp Q-band absorbances. 

The aggregation behavior of 2-32 and 2-37 were found to be somewhat similar to 

2-41. Compound 2-37 displays, most distinctly, absorbancc bands at 696, 730, 757 nm. 

It is most likely the central peak at 730 nm that corresponds to the absorbance for the 

monomer. The blue shifted peak would correspond to a co-facial aggregate and the red 

shifted component could correspond to a helical hydrogen bonded aggregate. 
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Figure 7.4. Solution UV-Visible Spectra of the hydrogen bonding Pes. A)Compound 2-37 in CHCI3 
with three drops of TFA. B) Compound 2-32 in CHCI? with three drops of TFA. From the UV-
Visible spectra it is obvious that the Pes remained somewhat aggregated even with the addition of 
TFA. 
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Compound 2-32 similarly exhibits three peaks at 693, 726, and 792 nm. The two 

most blue-shifted peaks match somewhat closely to the two most blue-shifted peaks for 

2-37 and likely correspond to the co-facial aggregate and monomer. The peak at 792 

again likely corresponds to a helical hydrogen-bonding aggregate. The interesting thing 

is that relative intensities are very different, which may be an indication that these closely 

related compounds have a different modes of aggregation favored in solution. 

Compound 2-32 has a weaker absorbance at the most red-shifted peak, assuming this 

peak is due to a helically twisted aggregate, the molccular structure of the Pc must cause 

a destabili/ation of the helical motif. This is most likely due to the fact that the carbonyl 

of the amide in 2-32 is in conjugation with the terminal benzene ring severely limiting 

motion and; therefore, the preferred orientation is a co-facial. The amide side chain in 

2-37 is much more flexible and allows more freedom of motion, making the co-facial or 

the twisted orientation equally favored. 

7.3 Langmuir-Blodgett Studies 

LB studies were conducted by Wei Xia. Attempts to make ordered films of 2-41 

via LB techniques met with limited success. Even at extremely dilute concentrations of 

the Pc is highly aggregated, and consistent pressure-area isotherms were never obtained. 

The random LB behavior is most likely due to interactions with the water subphase of the 

LB trough with the amide groups in the side chains. The interactions with the water 

subphase were not completely unexpected, as water and DMSO were consistently 

observed to be bound to the phthalonitrile during mass spectral analysis. Compound 2-41 

was not designed to make ordered films via mechanically ordering, but rather through a 
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self-assembly proccss; therefore, it did not come as a surprise that the Pc did not make 

ordered films on the LB trough. It was obvious from these studies that the hydrogen 

bonding Pes, due to their strong aggregation tendencies and interactions with the water 

suhphase of the LB trough would have to be processed into films via casting processes or 

through substrate adsorption. 

7.4 AFM Studies of Adsorbed and Cast Films 

Atomic forcc microscopy (AFM) images of features created by adsorbing 

compound 2-41 onto freshly cleaved mica and freshly cleaved highly oriented pyrrolytic 

graphite (HOPG) surfaces illustrates that the Pc molecules can nucleate through a self-

assembly process and create three dimensional structures. The Pc molecules form a 

sponge like material on HOPG and mica after being soaked in a highly concentrated 

solution of the Pc in THF overnight. The structures are very similar in nature to the 

gelating porphyrins of Shinkai and co-workers that were discussed in Chapter 1. The 

growth of the Pc assemblies seems to be more favored on HOPG than on mica. The long 

alkyl chains would seem to benefit from the van der Waals interactions with the HOPG 

surface. Rinsing the substrate with THF after imaging easily removes the Pc assemblies. 

The growth of the Pc assembly does occur on mica as well as HOPG, but the 

growth of the assemblies on the mica surface is more sporadic. The interactions of the Pc 

assembly with the mica surface are likely more complex due to the more complex nature 

of the mica surface. The assemblies imaged on HOPG and mica, after long surface 

exposure to concentrated Pc solutions, seem to have very similar structures indicating the 
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structures that assemble onto the surface are not dictated by the surface, but perhaps may 

be solvent and concentration dependent. 

HOPG and mica samples imaged after soaking in a lower concentration Pc (1 x 

10'^ M) exhibited very different Pc morphologies. The observed globular morphologies 

in the lower concentration samples are probably due to supramolecular polymer 

aggregates. The fonnation of the supramolecular structures again appears to be more or 

less surface independent, as similar structures were observed on both mica and HOPG. 

This observation lends more credence to the argument that the structures are controlled 

by solvent and concentration rather than surface interactions. It seems probable that the 

species imaged are in solution at these various concentrations and then attach to the 

surface, rather than a single molecule attaching and acting a nucleation point. 

Figure 7.5. AFM image of supramolecular assembly on HOPG of 2-41 obtained by Wei Xia. The 
image dearly shows an open gel network left upon the evaporation of the solvent. The sample was 
prepared by soaking the HOPG substrate in a 20 mM solution of the Pc in THF for 8 hours. 
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Figure 7.6. Supramolecular structures if 2-41 on freshly cleaved mica substrates. Globular 
structures are observed on both mica and HOPG at KM) fiM. Rod like objects and globular 
structures are observed after soaking for eight hours (right). Short exposure times still give rise to 
large globular structures. (2 hour soak time, left.) 
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Figure 7.7. The possible assembly of discotic molecules in solution as a function of concentration. 
( Adapted from Brunsveld et al.)"' 

Discotic molecules usually have the ability to form supramolecular polymers at 

low concentrations due to strong co-facial interactions and only at higher concentrations 

do the Intercolumn interactions become prevalent.'' It is the added intercolumnar 

interactions that provide a 2D ordering or gel superstructure. Compound 2-41 seems to 

have stronger intercolumnar interactions than any of the Pes than any of the non-amide 
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containing Pes. This increased interaction is most likely due to the long alkyl chains at 

the terminus of the Pc. A shorter branched alkyl group such as a tert-butyl group may 

provide the necessary solubility while reducing the intercolumn interactions and observed 

gellation. 

7.5 DSC and Polarized Optical Microscopy 

Compound 2-41. 2-32. and 2-37 display K->D transitions at 237.96*' C. 256.0" C. 

and 275.63" C, respectively. The higher LC transition temperatures and latent energies 

are due in part to the increased molecular weight of the Pc as compared to the thioether 

Pes presented earlier, but there is presumably a contribution resulting to increased 

attraction between Pc molecules due to hydrogen bonding, van der Waals interactions of 

the alkyl chains, and chalcogen- chalcogen interactions.'" The elevation of the 

mesophase transition temperature is a testament to the extent that the hydrogen bonding 

has increased the cohesion between molecules, but there are certainly contributions I'rom 

the van der Waals interactions of the long alkyl chains. The K->D transitions of the Pes 

do not appear to be reversible when the Pes are heated to 300° C. The latent energies for 

the observed K->D vary greatly among 2-41. 2-32. and 2-37. Compound 2-41 should not 

be directly compared to the other Pes due to a shorter chain length; however, it does 

exhibit a much higher AH value for the K->D transition, than either 2-32 or 2-37. The 

increased AH value may be due in part to the limited mobility of the side chains. The 

lowered mobility may increase the likelihood that the correct geometry for hydrogen-

bonding may be locked into place. 
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Compounds 2-32 and 2-37 can be directly compared to one another die to the 

similarities in structure. Compound 2-32 exhibits a lower transition temperature and the 

lower latent energy, indicating that the attraction between Pc molecules is greater for 2^ 

37. This is in agreement with the solution UV-Visible data. The difference in the 

observed attraction of the Pes may be due in part to the 2-37 has a more flexible amide 

bond and can hydrogen bond easier than 2-32. 

Figure 7.8. DSC thermogram of 2-41. Introduction of the amide groups increase the latent energy 
associated with the K->I) transition. 

Polarized optical microscopy of fibers prepared on the LB trough, drop cast films, 

and spin cast films of 2-41 did not display any birefringence through room temperature to 

300° C. The absence of birefringence was unexpected; the UV-Visible experiments 

showed that the hydrogen bonding interactions were very significant to the aggregation of 

the Pc. The absence of birefringence in these cast films; however, is not necessarily an 

indication of disorder in this case. There are two possible explanations for the lack of 

237.96° C-
82 KJ/mol 

100 200 

Temperature (° C) 

300 
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observed birefringence. The first case is a completely isotropic film which would not 

show any birefringence. The second case is where the Pc aggregates arc ordered with 

the long crystallographic axis parallel to the incident polarized light and therefore would 

exhibit no birefringence. X-ray experiments seem to lend support the latter case. Above 

315° C the molecule presumably decomposes as it begins to melt. 

-28-

-32-

256.0 °C 
50 KJ/mol X -34-

275.63° C 
65 KJ/mol 

200 300 

Temperature (°C) 
Temperature C C) 

Figure 7.9. DSC thennogranis for A) 2-37 and B) 2-32. Compound 2-37 displays stronger 
interactions in the solid state than 2-32. 

7.6 X-ray Diffraction 

The X-ray data for a drop cast film of 2-41 obtained by Wei Xia clearly shows 

that there is some degree of long range order present. The Bragg peak at 20=32" is 

consistent with a d spacing of ca. 3 A, which is much smaller distance than the 3.4 A d-

spacing typically observed for a discotic co-facial aggregate. Most likely there is more 

than one species present in the sample; however, it would seem that the predominant 

species is the co-facial aggregate. Variable temperature X-ray studies may shed more 

light on the nature of the material in the discotic mesophase. 
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Figure 7.10. X-ray difTraction data of a drop cast film of 2-41. The predominant species at 26=32", is 
indicative of a co-facial aggregate species. 

7.7 Summary of Data 

What is made clear from the data presented in this chapter is that the amide 

functionalities increase the attraction between Pc molecules. However, the 

increased attraction between Pes greatly affects the solubilily, processabiiity, and 

control of the formation of supramolecular assemblies of the Pc. The hydrogen 

bonding of the Pc molecules can be disrupted by the addition of 

trifluoromethanesulfonic acid, but not by the addition of a competing hydrogen bond 

acceptor. The UV-Visible data clearly indicates that a complete conversion from 

co-facial aggregate to nionomeric species takes place by the addition of as little as 

5% of the trifluoromethanesulfonic acid for compound 2-41. The complete 

disruption of the aggregation of 2-32 and 2-37 was not possible under the conditions 



studied. All of the Pes in their aggregated forms have three UV-Vis absorbances in 

the Q-band region corresponding to multiple specics in solution. Supramolecular 

stnictures are observed on mica and WOPG. and the nature of the assembly seems to 

be concentration dependent. At high concentrations a gel like morphology seems to 

dominate the species adsorbed to the surface. As the concentration is lowered the 

structures go from a gel to globular assemblies to finally a thin coating on the 

surface. Large particles are present even at concentrations nearing 10 '"M. It is 

unclcar at this point whether or not the structure of the supramolecular assembly is 

dependent on the identity of the solvent. The Pc is sparingly soluble in most other 

solvents and the gel phase may be present at even lower concentrations in other 

solvents. 

The thermal properties of all three hydrogen bonding Pes are very similar. 

Increased temperatures of the K->D transition and the AH values are observed due 

to the increased interactions of the moleculcs in the bulk. These Pes have not only 

hydrogen-bonding to increase the interaction of the Pes. but the chalcogen-

chalcogen interactions of the eight thioether linkages also add to the attraction 

between molecules. The X-ray data shows that this increased attraction between 

molecules is manifested in a extremely close packed co-facial aggregate of 2-41. 

7.8 Conclusion 

Originally, these Pc molecules were designed to interact with a Pc that would bear 

complementary amide side chains. The strong hydrogen bonding that takes place 

between molecules really calls into question whether or not alternating assemblies can be 
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obtained using this sort of molecular design. It is dear from the AFM images obtained 

that the Pes have very strong interactions not only between molecules in the columnar 

aggregate, but also strong intercolumnar interactions between the columnar aggregates 

are present. These strong intercolumnar interactions create a strong tendency for the Pc 

to form gel like supramolecular structures. If the interactions between columns of Pes 

can be sufficiently reduced, then supramolecular rods may possibly be obtained. The 

replacement of the octyl group with a tert-butyl group or dendritic side chain may provide 

the required solubility while reducing the interactions between columns. 

It is apparent form the data obtained thus far that the nature of the amide at the 

periphery of the side chain plays a large role in the aggregation behavior of the Pc. It 

appears that 2-32 is more likely to form hydrogen bonded aggregates that have a strict 

orientational requirements favoring the co-facial aggregate form. Compound 2-37 

contains an amide group with more rotational freedom allowing for both modes of 

hydrogen bonding to occur. As these molecules are studied more information will come 

to light. 

(1) Clark, T.: Buehler, L.; Ghadiri, M. R. J. Am. Chem. Hoc 1998,120, 651-656. 
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Chapter 8: Summary 

8.1 Conclusion 

Our interest in synthesizing novel Pes for use as hole transport layers in OFETs 

and as the photoactive and hole transporting layers in photovoltaic cells has culminated in 

the creation a new class of thioether octa-substituted Pes. Several modifications were 

made to the side chains of the Pes, using the previous work in the O' Brien and Armstrong 

group as a starting point, in attempt to control the aggregation behavior and increase the 

order and coherence of the supramolecular assemblies formed. The supramolccular 

assemblies were examined using several techniques including: polarized optical 

microscopy, calorimetry, AFM, and X-ray diffraction (powder and reflectivity). These 

studies indicate that the series of the thioether substituted Pes synthesized have 

dramatically different properties as compared to the Pes previously prepared and 

characterized by the O'Brien and Armstrong groups. The use of thioether side chains 

seems to enhance the interaction between the Pc units sufficiently to create a much more 

crystalline material than seen in the original benzyloxy ethoxy side chains. While these 

new materials clearly exhibit LC behavior, the Pc-Pc interactions between molecules are 

enough to make several of the materials somewhat more crystalline than others, in fact, 

the chalcogen-chalcogen interactions are sufficiently strong that large crystals of some of 

these materials can be formed, with fully indexed diffraction patterns, and a unit cell 

defined for the crystalline form of some of these materials, which is a first in this area of 

research. 
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The thermal characteristics of the thioether substituted Pes are perhaps one the 

most dramatic differences observed. The K->LC phase transition temperatures are 

consistently higher than those observed for the oxygen analogues and the AH values for 

these transitions were also found to be considerably higher. The thioether groups may 

play a role in the increased attraction between molecules through chalcogen-chalcogen 

interactions. These chalcogen-chalcogen interactions which have been observed in 

conducting polymers such as tetrathiofulvalene (TTF)\ may also effect the film 

formation of the Pes. 

The Langmuir-Blodgett (LB) thin-film formation technique, used successfully 

with the ether substituted Pes, met with limited success with the thioether substituted Pes. 

There may be several contributing factors which led to the curious LB behavior of these 

Pes. Certainly it is clear from this work that the chain length plays a large role in 

determining whether or not the Pc in question will form LB films. As the chain length 

increases from the ben/.yloxy ethylsulfanyl Pc, to the phenethyloxy ethylsulfanyl Pc, and 

finally to the liy droc i n am my 1 oxy ethylsulfanyl Pc. the molecules ability to form ordered 

LB films decreases. The hydrophobicity of the side chain may also play a larger role 

than previously thought, if hydrogen-bonding with the water subphase of the LB trough is 

a requirement to form stable LB films. The stiffness of the side chain may also be a 

factor, but this variable was not explored in this study. 

The stiffness of the side chain certainly plays a role in the ability of these 

molecules to self-organize. This is exemplified by the ability of the hydrocinnamyloxy 

ethylsulfanyl Pc to form ordered structures from the melt. Although, the length of the 
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side chains of the hydrocinnamyloxy ethylsulfanyl Pc and the cinammyloxy ethylsulfanyl 

Pc are nearly the same, only the unsaturated Pc forms fan shaped crystals upon cooling. 

This is indeed closely linked to the increased flexibility of the terminal side chain. The 

terminal phenyl groups experience more freedom of motion with the removal of the side 

alkene, and it has been hypothesized that the terminal phenyl groups plays a crucial role 

in the formation of ordered structures. 

Hydrogen-bonding has been explored as a viable route to ordered materials. The 

ability to solution-cast materials to form self-assembled structures is attractive if it can be 

demonstrated that electronic-quality thin films can be processed from solution, and show 

the electrical transport properties of vacuum deposited materials. The molecular design 

explored as part of the current research was shown to be inadequate to fully control the 

aggregation and morphology of the self-assembled structures. The poor solubility 

coupled with the strong hydrogen bonding ability of these Pes has hampered efforts to 

fully characterize and study the new hydrogen bonding Pes. 

8.2 Future Directions 

8.2.1 Unsymunetrical Pes 

The thioether chemistry utilized in this study has allowed the synthesis of a wider 

variety of Pes in a shorter amount of time than was previously possible using the previous 

methods employed in the O'Brien and Armstrong groups. Not only is the synthetic 

scheme shorter, but the conditions are very mild, and the purification has been simplified. 

All of these things make it easier to explore a wider cross-section of molecules including 

molecules with more complex side chains. 
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Figure 8.1. The size of the aromatic core can be increased through the ring expansion of a subPc. 

The thioether substituted molecules allow for the synthesis of unsymmetrical 

phthalocyanines through a subphthalocyaninc (subPc) intermediate. Unsymmetrical Pes 

are typically more soluble in common organic solvents than symmetrical Pes and allow 

the possibility of more complex supramolecular architectures as well. One can envision 

unsymmetrically increasing the size of the aromatic core by reacting a subPc with an 

isoindolene of a terpeiyrazine, triphenylene, or even a naptliylisoindolene. This same 

method could be used with a di- or tri-isoindolene to synthesize di- or tri-nuclear planar 

Pc complexes as well. 
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Figure 8.2. Dinuclear planar Pc complexes through a SubPc intermediate. 

8.2.2 Symmetrical Pes 

The removal of all of the oxygens in the benzyloxy, phcnethyloxy. and the 

hydrocinnamyloxy side chains would also be an interesting avenue to explore. This 

would increase the effect of the chalcogen-chalcogen interactions and may allow for the 

formation of more coherent assemblies. The increased attraction may increase the 

crystallinity of the Pes, and these novel compounds may need longer side chains to 

restore the LC nature of the Pes. 

Utili/.ing the current design another variable that should be explored is the LB 

film formation as a function of increasing the length of the ethylsulfanyl moiety. As the 

number of carbons is increased from the ethylsulfanyl to the propyl sulfanyl to the butyl 

sulfanyl several changes may be observed. As the chain length increases the LC nature 

should also increase. These molecules may retain the ability to form LB films unlike the 



Pes explored in the current work where the increased chain length reduces and eventually 

eliminates the molecule's ability to form stable LB films. 

8.2.3 Hydrogen-Bonding Pes 

Several modifications can be envisioned with the current hydrogen-bonding Pes. 

It seems highly probable that incorporation of bulkier groups such as dendritic structures 

or branched alkyl side chains may provide the desired solubility in common organic 

solvent while decreasing the molecule's gelating nature. Originally long akyl chains 

were incorporated die to fears that the bulky groups would interfere with the desired co-

facial stacking. The current research shows that the Pes stack with a spacing of ~3A, 

much closer than would be expected; the bulkier groups may provide the necessary 

control of the aggregation behavior. 

The amide moiety was originally chosen for synthetic reasons and because the 

donor/acceptor nature of the amide group would allow for complementary hydrogen 

bonding between two isomeric Pes. The difficulty that was found to arise is that the Pes 

can hydrogen bond with themselves and there does not seem to be any driving force for 

the Pes to interact with one another when mixed. It seems it would be better to 

incorporate a hydrogen-bonding group that cannot interact with like hydrogen bonding 

groups. For example, the interaction between pyridine and carboxylic acids is well 

known, Pes can be synthesized with eight pyridyl or eight carboxylic acid units at the end 

of the side chains to allow for stronger interaction between the mixed Pes than the same 

Pes. These Pes may also be excellent surface modifiers. 
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Figure 8.3. A-B type assembly with carboxylic acid and pyridine substituted Pes. Only two side 
chains are shown per Pc. It only takes one side chain to react with the Pc above and one side chain to 
react with the Pc below to begin to form oligomers and high molecular weight siipramolecuhir 
polymers. 

(1) Gleiter, R.; Wer/, 1).; Rausch, B. Chem. Eur. J. 2003,9,2676-2683. 
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Appendix A: 2,3,9,10,16,17,23,24-Octa(2-(3.4^-triincthoxybenzyloxy)ethvi.sulfanyD Pc 

A1.1 Overview of the Compound 

Compound 2-27 incorporates three methoxy moieties on the terminal phenyl 

group. These methoxy groups were introduced for several reasons. The bulky methoxy 

groups were expected to decrease the interactions of the terminal phenyl groups 

increasing the liquid crystalline nature of the Pc. There would be an increase the 

molecule's polarity improving the molecule's tendency to lie flat on hydrophilic 

substrates such as ITO. The three methoxy groups also increase the electron density of 

the terminal phenyl group allowing possible formation donor/acceptor complexes with an 

electron deficient Pc. The benzyloxyethylsulfanyl side chain was retained as to allow the 

formation ordered LB films. The molecule was synthesized, but was found to be 

somewhat unstable in air. The instability is most likely due to an oxidation process 

occurring in the side chains. Several of the key intermediate compounds were found to 

be rather unstable upon sitting as well. 
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Figure Al. Compound 2-27 incorporates three methoxy groups on the terminal phenyl group to 
increase the LC nature of the Pc. 

A1.2 Synthetic Strategy 

The synthetic procedure to synthesize compound 2-27 was rather straight forward 

starting with the commercially available 3,4,5-trimethoxybcnzaldehyde. The aldehyde 

was converted to the [1,3] dioxolane by rcfluxing it with ethylene glycol and a catalytic 

amount of p-toluenesulfonic acid. Water was removed with a Dean-Stark trap. The 

dioxolane was made with a 72% yield, however, was found to be unstable for longer than 

48 hours. The dioxolane was reacted a 1:2 mixture of LAH/AICI3 in ether to yield the 

substituted ethanol in 67% yield. The substituted cthanol was converted to the tosylate in 



76% yield by stirring in ether with tosyl chloride and freshly pulverized NaOH pellets. 

The tosyl ate was displaced with potassium thioacetate in DM SO to give the thioacetate in 

86% yield. The acetyl protecting group was removed and the thiol was obtained in 96% 

yield by following a modified literature procedure.' The thiol was then couple onto 4,5-

dichlorophthalonitrile in reasonable yields. The phthalonitrile refluxed with CuBrj in 

pentanol and DBU to give the desired Pc. The Pc was purified by column 

chromatography and was recovered as a single compound from the column. A TLC of 

the resulting green solution showed three compounds were present. Several attempts 

were made to purify the Pc by column chromatography, all ended in the same result. The 

Pc eluted as a single band and was recovered. The TLC of the purified Pc. again, showed 

three spots in the same relative intensity. 
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Figure A2. Synthetic scheme for the 2-(3,4,5-trimethoxy benzyloxy) ethylsufanyl side chain. The 
dioxolane of the aldehyde was found to be very unstable and was taken on to the next step the same 
day it was made and purified. 

(1) Svedhem, S.; Hollander. C.-A.; Konradsson, P.; Shi. J.; Licdberg. B.; 
Svensson, S. J. Org. Chern. 2(M)1, 66. 4494-4503. 
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Figure BI. 'H NMR spectrum of thioacetic acid-5'-(2-benzyloxyethyl) ester (2-1) 



Figure B2. 'H NMR of 2-benzyloxy ethane thiol (2-2). 



194 

o-— 

Figure B3. ' l l  N M R  of 4,5-bis(2-benzyloxyethylsulfanyl) phthalonitrile (2-3). 
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Figure B4. 'H NMR of Styryl 11,3J-dioxolanc (2-7). 
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Figure B5. 'H NMR of 2-Cinnamyloxy ethanol (2-8). 
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Figure B6. 'H NMR of 2-Cinnamyloxy clhyl tosylate (2-9). 
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Figure B7. ' H NMR of Thioacetic acid-5-2-(ci nnamylox yelhy)) ester (2-10). 
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Figure B8. 'H NMR of 2-Cinnamyloxy clhane thiol (2-11). 
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Figure B9. 'H NMR of 4,5-bis (2-Cinnamyloxyethylsulfanyl) phthalonitrile(2-12). 
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Figure B IO. 'M NMR of 2-(Phenethyl)-[l,2]- dioxolane (2-14). 



202 

ru 

:{ 

r 

L 

Figure Bl 1. 'H NMR of 2-Hydrocinnainyloxy cthanol (2-15). 
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Figure B12. 'l l NMR of 2-Hydrocinnamyloxy ethyl tosylate ( 2-16). 
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Figure B13. ' H NMR of Thioacetic acid-.S'-(2-hydrocinnaniyloxy ethyi) 
ester (2-17). 
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Figure B14. 'H NMR of 2-Hydrocinnaniyloxy ethane thiol (2-18). 
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Figure B15. 'H NMR of 4,5-bis (2-Hy drcxvinnaniy ioxyelh y I su il'an yi) phthaionitri ie(2-l9). 
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Figure B16. ' H NMR of /V-(3-Chloropropyl)-4-oclylben/.amide (2-28). 
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Figure HI 7. 'H NMR of Thioacetic acid S-[3-(4-octylbenzoylamino)-propyl] ester (2-29). 
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Figure B18. 'H NMR of A'-(3-niercaplopropyl)-4-octylbenzamide (2-30). 
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Figure B19. 'l 1 NMR of 4,5-bis (3-(4-octylbenzamide)propylsulfanyl)) phihalonitrile (2-31). 



Figure B20. 'H NMR of 4-Acetylsulfanylbutyric acid (2-33). 
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Figure B21. 'H NMR of Thioacetic acid 5-[3-(4-octylphenylcarbomoyi)propyl] ester (2-34). 
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Figure B22. 'H NMR of 4-Mercapto-A^-(4-octylphenyl) butyramide (2-35). 
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Figure B23. 'H NMR of 4,5-bis (3-(4-octylphenylcarbomoyl)propylsulfanyl)) 
pbthalonitrile (2-36). 



Figure B24. 'H NMR of A'-(2-chioro ethyl)-4-octylbenzamide (2-38). 



Figure B25. 'H NMR of Thioacetic acid S-[2-(4-octylbenzoylamino)-ethyl] ester (2-39). 
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Figure B26. ' H NMR of iV-(2-mercaptoethyl)-4-octylbenzamide (2-40). 
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Figure B27. 'H NMR of 4,5-bis (2-(4-octylbenzamide) ethylsulfanyl)) phthalonitrile (2-41). 
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Figure B29.'H NMR of 2-Phenethyloxy ethyl tosylatc (2-44). 
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Figure B31. 'H NMR of 2 - Pheiie t hy 1 o xyet hane thiol (2-46). 
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Figure CI. ''C NMR spectrum of thioacetic acid-S-(,2-benzyloxyethyl) ester (2-1) 
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Figure CI. '"'C'" NMR of 2-benzyloxy ethane thiol (2-2). 



Figure C3. NMR of 4,5-bis(2-benzyloxyethylsulfanyl) phthalonitrile (2-3). 
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Figure C4. '"'C NMR of Styryl [l,3]-dioxolane ( 2 - 1 ) .  
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Figure C5. '"'C NMR of 2-Cinnamyloxy ethanol (2-8). 
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Figure C6. "c NMR of 2-Cinnamyloxy ethyl tosyJate ( 2 - 9 ) .  
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Figure C7. '"'C NMR of Thioacetic acid-.S'-2-( cinnaniyloxyethyl ) ester (2-10). 



233 

Figure C8. ''C NMR of 2-Cinnaniyloxy ethane thiol (2-11). 



234 

Figure C9. ' 'C NMk of 4,5-bis (2-Ciiinainyloxyethylsultanyl) phthalonitriIe(2-12). 



235 

125.843 

103.832 

-77.6342 
75.9973 
-76.3625 

30.1295 

Figure CIO. "C NMR of 2-(Phenethyl)-[ 1.2]- dio.xolanc (2-14). 



236 

141.739 

128.352 
V ia.273 

65.7699 

—B1.74B3 

Figure CI 1. ''"C NMR of 2-Hydrocinnamyloxy ethanol (2-15). 



237 

— 144.689 

-141.55S 

Figure C12. '"'C NMR of 2-Hydrocimiamyloxy ethyl tosylate (2-16). 
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Figure CI 3. NMR of Thioacetic acid-5-(2-hydrocinnani\ioxy ethyl) ester (2-17) 
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Figure CI4. '"'C NMR of Thioacetic acid-.V-(2-hydrocinnamyloxy ethyl) ester (2-17) 
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Figure C19. ' 'C NMR of 4-Acct y! sul taiiy I bu tyri c acid (2-33). 
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Figure C20. ''C NMR of Thioacetic acid 5'-[3-(4-octylphenylcarbomoyl)propyl] ester (2-34). 
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Figure C21. ''C NMR of Thioacetic acid S-[3-(4-octylphenylcarbomoyl)propyl] ester (2-34). 
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Figure C23. ''C NMR of 4,5-bis (3-(4-octylphenylcarbomoyl) 
propylsulfanyl)) phthaloniirilc (2-36). 
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Figure C24. NMR of A'-(2-chl()ro ethyl)-4-octylbenzamide (2-38). 
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Figure C26. ' 'C NMR of 7V-(2-mercaptoethyl)-4-octylbenzamide (2-40). 
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Figure C27. NMR of 4,5-bis (2-(4-octylbenzamide) ethylsulfanyl)) 
phthalonilrile (2-41). 
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Figure C28. NMR of 2-PhenethyIoxy ethanol (2-43). 
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Figure C29."C NMR of 2-Phcneihyloxy ethyl tosylate (2-44). 



Figure C30. ''C NMR of Thioacetic acid 5-(2-phenethyloxyethyl) ester (2-45). 
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Figure C31. '"'C NMR of 2-Phcnethyloxyethane thiol (2-46). 
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Figure C32. ' C NMR of 4,5-bis (2-Phenethyloxy ethylsulfanyl) phthalonitnle (2-47) 
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Figure E3. FI IRR of 4,5-bis(2-benzyloxyethylsuIfanyl) phthalonilrile (2-3). 
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Figure E4. FTIR of the benzyloxyethylsulfanyl copper Pc (Donley) (2-4).. 



Figure E5. PTIR of Styryl [l,3]-dioxolane (2-7). 



Figure E6. FTIR of 2-Cinnamyloxy ethanol (2-8). 



Figure E7. FTIR of 2-Cinnamyloxy ethyl tosylate (2-9). 
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Figure E8. FTIR of Thioacctic acid-5'-2-(cinnamyloxyethyl) ester (2-10). 
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Figure E9. FTIR of 2-Cinnamyloxy etJianc thiol (2-11). 
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Figure E10. FflR of 4,5-bis (2-Cinnamyloxyethylsulfanyl) phihalonitrilcl2-12). 
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Figure E l l .  FTER spectrum of the cinnamyloxy ethylsulfanyl Pc (2-13). 
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Figure El2. FTIR of 2-(Phenethyl)-[l,2]- dioxolane (2-14). 
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Figure El3. FTIR of 2-Hydrocinnamyloxy ethanol (2-15). 



Figure E14. FTIR of 2-Hydrocinnamyloxy ethyl tosylate (2-16 ). 
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Figure El5. FTIR of Thioacetic acid-5'-(2-hydrocinnamyloxy ethyl) ester (2-17) 



Figure El6. FFIR of 2-Hydrocinnamyloxy ethane thiol (2-18). 
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Figure El7. FTIR of 4,5-his (2-Hydrocinnainyloxyethylsulfanyl) 
phthalonitrile(2-19). 
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Figure El 8. FTIR spectrum of the cinnamyioxy ethylsulfanyl Pc (2-13). 
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Figure E l9. FTIR of N-(3-Chloropropy! )-4-octyIbenzaniidc (2-28). 



Figure E20. ITIR of Thioacetic acid 5-|3-(4-octylbcnzoylaniino)-propyl | 
ester (2-29). 
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Figure E21. FTIR of //-(3-mercaptopropyl)-4-octylbenzamide (2-30). 
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Figure E22. FTIR of 4,5-bis (3-(4-octylbenzamide)propylsulfanyl)) 
phthalonitrile (2-31). 



Figure E23. FTIR of (4-octylphenyl)bcnzaniidc propylsulfanyl copper Pc (2-32). 



Figure E24. FI IR of 4-Acetylsulfanylbutyric acid (2-33). 
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Figure E25. FTIR of Thioacetic acid .S'-[3-(4-octylphenylcarbomoyl)propyi] ester (2-34). 
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Figure E26. FTIR of 4-Mercapto-7V-(4-octylphenyl) butyramide (2-35). 
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Figure E27. FTIR of 4,5-bis i 3-( 4-octy 1 pheny Icarboniovi )piopy I su 1 fan yl)) 
phthalonitrile (2-36). 
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Figure E28. FTIR of (4-octylphenylcarbomoyl) propyl su Ifanyl) )Coppcr Pc (2-37). 



Figure E29. FTIR of yV-(2-chloro ethyl)-4-octylbenzamide (2-38). 
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Figure E30. FTIR of Thioacelic acid .V-[2-(4-oclylbenzoylamino)-ethyl] 
ester (2-39). 
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Figure E31. FTIR of iV-(2-mercaptoethyl)-4-octylbenzamide (2-40). 



Figure E32. FTIR of 4,5-bis (2-(4-octyIbenzaniidc) ethylsolfanyl)) 
phthalonitrilc (2-41). 
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Figure E33. FTIR of (4-octylbenzamide) ethylsuH'anyl copper Pc (2-42). 
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Figure E34. FTIR of 2-Phenethyloxy ethanol ( 2-43 ). 
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Figure E35. FFIR of 2-Phenethyloxy ethyl tosylate (2-44). 
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Figure E36. FTIR of Thioacetic acid >S'-(2-phenelhyloxyethyl) ester (2-45 ). 
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Figure E37. FFIR of 2-Phenethyloxyethanc thiol (2-46). 
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Figure E38. FTIR of 4,5-bis (2-Phenethyloxy ethylsulfanyl) phthalonitrile (2-47) 
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Figure E39. FTIR of the phcnethyloxy ethylsulfanyl copper Pc (2-48). 
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Appendix F: Crystal Structure for4,5-Ms ((4-octyIphenyl carbomoyl) 2-
ethyl) phthalonitrile *2DMSO 

FJ EXPERIMENTAL 

The following procedure was followed by Hugh D. Selby in the Molecular 

Structure Laboratory to obtain the molecular structure and X-ray data. A colorless plate 

of 4,5-bis ((4-octylphenyl carbomoyl) 2-ethyl) phthalonitrile *2DMS0 having 

approximate dimensions of 0.6 x 0.2 x 0.05 mm was mounted on a glass fiber in a 

random orientation. Examination of the crystal on a Bruker .SMART 1000 CCD detector 

X-ray diffractometer at 293(2)K and a power setting of 50KV, 40mA showed 

measurable diffraction to at least 0 = 19.282". Data were collected on the SMARTKXX) 

system using graphite monochromated Mo-Ka radiation ( X=0.71073A ). 

Initial cell constants and an orientation matrix were determined from reflections 

obtained in three orthogonal 6E wedges of reciprocal space. A total of 1957 frames at 1 

detector setting covering 0 < 20 < 60" were collected, having an co scan width of 0.2° and 

an exposure time of 60 seconds. The frames were integrated using the Bruker SAINT 

software package's narrow frame algorithm. A total of 13300 reflections were integrated 

and retained of which 2244 were unique (<redundancy> = 5.927, R„„ = 6.4%, Rs,g = 

3.9%). Of the unique reflections, 1545 (68.85%) were observed l>2a(l). The final 

Orthorhombic cell parameters of a = 60.414(12), b = 9.5161(19), c = 8.6218(17)A, a = 

90, P = 90, 7 = 90", volume = 4956.7(17 ) A'' are based on the refinement of the XYZ-

centroids of 2792 reflections with I > 2 0(1) covering the range of 2.367 < 0 < 19.282". 

An absorption correction was applied using the program SADABS. The absorption 
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coefficient is 0.235 mm"\ Tmin = 0.855412, and Tmax = 1- For Z = 4 and F.W. = 867.27 

o  
the calculated density is 1.162g/cm . Systematic absences and intensity statistics indicate 

the space group to be Pbcn (#60) which was consistent with refinement. It should be 

noted that the sample diffracted very weakly. The weak diffraction resulted in low 

resolution limits (1.05 A) and a low data-to-parameter ratio of 6.88.The structure was 

solved using SHELXS in the Bruker SHELXTL (Version 5.0) software package. 

Refinements were performed using XL and illustrations were made using XP. Solution 

was achieved utilizing direct methods followed by Fourier synthesis. Hydrogen atoms 

were added at idealized positions, constrained to ride on the atom to which they arc 

bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom. 

Minor disorder was observed in the D.MSO solvent molecule, the nit rile groups of the 

benzene core, and in the amide oxygen atoms. In all cases the disorder was likely the 

result of liberation, as cach disordered group extended into small voids in the structure. 

The disorder manifested itself as large residual electron density peaks close to the groups 

in question. For the DMSO disorder, the two largest unidentified peaks were the proper 

distance apart to be assigned as an S=0 group. The methyl groups were dummies created 

from the approximate positions and thermal parameters of the identified DMSO. These 

dummy methyls and the S=0 fragment were then restrained to have similar bond lengths, 

angles, and thermal parameters as the identified DMSO. The already identified and 

manufactured DMSO sites were then given variable occupancies which were allowed to 

refine. The final occupancies of the two DMSO sites were approximately 70 and 30%. 

The nitrile disorder was treated by simply splitting the nitrile group into two half 
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occupied sites and allowing the positions and thermal parameters refine freely. The same 

splitting method was used for the amide oxygen atom sites. The treatment of the disorder 

was satisfactory, as subsequent retmements were improved upon the implementation of 

each treatment. The final anisotropic full-matrix least squares refinement based on F" of 

all reflections converged (maximum shift/esd = 0.000) at Rl = 0.0829, wR2 = 0.1347 and 

goodness-of-fit = 1.058. "Conventional" refinement indices using the 1545 reflections 

with F > 4 sigma(F) are Rl = 0.0507. wR2 = 0.1210. The model consisted of 326 variable 

parameters, 0 constraints and 148 restraints. There were 24 correlation coefficients 

greater than 0.50, all associated with parameters from disordered groups. The highest 

peak on the final difference map was 0.152 c/A^ located 0.93 A from H18B. The lowest 

peak on the final difference map was -0.125 e/A'' located 1.10 A from H31C. Scattering 

Factors and anomalous dispersion were taken from International Tables Vol C Tables 

4.2.6.8 and 6.1.1.4. 

F.2 STRUCTURE 
The title compound, 4,5-bis ((4-octylphenyl carbomoyl) 2-ethyl) phthalonitrile 

*2DMS0, has the molecular structure proposed by the submitter. The structure is based 

upon a tetra-substituted benzene ring. The benzene centroid sits on a two-fold symmetry 

axis resulting in only half the molecule being contained in the asymmetric unit. There are 

four complete molecules in the unit cell. At C2 of the benzene core (and its symmetry 

equivalent) are two nitriles. Bound to C4 (and its symmetry equivalent) are two 

thioether substituents. The two thioethers are each bound by an ethylene spacing unit to 

an amide, which is in turn N-bound to a para-octanyl benzene. These long thioether 



substituents extend roughly antiparallel to one another along the -60 A ci-axis. The 

nitrile groups extend normal to the thioether chains in the c-direction. In the ^-direction, 

the central benzene rings stack according to glide symmetry, with each layer's nitrile C-N 

vectors antiparallel with respect to those above and below. The central benzenes do not 

appear to exhibit k-ti interactions, as the ring centroids are not superimposed upon the 

ring centroids in neighboring layers, but are instead skewed such that there is no benzene 

overlap. The phenyl rings in the thioether arms do undergo an apparent Aedge-to-face® 

type interaction however. In addition to these 7i-interactions. the amides of the thioether 

arms arc hydrogen bound to DM SO molecules. The presence of the two DMSO=s per 

molecule accounts for the reported empirical formula. The DM SO molecules occupy a 

small void in the structure and are subsequently disordered. Similarly, the nitriles and 

amide oxygen atoms project into voids and are librationally disordered. The treatment of 

this disorder is discussed in the preceding section of this report. 



Figure. Fl. A thermal ellipsoid rendering of the molecule with 50% probability ellipsoids. 
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.Figure F2. A packing diagram with unit cell shown 
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Table F1. Crystal data and structure refinement. 

Identification code bmOlss 
Empirical formula C46 H66 N4 04 S4 
Formula weight 867.27 
Temperature 293(2)K 
Wavelength 0.71073 A 
Crystal system Orthorhombic 
Space group Pbcn 
Unit cell dimensions a = 60.414(12) A a= 90°. Unit cell dimensions 

b = 9.5161(19) A P= 90°. 
Unit cell dimensions 

c = 8.6218(17) A y = 90°. 

Volume 4956.7(17) A3 
Z 4 
Density (calculated) 1.162 Mg/m^ 
Absorption coefficient 0.235 mm"' 
F(OOO) 1864 
Crystal size 0.6 X 0.2 X 0.05 mm^ 
Theta range for utilized data 1.35 to 19.80°. 
Reflections utilized 13300 
Independent reflections 2244 [R(int) = 0.0640] 
Completeness to theta = 19.80° 99.9 % 

Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1 and 0.855412 
Refinement method Full-matrix least-squares on F-
Data / restraints / parameters 2244 / 148/ 326 

Goodness-of-fit on 1.058 

Final R indices (l>2sigma(l)J R1 =0.0507. wR2 = 0.1210 
R indices (all data) R1 =0.0829, wR2 = 0.1347 
Largest diff. peak and hole 0.152 and -0.125 e.A'^ 
RMS difference density 0.030e.A-3 

Table F2. Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters 



(A^x 10^). U(eq) is defined as one third of the trace of the orthogonalized U'i tensor. 

X y z U(eq) 
S(1) 219(1) 1279(1) 1649(2) 76(1) 

N(1) 321 (4) 5140(30) 1790(20) 119(6) 

C(1) 220(7) 4140(50) 2010(30) 82(7) 

N(1A) 266(4) 5190(30) 870(20) 130(7) 

C(1A) 187(7) 4180(50) 1300(30) 93(8) 
C(2) 99(1) -2878(5) 2096(6) 82(2) 
N(2) 991(1) 1930(4) -222(4) 69(1) 
C(3) 196(1) -1618(5) 1701(5) 75(1) 
C(4) 102(1) -354(4) 2089(5) 59(1) 
C(5) 465(1) 780(4) 557(5) 72(1) 
C(6) 595(1) 2051(5) 152(6) 82(2) 
C(7) 792(1) 1633(5) -817(8) 81(2) 

0(7) 778(4) 1300(20) 2150(30) 86(4) 

0(7A) 757(4) 750(20) 1930(30) 134(9) 
C(8) 1200(1) 1682(5) -887(5) 65(1) 
C(9) 1239(1) 623(6) -1939(7) 96(2) 
C(10) 1448(1) 435(6) -2524(7) 111 (2) 
C(11) 1624(1) 1238(7) -2118(6) 91 (2) 
C(12) 1581(1) 2286(6) -1060(7) 95(2) 
C(13) 1373(1) 2499(5) -452(6) 84(2) 
C(14) 1849(1) 1027(7) -2827(7) 144(3) 
C(15) 2044(1) 1297(6) -1916(7) 113(2) 
C(16) 2264(1) 1005(7) -2666(7) 128(2) 
C(17) 2464(1) 1317(7) -1818(8) 139(2) 
C(18) 2678(1) 1036(7) -2555(8) 135(2) 
C(19) 2882(1) 1352(7) -1718(8) 149(3) 
C(20) 3091(1) 1041(8) -2440(9) 169(3) 
C(21) 3296(1) 1390(8) -1608(9) 178(3) 
0(20) 1007(3) 3778(12) 2461(11) 120(4) 
S(21) 967(1) 4154(4) 4022(3) 113(1) 
C(30) 1140(3) 3170(30) 5220(20) 204(11) 
C(31) 723(2) 3225(18) 4660(30) 190(8) 
0(21) 1033(7) 3160(30) 2500(20) 120(9) 
S(22) 961(1) 2867(11) 4036(9) 135(4) 
C(30A) 1141(7) 3670(70) 5350(50) 148(14) 
C(31A) 738(5) 4040(40) 4490(50) 165(15) 

Table F3. Bond lengths [A] and angles [°]. 
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ĉ  

i 
0 S" 

1 
0 

t 
CO "r— T— t— 1— X 

0̂  
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S(21)-C(30)-H(30B) 109.5 
H(30A)-C(30)- 109.5 

H(30B) 
S(21)-C{30)-H(30C) 109.5 

H(30A)-C(30)- 109.5 
H(30C) 

H(30B)-C(30)- 109.5 
H(30C) 

S(21)-C(31)-H(31A) 109.5 
S(21)-C(31)-H(31B) 109.5 

H(31A)-C(31)- 109.5 
H(31B) 

S(21)-C(31)-H{31C) 109.5 
H(31A)-C{31)- 109.5 

H(31C) 
H(31B)-C(31)- 109.5 

H(31C) 
0(21)-S(22)-C(30A) 109(2) 
0(21)-S(22)-C(31A) 108.3(16) 

C(30A)-S{22)- 93.0(16) 
C(31A) 

S(22)-C(30A)- 109.5 
H(30A) 

S(22)-C(30A)- 109.5 
H(30B) 

H(30A)-C(30A)- 109.5 
H(30B) 

S(22)-C(30A)- 109.5 
H(30C) 

H(30A)-C(30A)- 109.5 
H(30C) 

H(30B)-C(30A)- 109.5 
H(30C) 

S(22)-C(31A)- 109.5 
H(31A) 

S(22)-C(31A)- 109.5 
H(31B) 

H(31A)-C(31A)- 109.5 
H(31B) 

S(22)-C(31A)- 109.5 
H(31C) 

H(31A)-C(31A)- 109.5 
H(31C) 

H(31B)-C(31A)- 109.5 
H(31C) 
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Table F4. Anisotropic displacement parameters (A^x 10^) for bmOlss. The 

anisotropic displacement factor exponent takes the form: -2p-[ h- a*2u'' + ... + 2 h k 

a* b* Ul2 ] 

Uii U22 U33 U23 Ul3  U12 

S(1) 67(1) 63(1) 97(1) 6(1) 13(1) -2(1) 
N(1) 122(12) 84(9) 150(17) -1(14) 37(13) 22(8) 
C(1) 77(12) 69(10) 99(18) 0(18) 29(15) -3(8) 
N(1A) 138(16) 66(8) 180(20) -4(16) 65(15) 9(9) 
C(1A) 92(14) 66(10) 120(20) 0(20) 31(17) 5(10) 
C(2) 67(3) 51(3) 127(5) -3(3) 20(3) 9(3) 
N(2) 58(3) 82(3) 68(3) -13(2) 3(2) -5(2) 
C(3) 58(3) 64(4) 102(4) 3(3) 19(3) 1(3) 
C(4) 54(3) 51(3) 71(3) 0(2) 1(2) 1(2) 
C(5) 70(3) 67(3) 80(3) 7(3) 16(3) -5(3) 
C(6) 61(3) 92(4) 94(4) -13(3) 11(3) -12(3) 
C(7) 66(4) 93(4) 83(4) -16(3) 5(4) -14(3) 
0(7) 59(7) 125(12) 75(6) -27(8) -8(6) -38(7) 
0(7A) 85(8) 180(20) 133(14) -89(14) 33(8) -55(11) 
C(8) 66(4) 69(3) 62(3) -4(3) 5(3) 1(3) 
C(9) 62(4) 98(4) 128(5) -33(4) 2(3) -3(3) 
C(10) 83(4) 129(5) 122(5) -53(4) -4(4) 14(4) 
C(11) 65(4) 123(5) 83(4) -15(4) 7(3) 6(4) 
C(12) 63(4) 116(5) 105(4) -17(4) 13(3) -18(3) 
C(13) 74(4) 84(4) 93(4) -25(3) 5(3) -16(3) 
C(14) 74(4) 223(7) 134(6) -50(5) 16(4) 6(4) 
C(15) 73(4) 149(5) 115(5) 7(4) 16(4) 9(4) 
C(16) 79(5) 175(6) 129(5) -7(5) 23(4) 14(4) 
C(17) 75(5) 189(7) 152(6) 8(5) 9(5) 13(4) 
C(18) 67(4) 185(6) 153(6) 8(5) 21(4) 12(4) 
C(19) 78(5) 197(7) 171(7) 11(5) 19(5) 3(5) 
C(20) 84(5) 246(9) 177(7) 18(6) 10(5) 9(5) 
C(21) 103(5) 225(8) 206(8) 39(6) 9(6) -7(5) 
0(20) 164(10) 119(10) 78(5) -32(5) 42(4) -54(8) 
S(21) 180(3) 82(3) 77(2) -14(1) 22(2) -10(2) 
C(30) 158(11) 280(30) 172(14) 63(16) 5(12) 32(14) 
C(31) 124(9) 280(20) 166(12) 83(15) 67(8) 14(10) 
0(21) 129(13) 130(20) 104(10) -77(11) 23(10) -5(17) 
S(22) 155(7) 138(9) 113(5) -36(5) 13(5) 18(5) 
C(30A) 190(20) 140(30) 107(17) -40(20) -20(19) 39(18) 
C(31A) 140(20) 230(40) 130(20) 40(30) 72(16) 50(20) 



Table F5. Hydrogen coordinates ( x 1 ()4) and isotropic displacement parameters 

(A2x 10 3). 

X y z U(eq) 
H(2A) 991 2320 678 83 
H(3A) 329 -1625 1158 90 
H(5A) 555 147 1173 87 
H(5B) 421 292 -383 87 
H(6A) 645 2514 1092 99 
H(6B) 503 2704 -422 99 
H(9A) 1124 37 -2251 115 
H(10A) 1470 -283 -3239 133 
H(12A) 1697 2868 -746 113 
H(13A) 1352 3213 268 101 
H(14A) 1857 60 -3180 172 
H(14B) 1857 1617 -3743 172 
H(15A) 2035 738 -978 135 
H(15B) 2042 2277 -1607 135 
H(16A) 2267 15 -2935 153 
H(16B) 2269 1528 -3631 153 
H(17A) 2460 790 -855 166 
H(17B) 2461 2306 -1545 166 
H(18A) 2682 47 -2824 162 
H(18B) 2682 1558 -3521 162 
H(19A) 2881 2347 -1473 179 
H(19B) 2877 849 -740 179 
H(20A) 3095 1525 -3429 203 
H(20B) 3094 41 -2660 203 
H(21A) 3421 1122 -2226 268 
H(21B) 3299 894 -639 268 
H(21C) 3301 2383 -1416 268 
H(30A) 1291 3449 5042 306 
H(30B) 1123 2194 4984 306 
H(30C) 1101 3341 6281 306 
H(31A) 598 3532 4075 285 
H(31B) 699 3413 5744 285 
H(31C) 744 2234 4516 285 
H(30A) 1277 3903 4832 222 
H(30B) 1171 3036 6189 222 
H(30C) 1074 4509 5746 222 
H(31A) 660 4290 3560 248 
H(31B) 796 4879 4967 248 
H(31C) 637 3592 5199 248 
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Table F7. Hydrogen bonds for btnO 1 ss (A and "|. 

N(2)-
H(2A)...0(21) 0.86 1.78 2.64(2) 171.7 
N(2)-

H(2A)...0(20) 0.86 2.07 2.908(11) 163.3 
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Appendix G: Crystal Structure for 4,5-bis((4-octyIphenyI carbamide) 2-
ethylsulfanyl) phthalonitriIe*DMSO 

G.l EXPERIMENTAL 

The ciA'stal structure for 4,5-bis((4-octylphenyl carbamide) 2-cthylsulfanyl) 

phthalonitrile*DMSOf2-41) was obtained by Hugh D. Selby in the Molecular Structure 

Laboratory according to following procedure. A colorless plate of C42 H54 N4 02 S2, 

2(C2 H6 S O ) having approximate dimensions of 0.2 x 0.15 x 0.05 mm was mounted on 

a glass fiber in a random orientation. Examination of the crystal on a Bruker SMART 

I (XX) CCD detector X-ray diffractometer at 293(2)K and a power setting of 50KV, 

40mA showed measurable diffraction to at least 0 = 23.782". Data were collected on the 

SMART KXX) system using graphite monochromated Mo-Ka radiation (>^=0.71073A). 

Initial cell constants and an orientation matrix were determined from reflections 

obtained in three orthogonal 6" wedges of reciprocal space. A total of 3686 frames at 1 

detector setting covering 0 < 20 < 60° were collected, having an to scan width of 0.2" and 

an exposure time of 30 seconds. The frames were integrated using the Bruker SAINT 

software package's narrow frame algorithm. A total of 20676 reflections were integrated 

and retained of which 3576 were unique (<redundancy> = 5.782, R^t = 5.8%, Rsig = 

4.1%). Of the unique reflections. 2437 (68.13%) were observed I>2a(I). The final 

Orthorhonibic cell parameters of a = 60.414(12). b = 9.5161(19), c = 8.6218(17)A, a = 

90, p = 90, y = 90°, volume = 4956.7( 17) A^ arc based on the refinement of the XYZ-

centroids of 2437 reflections with 1 > 2 a( I) covering the range of 2.201 < 0 < 23.782", 

An absorption correction was applied using the program SADABS, The absorption 



coefficient is 0.15 min'\ Tmm = 890645, and Tm;ix = 1- For Z = 4 and F.W. = 867.27 the 

-2 
calculated density is 1.238g/cm . Systematic absences and intensity statistics indicate the 

space group to be C2/c (#15) which was consistent with refinement. 

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) 

software package. Refinements were performed using XL and illustrations were made 

using XP. Solution was achieved utilizing direct methods followed by Fourier synthesis. 

Hydrogen atoms were added at idealized positions, constrained to ride on the atom to 

which they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that 

bonded atom. The final anisotropic full-matrix least squares refinement based on of 

all reflections converged (maximum shift/esd = 0.001) at RI = 0.0801. wR2 = 0.1211 and 

goodness-of-fit = 1.091. "Conventional" refinement indices using the 2437 reflections 

with F > 4 sigma(F) are R1 = 0.0417. wR2 = 0.0949. The model consisted of 262 variable 

parameters, 0 constraints and 0 restraints. There were no correlation coefficients greater 

than 0.50. The highest peak on the final difference map was 0.24 e/A^ located 0.83 A 

from C2s. The lowest peak on the final difference map was -0.22 e/A^ located 0.98 A 

from H20A Scattering Factors and anomalous dispersion were taken from International 

Tables Vol C Tables 4.2.6.8 and 6.1.1.4. 

G.2 STRUCTURE 

The title compound. 4,5-bis((4-octylphenyl carbamidc) 2-ethylsulfanyl) 

phthalonitrile* 2DMS0 (2-41) has the molecular structure proposed by the submitter. 

The structure is based upon a tetra-substituted benzene ring. The benzene centroid sits on 

a two-fold symmetry axis resulting in only half the molecule being contained in the 
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asymmetric unit. There are four complete molecules in the unit cell. The title compound 

is an isomer of the structure reported in Appendix F, and is almost identical to it. The 

sole molecular difference lies in the relative position of the amide nitrogen in the two 

thioether chains. In the current structure, the amide nitrogens (N3 and its symmetry 

equivalent) are bound to their respective carbonyl carbons fC4 and equivalent) and to the 

ethyl linking groups. In the previous structure, the amide nitrogen atoms were bound to 

the phenyl rings of the 4-octylbcnzene portions of the thioether chains. In effect, the 

amide nitrogen atoms have switched positions about the carbonyl carbon between the two 

structures, leaving the rest of the molecule unchanged. As was observed in Appendix F, 

the current structure contains two additional DMSO molecules tightly hydrogen bound to 

the amide nitrogen. In the current structure however, the DMSO molecules are well 

ordered. Indeed, no disorder of any portion of the molccule was observed. In contrast to 

Appendix F, there are no apparent close contacts of any of the aromatic portions of the 

molecule. 



Fig. 1 A thermal ellipsoid rendering of the molecuic and accompanying DM SO molecules with 50% 
probability ellipsoids. 

Table Gl. Crystal data and structure refinement. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 

Limiting Indices 

bm02s 
C46 H66 N4 04 S4 
867.27 

170(2) K 

0.71073 A 
Monoclinic 

C2/c 
a = 35.371(7) A a=90D. 
b = 9.5886(19) A (3= 95.56(3)::. 
c = 13.784(3) A y = 90D. 
4652.9(16) A^ 
4 
1.238 Mg/nv' 
0.250 mm' 
1864 
0.2 X 0.15 X 0.05 mm 
1.16to23.85D. 
-40<=h<=40, -10<=:k<=10, -
15<=1<=15 
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Reflections utilized 
Independent reflections 
Completeness to theta = 
23.85 • 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-tlt on F2 
Final R indices |I>2signia(Iil 
R indices (all data) 
Largest diff. peak and hole 

RMS difference density 

20676 
3576 [R(int) = 0.0583] 

99.7 % 
Multiscan 
1 and 0.890645 
Full-matrix least-squares on F' 
3576/0/262 
1.091 
R1 = 0.0417, wR2 = 0.0949 
R1 =0.0801, wR2 = 0.1211 

0.242 and -0.222 e.A"-' 

0.052e.A-

Table G2. Atomic coordinales ( x 10^) and equivalent isotropic displacement 

parameters (A-x 1(P). U(eq) is defined as one third of the trace of the orthogonal ized U 

'J tensor. 

X Y z U(eq) 
S(1) 340(1) 1641(1) 3207(1) 39(1) 

S(2) 878(1) 3632(1) 5697(1) 43(1) 
0(2) 879(1) 2922(2) 6439(2) 52(1) 
N(3) 780(1) 700(3) 5964(2) 38(1) 
C(5) 1224(1) 1162(3) 7367(2) 33(1) 

C(21) 155(1) 2524(3) 2857(2) 31(1) 

0(1) 851(1) 2092(2) 5501(2) 57(1) 
C(8) 1700(1) 243(3) 8992(2) 37(1) 
C(4) 950(1) 1674(3) 6548(2) 34(1) 
C(7) 1621(1) -595(3) 8177(2) 44(1) 
C(1) 685(1) 1312(3) 4231(2) 35(1) 
C(9) 1543(1) 1558(3) 8961 (2) 48(1) 

C(20) 309(1) 1260(3) 3210(2) 31(1) 
C(10) 1311(1) 2012(3) 8163(2) 45(1) 

C(22) 325(1) 3817(3) 3209(2) 37(1) 
C(19) 159(1) -3(3) 2855(2) 29(1) 
C(14) 2574(1) 836(4) 12183(2) 50(1) 
C(16) 2987(1) 847(3) 13817(2) 49(1) 
C(12) 2130(1) 681(3) 10600(2) 46(1) 
C(6) 1385(1) -148(3) 7382(2) 41(1) 
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N(1) 71(2) 34(2) 38(2) -1(1) -16(1) 5(2) 
C(11) 54(2) 46(2) 37(2) 2(2) -18(2) 0(2) 
C(15) 55(2) 49(2) 39(2) 0(2) -18(2) 2(2) 
C(2S) 58(2) 45(2) 40(2) -4(2) -16(2) 2(2) 
C{2) 38(2) 45(2) 28(2) -4(1) -11(1) -1(2) 
C(18) 83(3) 58(2) 45(2) -7(2) -28(2) 10(2) 
C(1S) 51(2) 43(2) 40(2) -3(2) -12(2) 5(2) 
C(17) 52(2) 50(2) 33(2) -1(2) -14(2) 1(2) 
C(13) 49(2) 49(2) 37(2) 1(2) -16(2) 0(2) 

Table G5. Hydrogen coordinates ( x 10') and isotropic displacement parameters (A^x 10 

X y z U(eq) 
H(3A) 838 -161 6073 45 
H(7A) 1730 -1477 8167 52 
H(1A) 838 511 4087 41 
H(1B) 853 2110 4326 41 
H(9A) 1595 2152 9490 57 
H(20A) 513 -1261 3688 37 
H(10A) 1212 2910 8161 53 
H(14A) 2403 1517 12424 60 
H(14B) 2768 1336 11874 60 
H(16A) 2824 1561 14052 59 
H(16B) 3193 1312 13531 59 
H(12A) 1942 1283 10856 55 
H(12B) 2300 1262 10266 55 
H(6A) 1334 -738 6850 49 
H(11A) 1764 -911 10235 57 
H(11B) 2123 -955 9660 57 
H(15A) 2564 -509 13336 59 
H(15B) 2927 -692 12787 59 
H(2SA) 1354 -3552 6948 74 
H(2SB) 1074 -4776 7118 74 
H(2SC) 962 -3236 7344 74 
H(2A) 362 1859 5322 45 
H(2B) 325 273 5052 45 
H(18A) 3484 168 15966 96 
H(18B) 3237 1497 15707 96 
H(18C) 3599 1209 15168 96 
H(1SA) 254 -4167 5316 68 
H(1SB) 319 -3598 6386 68 
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C(13)-C(12)-C(11)-C(8) 178.9(3) 
C(9)-C(8)-C(11)-C(12) -25.0(5) 
C(7)-C(8)-C(11)-C(12) 158.6(3) 
C(17)-C(16)-C(15)-C(14) 177.2(3) 
C(13)-C(14)-C(15)-C(16) 179.9(3) 
C(4)-N(3)-C(2)-C(1) 88.6(3) 
S(1)-C(1)-C(2)-N(3) 176.9(2) 
C(15)-C(16)-C(17)-C(18) 178.2(3) 
C(15)-C(14)-C(13)-C(12) 175.0(3) 
C(11)-C(12)-C(13)-C(14) 178.2(3) 

Table G7. Hydrogen bonds for bm02s (A and °]. 

d(D-
D-H...A H) d(H...A) d(D...A) <(DHA) 
N(3)-H(3A)...0(1) 0.86 2.02 2.770(3) 145.9 
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Appendix H: Estimation of Aggregation Constants 

Hl.l Overview of Method 

The method used to estimate the aggregation constant (Kagg) and aggregation 

number (n) was developed by Tai and Hayashi. It is assumed that equilibrium between 

the monomer and aggregated phthalocyanine (Pc) is a one step process. The equilibrium 

is given by equation HI where K is the aggregation constant and n the aggregation 

number. 

n • Pc< ^ > Pi\, (HI) 

Kagg is given by equation H2, where x is the ratio of monomer concentration to the total 

Pc concentration. The total Pc concentration is denoted as Q. 

K ^ ^ ^ = x / [ n ^ C ; - ' H l - x r ]  ( H 2 )  

The observed extinction coefficient (s) at wavelength (A,) is given by equation H3, where 

Em and Sn are the extinction coefficients for pure monomer and pure aggregate 

respectively at X. 

£  =  x ® £ ^ J n  +  ( l - x ) »  (H3) 

Combining equations H2 and H3 equation H4 is obtained where C=n"(n-c/£ni)" '• 

log[C, (!-£/£J = logiCK^^^) + « • log[C, (£ / £„, - £„ /(n • ))] (H4) 

If it is assumed that the extinction coefficient of the aggregate (£„) is small compared to 

(£jn) at the absorbance maximum, equation H4 can be simplified to equation H5 assuming 

that E/C„i» £n/(N' E,„) and n» 

logic, • ( \ - £ l £ j \ ^  log(/i • ) + «• log[C, • ( £ l £ j ]  (H5) 
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Plotting log[C,( 1 -8/Cm)J vs. log[Ct( e/Sm)] gave straight lines where the slope of 

the line is the aggregation number (n). From the y-inicrcept of the line (log (nKagg)) the 

aggregation constant can be obtained. The coefficient of extinction of the monomer (Em) 

was estimated from plots of the absorbance versus concentration using either a linear or 

polynomial fit. The observed extinction coefficients were calculated at each 

concentration using Beer's Law (A=ebc) where A is the Q-band absorbance. e is the 

observed extinction coefficient, b is the path length, and c is the concentration. 



H2.1 Compound 2-4 

Table HI. Data used for the determination of Kagg for compound 2-4. 

Concentration s (M 'cm ') Lou(Ct(t/e„,) LOS(C,(1-E/S„,) 
4.8x 10-^M 2.1X 10' -7.34 -5.32 
2.4x lir^M 2.4 X 10' -7.58 -5.62 
3.9 X 10'M 2.6 X 10' -8.33 -6.41 

E„,=2.2 X 10' KaEs=4.2 X 10^ 
1 fH II c

 
Kagg for Benzyioxyethyl suifanyi Pc 

p.'-okmr ' ^ i 

« Seriesi 

"""Linear (Series 1) 

Figure H I .  Linear plot used to estimate K^gg for 2-4. 



H2.2 Compound 2-13 

Table H2. Data used for the determination of K^gg for compound 2-13. 

Concentration £ (M''cm"') Log(C,(£/£„,) Log(Ct(l-g/£m) 
9.24 X 10 M 6.1 X 10' -10.08 -7.03 
4.62 X 10 ̂  M 4.1 X 10' -9.56 -6.33 
2.31 X 10 "M 2.5 X 10' -9.07 -5.64 
4.62 X 10" M 2.2 X 10® -8.83 -5.34 

£,„=6.84 X 10^ Ka£a=1.3 X 10^ n=1.4 

Kagg Cinns 

y 71 aeix t.6 w'.'s 
« .ov^9a 

Series 1 

•"Linear (Seriesi) 

log[Ct(E/Eni)] 

Figure H2. Linear plot used to estimate K^gg for 2-13. 



H2.3 Compound 2-20 

Table H3. Data used for the determination of for compound 2-20. 

Concentration s (M"'cm"') Log(C:,(E/j;„,) Log(C,(l-E/£„,) 
9.8x lO 'M 1.28 X 10^ •8.24 -4.01 
4.93 X 10' M 1.43 X 10^ -8.49 -4.31 
4.93 xW^M 2.0 X 10" -9.35 -5.31 
4.93 X 10' M 2.0 X 10" -10.35 -6.31 
2.47 X 10' M 2.0 X 10" -10.65 -6.61 

£jn=2.2 X !§'* Kaas=2.9 X 10- It c
 

Kagg Hydrocinn 

• Series! 

" Linear (Seriest) 

teg[Ct(E/Em)] 

Figure H3. Linear plot used to estimate K^gg for 2-20. 



H2.4 Compound 2-48 

Table H4. Data used for the determination of Kagg for compouod 2-48. 

Concentration E (M"'cni" ')  Log(Ct(iE/£m) Log(Ct(l-£/£ni) 
1.98 X 10"^ M 5.6 X 10' -9.86 -6.7 
1.98 X 10'" M 3.3 X 10' -9.09 -5.7 
3.96 X 2.8 X 10' -8.86 -5.44 

£„=7.97 X L(F Kaag=5.2 X 10^ n=13 

Kagg for Phenethyl Pc 

« Series 1 

—Linear (Sertesi) 

{og(Ct(E/Em)) 

Figure H4. Linear plot used to estimate Kagg for 2-48. 
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Appendix I: Single Crystal Xray Analysis of 2^4 

11.1 EXPERIMENTAL 

All data reported in this appendix were collected by Michael Carducci and Alice 

Dawson at the University of Arizona by the following methods. Several crystals,(very 

thin green plates) of 24 were mounted on a glass fiber in random orientations. The 

crystal giving the best diffraction had approximate dimensions of 0.48 x 0.11 x 0.02 mm. 

Examination of these crystals on a Bruker SMART 1000 CCD detector X-ray 

diffractometer at 170(2)K and a power setting of 50KV, 40mA showed poor diffraction 

in each case. For the most strongly diffracting crystal data diffraction was measurable to 

0 = 16.5" (1.14A). Data were collected on the SMART] (KX) system using graphite 

monochromated Mo Ka radiation (k =0.7 J073A). 

A total of 909 frames were collectcd at a single detector setting covering -30° < 26 

< +30°, having an phi scan width of 0.2° and an exposure time of 90 seconds. The frames 

were integrated using the Bruker SAINT software package's narrow frame algorithm. A 

total' of 6820 reflections were integrated and retained of which 3865 were unique 

(<redundancy> = 1.76. Rj,„ = 25.37%, Rsig = 48.45%. Of the unique reflections, 1158 

(30.0%) were observed >2sigma(l). The final monoclinic cell parameters of a = 23.911 

(18) A. h = 5.724(3) A, c = 39.17(3) A. a= 90°, P = 96.961(14) ",j=90 °, volume = 

4903(8) A^ are based on the refinement of the XYZ-centroids of 130 reflections with I > 

10 sigma(I) covering the range of 2.35 ° < theta < 16.05 °. Given the poor redundancy, no 

correction for absorption was made. For Z = 2 and F.W. = 1907.933 the calculated 
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density is 1.292 g cm \ This ceil is related to the unit cell obtained from previous 

powder measurements on the same material (Table 1). Assignment of the space group 

from a poorly diffracting sample is difficult; systematic absences and intensity statistics 

indicate the space group to be Pc (#7). 

Experiment a  / A h  / A c l A  P / °  

Powder 21.81(1) 9.780(5) 19.314(6) 106.918(6) 
Crystal 23.910(18) 5.274(3) 39.17(3) 96.971(14) 

A number of strategies were used to attempt to solve the structure. Conventional 

direct methods (using both space group Pc and P - I with up to 10 000 attempts in Shelxs) 

failed to give any recognizable solution, in either Shelxs or S1R92. Solutions with 

combined figures of merit close to the lowest (best) solution were also examined but did 

not obviously correspond to the desired molecule. Structure solution using the Patterson 

function was atlempted using both Shclxs and Dirdif but again no interpretabie solution 

was obtained. Assignment of copper and nitrogen atoms from the Patterson map 

followed by expansion using Fourier synthesis did not give a recognizable molcculc. 

Patterson searching using a Cu phthalocyanine fragment from a crystal structure obtained 

from the Cambridge Stmctural Database (CSD) was also unsuccessful. 

The most promising solution was obtained using dual-space recycling followed by 

structure expansion using peaklist optimization using ShclXM (part of the SHELXTL 

suite); a possible fragment corresponding to the expected copper - nitrogen core could be 

distinguished (Figure 1). Expansion of this fragment using difference Fourier syntheses 

was unsuccessful; the structure simply blew up' on unrestrained refinement. A Cu 



phthalocyaninc core in the orientation obtained from the solution from XM was generated 

using a structure from the CSD. Constrained rigid body refinement of this fragment gave 

an R-factor of 45%; a random collection of atoms in a non-centrosymmetric space group 

would give an R-factor of about 60%. Unconstrained refinement of this phthalocyaninc 

core fragment lead to the structure blowing up. It was not possible to locate any atoms 

from the side chains from Fourier maps. The packing of the molecules in this solution is 

described below. It should be stressed that the structure obtained could not be refined 

and may be incorrect. The phthalocyaninc core shown in the packing diagrams was not 

obtained from structure solution, but generated using a similar molecule from the 

database. 

12.1 Molecular packing 

The phthalocyaninc molecules appear to be arranged in columns parallel to the b  

axis of the unit cell. Within one column the Cu atoms are 5.274 A apart (this is the b unit 

cell length); the molecules within one column are parallel (Figure 2). The distance 

between the planes of the molecules is 3.43 A. Sulfur atoms on adjacent molecules are 

3.53 A apart; the van der Waals radius of S is 1.8 A. S...S interactions could stabilize the 

structure. 

The columns are related by crystallographic symmetry. Along a the columns are 

related by  p u r e l y  t r a n s l a t i o n a l  s y m m e t r y .  A l o n g  t h e  c  a x i s  t h e  c o l u m n s  a r e  r e l a t e d  b y  a  c  

glide; the orientation of molecules in adjacent columns alternates by 98 ° (Figure 3). 

The packing of the phthalocyaninc cores leaves large voids in the structure, which are 

presumably filled by the long side chains. These could adopt a wide range of orientation; 
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disorder of these groups could be a second cause of the weak diffraction seen for the 

crystals. The unit cell obtained for the single crystal samples was related to that seen for 

a  p o w d e r e d  s a m p l e .  T h i s  s u g g e s t s  t h e r e  a r e  t w o  c r y s t a U i n e  p h a s e s ;  t h e  d o u b l i n g  i n  b  

seen in the powder sample could be due to molecules within one column having 

alternating orieniation. Halving in the c direction could be due to each column being 

related by purely translational symmetry. Similar structures are observed in the 

Cambridge Structural Database for other phthalocyanine derivatives, for example Cu-

naphthalocyanine and Zn-naphthalocyanine (Morishge & Araki. 1996). 
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\ 

Figure 11. The solution obtained using ShelXM. The ringed area indicates the part of the structure 
used to anchor the phthalocyanine fragment from the Cambridge Structural Database. 
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Figure 12. Packing of the molecules into columns parallel to the b axis. The dashed lines indicate S-S 
contacts of 3.52 A. 

Figure 13. Relative orientation of molecules in two adjacent columns (along the c axis). 


