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ABSTRACT 

Substituted phthalocyanines (Pc's) are an important class of organic molecules, 

which have shown promise in the field of organo-electronics. The goal of the current 

research was to synthesize a new class of polymerizable Pc's. It was hoped that the new 

class of compounds would exhibit similar liquid crystalline and self organization 

properties that had been demonstrated by 2,3,9,10,16.17,23,24-octakis(2-

benzyoxyethoxy) phthalocyanine. This Pc formed stable Langmuir monolayer and 

bilayers, which could be transferred to solid supports without losing the long-range order. 

The initial reactive Pc was 2,3,9,10,16,17,23,24-octakis(2-benzyoxyethoxy) 

phthalocyanine. The monomer was a (i-substituted styrene that was located within the 

alkoxy chains, to prevent inter-columnar cross-linking. The styrene functionalities were 

dimerized (35% reaction) by photolysis at 254 nm to form cyclo-butanes. The rod-like 

polymers were characterized using AFM and MALDI-TOF mass spectral analysis and 

the molecular rods obtained had a mean length of 72 nm. 

The styrylethoxy Pc was shown to be more crystalline then the previous benzyloxyethoxy 

Pc's, in order to correct this a new class of reactive Pc's were developed that contained a 

second oxygen atom. DSC data on the cinnamyloxyethoxy Pc shows that the lower 

temperature for the liquid crystalline mesophase was restored. Polymerization 

experiments performed on the cinnamylo.xyethoxy Pc showed faster and 2x higher 

percent conversion. The research detailed in this dissertation describes a novel Diels-

Alder synthetic approach to this important class of molecules and a new generic route to 

polymer rods of Pc. 
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1. CHAPTER 1: INTRODUCTION 

1.1 Classification of Liquid Crystals 

Entropy is defined as "a measure of the degree of disorder in a system" and the second 

law of thermodynamics predicts that all natural processes, including chemical processes, 

proceed toward disorder or increasing entropy.'-- However, one only need look to the 

natural world for examples of order developing spontaneously from chaos, in fact without 

self organization life on this planet might not be possible (i.e. cell membranes, DNA, 

proteins, etc.). Scientists have long been aware of nature's ability to produce elaborate 

molecular structures based on self-organization of liquid crystals, in fact nearly seventy 

years ago J. D. Bamal referred to the cell itself as a liquid crystal.^ The self-organization 

of liquid crystals is driven by one or more combinations of intermolecular forces (Table 

1.1),"* which ser\'e to overcome entropy, ordering the molecules into supramolecular 

assemblies.^ Liquid crystallinity has been recognized since the late nineteenth century 

when Reinitzer reported a puzzling melting behavior for cholesterol benzoate, i.e. the 

compound melted over a broad range e.xhibiting the fluidity of a melt but displaying the 

optical birefringence of a crystal simultaneously 
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Table 1.1: Summary of Intermolecular Interactions 

Force Type Pictorial 
Representation 

Description 

London Forces 

(Induced Dipoles) 

Involves a temporary polarization of the 
electron clouds of two neutral molecules 
resulting in charge asymmetry and a net 
attraction 

Dipole-Dipole oo 
Attraction based on electrostatic 
interaction between permanent dipoles 
between two polar molecules 

Hydrogen 

Bonding •H.O.H 

Strong intermolecular force based on 
interaction between a hydrogen atom 
bonded to a polar molecule (0, N. S or 
F) with the lone pair of electrons on a 
hetero-atom of another molecule 

lon-Dipole Forces 
Interaction between an ion (i.e. Na*) 

and a polar molecule (i.e. H;0) 

Ionic Bonding @0 Strong interaction between two ionic 

species (i.e. R-NH3* and R'-CO:') 

Initial interest in liquid crystals was merely as a novel state of matter, with the majority 

of early research focusing on preparation and characterization of a homologous series of 

compounds to determine structural changes effects on physical properties.^ In recent 

years much research has been done to develop organic molecules which self-organize to 

produce supramolecular assemblies of liquid crystals, which could yield new molecular 

materials based on these ordered condensed liquid phases (Figure I.I).^ 
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Cylinders 

Solid State 

Lamella 

( 

^ X 

Smectic 

Nematic 

Columnar 

Figure 1.1: The major types of supramolecular condensed phases, which are being 

explored as potential molecular materials. The inset contains typical liquid crystalline 

mesogens (Examples of each mesogen geometry clockwise from top left: lipids, discotic 

side chain polymer, rod-coil polymer and discotic molecule). Adapted from Simon.^ 

Molecular materials are currently being explored for use as nano-scale sensors, batteries, 

solar cells, field-effect transistors, data storage, electro-luminescent devices, switches and 

frequency doublers.^*'^ field of supramolecular chemistry has been assisted by the 
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maturation of polymer science, which has provided some of the tools and techniques for 

the synthesis and characterization of nano-scale devices and molecular materials-*^ 

(Figure 1.2). The classification of supramolecular assemblies is typically based 

Chemistry 

Polymer 
Science 

Physics 

Biology 
Materials 

Engineering 

New Materials ^ 
- high strength tibers 
self-reinforced plastics 

- opto-eiectronics 
- infornnatlon storage 

- non-linear optics 

Supramolecular 
Chemistry 

Bioloaical Systems 
compartmentalization 
- energy conservation 
- signal transduction 
- infornnation storage 
- transport processes 

Figure 1.2; Relationship of polymer chemistry as an interdisciplinary science between 

chemistry, physics, biology and materials science. Adapted from Ringsdorf et al."° 

on their assembly shape (discotic, hexagonal, cubic, lamella, etc.) as well as the variables 

(temperature, concentration or both) that govern the liquid crystalline properties 

(thermotropic, lyotropic, amphoteric). 
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1.1.1 LYOTROPIC LIQUID CRYSTALS 

Lyotropic liquid crystals refer to a class of compounds that exhibit their liquid 

crystalline phase behavior with variations in the concentration of the compound in a 

solvent (Figure 1.3).-'---

Amphiphilic Molecules 

-r Solvent 

Self Organization 

Crystalline Liquid Crystalline 

lilllllillll 
llllllllllll 
lllliillllll 

ui/muA 

• 
• • 

1L uwwm 

• 
• • 

1L 

Isotropic 

•S'; / .V 

Lamellar 

(Smectic) 

Nematic 

;; 

Aggregates 

M'/: 
. r / . v . .  
•/.•a:-. 
: .• ; / ; 

Single 

Molecules 

Increasing Amphiphile Concentration 

Figure 1.3: Effect of amphiphile concentration on lyotropic liquid crystals. Adapted 
20 

from Ringsdorf. 

Lyotropic compounds, commonly referred to as amphiphiles (surfactants), share the 

characteristic that the molecule is comprised of two portions, a polar portion 

(hydrophilic) and a non-polar portion (hydrophobic). Examples include the salts of fatty 

acids, long chain quaternary ammonium salts-^ and the biologically important 

phospholipids. Amphiphilic molecules begin to exhibit a variety of supramolecular 
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N  e m  a  t i c  
L a m e l l a r  

P l a t e - S h a p e d  

M  i c e l l e  
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S p h e r i c a l  

M  i c e l l e  

i 

C  u b i c  P h a s e s  

C  y l i n d r i c a l  

M  i c e l l e  

N  e m  a  t i c  P h a s e  C o l u m n a r  P h a s e  

Figure 1.4: Self-organization of amphiphiles to form micelles, which in turn form 

various lyotropic mesophases. Adapted from Ringsdorf."*' 

assemblies above a certain concentration (Figure 1.4). This concentration is called the 

critical aggregate concentration or CAC. The micelle can e.xist in three general shapes: 

spherical, cylindrical and plate-shaped micelles-"^, with the thermodynamic balance 

between the head group and tail governing which micelle shape is favored.-^'-^ Plate-

shaped micelles form nematic regions that are surrounded by solvent at lower 
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concentrations, with increasing concentration the lamellar mesophase is formed with the 

solvent being sandwiched between the bilayers. The spherical micelles are capable of 

producing an array of cubic phases,-^--^ depending on concentration and molecular 

shapes. The cylindrical micelle is capable of forming a nematic phase-^ or a hexagonally 

packed columnar mesophase, in which the hydrophobic tails are tucked in and the polar 

head group on the surface of the assembly. Amphiphiles are capable of forming micelles 

of more than one shape and thus are capable of forming multiple mesophases under 

varying conditions. 

1.1.2 THERMOTROPIC LIQUID CRYSTALS 

The class of compounds, that exhibit liquid crystalline characteristics as a 

function of temperature are called thermotropic. Thermotropic LC's are classified by 

their overall shape: rod-like or disc-like (Figure 1.5).^0 jhg rod-like or calamitic 

mesogens are classically described as long, narrow, rigid rod-shaped molecules with a 

highly anisotropic structure;^'-^^ rnore specifically these compounds should be 

geometrically asymmetric (with a minimum length of 13-14 A), contain a permanent 

dipolar group and a high anisotropy of polarizability.^^ The anatomy of a classic rod

like mesogen can be dissected into three functional components: a rigid block(s) to 

provide crystallinity, bridging group(s) to link the rigid cores and a terminal group to 

provide the polarizability. The most commonly used rigid block entity in a classic rod

like mesogen is a para-substituted benzene molecule. If the rigid block is connected 

through either an ortho or meta position the molecule is bent 
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Rod-Like 

Disk-Like 

Smectic 

Discotic 

Nematic 

Nematic 

Figure 1.5: Pictorial representation of thermotropic mesophases obtained from 

molecular geometries. Adapted from Simon.® 

resulting in the destabilization of the mesophase^"^, due to the disruption of linearity in 

the 7t-rt interactions between molecules. Increasing the width of the aromatic core can 

also destabilize the mesophases. The transition temperamres of the LC behavior can be 

increased by using a rigid block portion with an increasing number of rigid rings (Figure 

1.6). The bridging entities between the rigid blocks are most often functionalities that 

would maintain the overall linearity (trans-alkenes, alkynes^^-^^, azomethine^^ or 

azoxy^^ functionalities) of the mesogen; a bent bridging linker (carbonyl, carboxylate or 
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Figure 1.6: Examples of typical mesogenic sub-units. Adapted from Simon.^ 

ether) again results in decreased stability of the mesophase. The terminal groups can be 

the same^^ or two totally different functionalities.'^® In general one of the end groups 

must be moderately polar with a general decreasing stability order of:^-33 -CN, -OEt, -

OMe, -NO2, -NMei, -CI, -Br, -Me, -F and -H. Although it is difficult to predict trends in 
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homologous series,the lowering of the mesophase range can be accomplished by; 

increasing the number of heteroatoms in the terminal chain, increasing the size of a 

heteroatom (0 S) or an increase in the size (length^ranching) of a terminal aliphatic 

chain. 

Discotic liquid crystals refer to a class of liquid crystalline compounds whose 

mesogenic units are typically flat round molecules, which resemble a disc. This class of 

molecules tends to self-aggregate to form columnar assemblies under the appropriate 

conditions to form rod like structures, similar 

to stacks of coins. The existence of discotic 

assemblies was predicted nearly thirty years 

prioi"^' to the discovery in 1977 by 

Chandrasekhar that hexahydro.xybenzene 

heptanoate (Figure 1.7) exhibits liquid 

crystalline properties."^- This initial discovery 

of a discotic mesogen has led to the 

subsequent findings that many classes of 

organic molecules (over 1500 discotic 

mesogens are known)"*^ exhibit one or more liquid crystalline states , including 

substituted triphenylenes,'^'^''^^ hexabenzocoronenes, porphyrins, phthalocyanines,"^^ 

phenanthridinone,'^^ perylene^O cyclotetraveratrylene,^'"^^ and glucopyranoses. 

Discotic liquid crystals have received a great deal of research attention because of their 

ability to form highly anisotropic structures, which could be used as pressure sensors, 

Figure 1.7: Hexahydro.xybenzene 

heptanoate was the first synthetic 

discotic mesogen.''° 
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electroluminescent^"^ and electrochromic devices,^ optical switches, solar cells, infrared 

detectors^^ and devices for second harmonic generation.^^-^^ Phthalocyanines (Pc) 

entered this research field with the discovery by Weber and Simon^^ that a Pc molecule 

substituted with alkoxy chains, not only has increased solubility in organic solvents but it 

exhibits discotic liquid crystalline properties as well. In general, a discotic mesogen 

contains an aromatic ring structure, however it has been shown that a carbohydrate based 

system is capable of forming liquid crystalline phases.^^ The rigid core is typically 

substituted with four or more alkyl substituents around the periphery, which are 

necessary to produce the liquid crystalline phase behavior, although there are examples of 

a soft core with a rigid exterior and no peripheral molecules.^*^-^' The morphology of the 

discotic phases falls into one of several columnar discotic phases or a nematic phase 

(Figure 1.8). The discotic columnar morphologies are classified with respect to the 

geometric arrangement of the columns, with hexagonal, rectangular and oblique 

configurations possible. The nematic phase does not posses the two dimensional 

ordering arrangements seen in the columnar discotic assemblies, however all of the 

discotic mesogens are oriented in the same direction, with the discs "slip" stacked. The 

system notation^- for discotic materials uses a capitol D for a discotic phase and a capitol 

N for a nematic phase (K denotes a crystalline phase and I is used to denote the melt). 

To indicate the class of discotic a series of subscripts are used to distinguish a rectangular 

(r), hexagonal (h), ordered (o), tilted (t) or disordered (d) arrangement; so for example an 

discotic hexagonal ordered system would be denoted as Dho-



Ordored DisordorecJ Nematic 

CP 
^ 

A B C 

D E 
Figure 1.8: Classification and nomenclature of discotic liquid crystals. Top row 

shows possible mesogen arrangements, the lettered portion shows possible columnar 

arrangements (ellipses indicate discs that are tilted with respect to the columnar 

axis): Hexagonal (A); Rectangular (B-D) and Oblique (E). Adapted from Simon,^ 

Many discotic systems will exhibit different arrangements of a similar phase; these are 

indicated using a superscript star (*), for example two different nematic phases exhibited 

by the same sample would be noted as Nj and Nd*. While the term liquid crystal seems 

to be paradoxical, it actually serves to highlight the two competing components present in 

these molecules: the solid core versus the "liquid" arms. Competing forces control the 

formation and temperature ranges of the various liquid crystalline phases; the attractive 

nature of London Forces {n-n stacking in the case of aromatic compounds^^) between 

the molecules central core and the repulsion provided by flexible substituted aliphatic 
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arms. Several strategies have been employed to tune the balance between these two 

competing forces to change the mesophase behavior of the molecule. The temperature 

range of the any phase will be lowered by either increasing the fle.xibility or decreasing 

the crystallinity of the molecules, conversely if one wishes to increase the temperature of 

the phase behavior the crystallinity is increased or the flexibility is decreased. Increasing 

the crystallinity of the discotic compound can be achieved by addition of sp" hybridized 

components (carboxyl's, alkenes, aromatics) or additional rings. Increasing the 

flexibility of the discotic 

molecule can be achieved by 

decreasing any sp'-hybridized 

components, addition of hetero-

atoms (O, S, etc.) in the side 

chains or by increasing the length 

of the alkyl side chains. This 

R  

C o m p o u n d  1 - 1  

R  R  

C o m p o u n d  1 - 2  

A) R= CfiHuCOO-
B) R= CTHisCOO-
C) R= CgHnCOO-

A) R= CfiHijCOO-
B) R= CyHisO-
C) R= C7H,5S-
D ) R =C5H„0-

strategy has been demonstrated 

by comparing the temperature 
Figure 1.9: Selected discotic mesogens that have 

been studied to determine substituent effects on increase (Figure 1.9) of the phase 

phase behavior. 

behavior between the single ring 

hexa h y d r oxyben z e ne h e p tanoate'^-'^'^ (1-1 A) ( KD|,o I) and the 

corresponding three ringed triphenylene derivative^^ ( 1 - 2  A) 

If the ester functionality of the triphenylene derivative is 

converted to an ether functionality®^ (1-2B), this decreases the crystallinity and the 
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temperature of the phase transitions are decreased ( K  D ^o I ). In fact 

if the oxygen is replaced with the more pliant sulfur ( 1 - 2 C )  all LC phases are lost.^^ 

W h e n  t h e  a l k o x y  g r o u p  o n  t h e  t r i p h e n y l e n e  i s  d e c r e a s e d  t o  f i v e  c a r b o n s  ( 1 - 2 D ) ,  

effectively increasing the balance of crystallinity, the phase transition temperatures are 

increased (K D|,o I). The effects on the phase behavior with 

increasing alkyl chain length has also been demonstrated for hexahydroxybenzene 

alkanoates, a LC phase from 81 C-86 C was observed for seven carbons (l-l A), however 

the phase width decreased to 82.1 C-84 C for eight carbons^® (1-lB) and no LC behavior 

was obsen'ed for nine carbons 

1.1.3 AMPHOTROPIC LIQUID CRYSTALS 

The previous two sections of this manuscript outlined two sub-classes of liquid 

crystalline materials that utilize temperature (thermotropic) or concentration (lyotropic) 

to achieve their mesomorphic properties. There exists however a class of liquid crystals 

that can achieve their mesomorphic behavior using concentration and temperature, these 

compounds are referred to as amphotropic (Greek: to align or direct in two ways)^'^. 

Amphotropic liquid crystals are often hybrid molecules that contain the polar head group 

and hydrophobic tail of a lyotropic liquid crystal, as well as the rigid block portion of a 

thermotropic liquid crystal (Figure I.IO).-^ 
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Amphotrop ic  L iqu id  Crysta ls  

L y o t r o p i c  M o l e c u l e  T h e r m o t r o p i c  M o l e c u l e  

A m p h o t r o p i c  H y b r i d  

L y o t r o p i c  C  r y s t a l l i n e  T h e r m o t r o p i c  
P h a s e  P h a s e  

Figure 1.10: Amphotropic liquid crystals order into mesophases by changes in 

concentration (lyotropically) or with changes in temperature (thermotropically). 

Adapted from Ringsdorf."° 

It has been shown that many classes of mesogens can be modified to produce 

amphotropic behavior (Figure 1.11). Compound 1-3 has been shown to thermotropically 

form two columnar phases and a smectic phase upon heating from 120 °C to 175 °C, the 
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Amphotropic Mesogens 

o 

C12H25O-4 /-O 0-

Figure 1.11: Examples of molecules that exhibit amphotropic liquid crystallinit>'. 

molecule exhibits lyotropic mesophases at various concentrations in formamide.^^ 

Deschenaux and coworkers demonstrated that Compound 1-4 exhibits a thermally 

induced smectic phase at 137 °C, an La phase is seen at 39 °C and at a concentration of 
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30:7 (wt'\vt) compound 1 - 4  to water. It is interesting to note that when the ferrocene 

entity of Compound 1-4 is replaced by benzene, the temperatures of the mesophases are 

increased by over fifty degrees, which is due to the three dimensional nature of ferrocene, 

that hinders the compounds ability to pack.^0 Compound 1-5 exhibits a lamellar phase, 

two inverted cubic phases and an inverted hexagonal phase between 0 °C - 110 °C and 0 

- 60% (w/w) with water, it demonstrates the ability to interconvert between phases by 

using concentration or temperature simultaneously.^' The alkoxy-substituted glucose 

compound (1-6) forms a smectic mesophase between 74 °C and 86 °C and exhibits 

micelles, hexagonal array and a lamellar phase.Amphotropic behavior has been 

shown in the tri-block polymer (Compound 1-7), which is composed of a large 

polypropylene oxide core, capped with a medium sized poly-ethylene oxide cap on each 

end. Compound 1-7 has demonstrated it can form lamellar assemblies with changing 

concentration or temperature.^^ Compound 1-8 explores the effects of designing an 

amphotropic molecule containing the polar head group in the center of the molecule. 

Compound 1-8 shows the ability to form smectic assemblies as a function of temperature 

or concentration, to over 260 Compound 1-9 does not fit the description of a 

classic amphotropic mesogen, since it doesn't appear to have a hydrophilic portion. 

However, the series of molecules do fonn discotic liquid crystalline phases upon heating 

from 133 °C (Cio) to 171 °C (Ce), the molecules can also be ordered into columnar liquid 

crystalline phases by increasing their concentration on a Langmuir-Blodgett trough.75J6 

The Langmuir-Blodgett (LB) technique involves the transfer of an organized solid 

substrate from an air-water interface to a solid support-^''^*^ This transfer is achieved 
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using a Langmuir trough (Figure 1.12), which consists of a water reservoir outfitted with 

a surface tension balance and movable barriers to control the surface area of the sample 

chamber. The material is ordered into a monolayer by adding a solution of the substrate 

to the surface of the sample compartment and allowing the organic solvent to evaporate. 

^ = Substrate 

1 

Balance i 

-mmM 
Movable 

^Barriers -

1 Water _ L- 1 1 IS 1 I 
: 1 1 

Figure 1.12: Langmuir-Blodgett apparatus for ordering and transferring monolayers 

of amphiphiles 

The resulting expanded substrate phase is then compacted by decreasing the surface area 

of the sample compartment by bringing the barriers together, which in effect increases the 

concentration of the amphiphile.57 LB techniques provide a method for producing 

lyotropic LC behavior from discotic (thermotropic) mesogens.-® Discotic molecules are 

able to adopt one of two configurations^on the surface of the trough, edge-on 

(standing on edge) or face-on (lying flat on the water). The configuration that the 

molecule adopts will depend on the interaction between the molecule's cores, in 

competition with any hydrophilic interactions the molecule may possess. If the core 

interactions are strong or the hydrophilicity of the molecule is low, an edge-on 

configuration is obtained; if the core interactions are low or the hydrophilicity of the 

molecule is high then the molecules will be face-on.^^ LB techniques have been used to 

orient discotic mesogens into columnar assemblies by compressing the edge-on 
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configuration and providing a new way to order amphotropic molecules based on discotic 

liquid crystals. 

1.2 COLUMNAR ASSEMBLIES 

Columnar assemblies are a generic term for a supramolecular array in which the 

resulting geometric structure is cylindrical in shape, with the overall column assemblies 

in a hexagonal (Dho) or rectangular arrangement (Dro), as depicted in Figure 1.7. 

Columnar assemblies have not only been prepared from classical discotic mesogens 

(triphenylenes, porphyrins, Pc's, etc.) but they have been prepared from several non-

classical systems (Figure 1.13) such as: dendrons,---^^'^^"^^ lipids,hydrogen bonded 

discotic mesogens^®*"^0 and donor-acceptor paired atoms.'0' Hydrogen bonding, 

although one of the strongest non-covalent bonding interactions, is about 0.05 as strong 

as a typical covalent bond.'^- The strength of the hydrogen bonding interaction can be 

increased to form supramolecular assemblies if the bonding molecules contain two or 

more hydrogen bonding sites. Compound 1-10 is an alkoxy-substituted 

phenanthridinone, which due to its complimentary dual hydrogen bonding, is capable of 

forming a dimer with another phenanthridinone molecule. This dimer complex exhibits 

an LC columnar mesophase for both the decyloxy substituted 

Qfi 1 1 QO/^ 
( K —:—^ Djo 1^ I)compound and the dodecyloxy compound 

(K ^ Djo I), LC behavior was not detected for the octyl alkoxy 

compound. This is the first example of the use of hydrogen bonding to assemble a 
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Non-Conventional Columnar Assemblies 

1-13 

1-14 

Figure 1.13; E.xamples of Non-Classical columnar phase mesogens. Compounds 1-

10 and l-Il utilize hydrogen bonding to assembly non-LC compounds to form a 

discotic mesogen. Compound 1-12 consists of a donor and acceptor pair that 

assembles to form columns. Compound 1-13 is an example of a lyotropic columnar 

system. Compound 1-14 consists of dendrons, which organize to form columnar 

assemblies. 

discotic mesophase.^^ Compound 1 - 1 1  consists of a decanoate substituted guanosine 

derivative, which can form four hydrogen bonds per molecule.^^ This compound was 



37 

shown by NOESY NMR experiments to form cyclic tetramers in CHCI3; recently a 

similar system has been shown to assemble in water as well."^^ If K' ion (as potassium 

picrate) is added in a ratio of 1:8 K" to guanosine molecule to the CHCI3 solution, 

columnar assemblies of various lengths were obtained. Small angle neutron scattering 

e.xperiments on the columnar materials shows that 85% of the compound is assembled 

into small oligomeric rods, while 15% of the material is in a polymeric form with a large 

polydispersity. The amount of material in polymeric form can be controlled by the 

concentration of K' ion, if the amount of K' is iess than 12.5 mole % a greater amount of 

polymer rods are obtained and if the K* ion is greater than 12.5 mole % only oligomers 

are obtained. The strength of the combined hydrogen bonds was demonstrated by the 

fact that a dimer of a K* ion sandwiched between two guanosine tetramers could be 

observed by MALDI mass spectroscopy, this experiment showed it was possible to create 

assemblies that were held completely together by non-covalent bonds. Compound 1-12 

consists of an electron donor (pentyloxy substituted triphenylene) tethered to an electron 

acceptor (trifluorenone) that is capable of organizing into columnar assemblies. 

The genesis for this compound was the discovery that the un-tethered trifluorenone 

molecule became soluble in n-heptane when the substituted triphenylene molecule was 

added in a ratio of 1:1. The tethered molecule was shown to form columnar discotic 

assemblies with a rectangular symmetry and the system exhibited a liquid crystalline 

mesophase ( K  ^ » Pro -65°,^ i ) ,  Jhe columnar assembly of compound 1-12 

was shown to form a charge transfer complex at 400 nm between the electron donor 

and electron acceptor. Compound 1-13 is an example of a typical lyotropic molecule, 
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which is capable of forming a columnar assembly. The compound, a synthetic 

phosphoethanolamine based lipid,^"^ which exclusively forms an inverted hexagonal 

phase between 40 °C - 80 °C at a concentration of 1:1 lipid to water. The mesophase 

behavior was confirmed by ^'P-NMR and X-ray diffraction experiments. The columnar 

geometry of the lipid assembly was locked into position utilizing a redox polymerization 

to cross-link the assembly. Upon polymerization it was possible to dissolve and disperse 

the supramolecular polymeric assemblies, yielding nano-tubes based on lipids with a 

fixed aqueous channel. Compound 1-14 is based on benzyloxy dendrons capable of self-

organizing into flat discs, the resulting disc assemblies stack up to form an overall 

columnar assembly.^^ Typically a dendron forms a three-dimensional cone shape, due to 

external steric bulk designed into the dendrons periphery, however this system forms a 

flat cone shape. The formation of the flattened cone is because the system was designed 

with only one-alkoxy substituents on the terminal benzyl groups; as opposed to the 

nonnal tris alko.xy substituted sterically bulky dendrons. The assembly was polymerized 

using RuCl2(=CHPh)(Pcy3)2 in a ring opening metathesis polymerization (ROMP)."^^""^^ 

The ROMP reactions were performed at 22 °C with a concentration of 50 wt% monomer 

to CHiCli. The polymerization achieved a molecular weight range of 12,200 amu (five 

hours reaction time and a polydispersity of 1.07) to 86,900 amu (24 hours reaction and a 

polydispersity of 1.29). The columnar assembly exhibited a discotic liquid crystalline 

mesophase, which exhibited an isotropic melt between 97 °C - 150 °C depending on the 

molecular weight of the corresponding polymer (the higher the Mw the higher the clearing 

temperature). This section has discussed several non-conventional columnar assembly 
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N-Pd—N 

1-15 

Figure 1.14: Formation of columnar arranged ring assemblies of porphyrin dimers 

(Top). Transmission electron micrograph (TEM) of a 1 x 10"* M solution deposited 

by evaporation from chloroform, the size bar is I mm. Adapted from Nolte et. 
g] 108,109 

forming mesogens, however there are examples of non-conventional columnar 

assemblies. In general, columnar assemblies are straight rod-like structures (Figure 1.8), 

however there are recent examples of columnar assemblies of porphyrin dimers 

that exist as rings (Figure 1.14). . Compound 

1 - 1 5 ,  which is comprised of two porphyrin entities bridged by a rigid linker, has been 

shown to form macroscopic ring assemblies when deposited from chloroform at low 



concentration (10"^ M). This ring structure is formed as small droplets of porphyrin 

solution begin to evaporate, causing the porphyrin concentration to increase to the point 

of saturation. When the concentration of porphyrin reaches the saturation level, it begins 

to self assemble in discotic assemblies around the edge of the solvent droplet, forming the 

overall ring structure. As the droplet begins to get smaller it collapses in the center, 

depositing the remaining porphyrin to the ring structure. The resulting ring structure 

contains a disordered columnar assembly; with the porphyrin columns arranged head to 

tail (side by side). 

1.3 STABILIZATION OF COLUMNAR ASSEMBLIES 

Recently there has been considerable research in the area of organo-electronics' 

and molecular scale objects, given the fact that many nano-scale objects exhibit 

unique properties when compared to their bulk counter parts. Columnar assemblies have 

not been e.xcluded from nano-technology research;"^ research interest has focused on the 

magnetic and conductive properties of these materials as novel molecular objects and a 

possible "molecular wire".'^'''One drawback to using discotic assemblies in 

organo-electronics applications is that the desired properties typically occur within the 

specific "temperature range" of operational liquid crystallinity. In order to use a discotic 

assembly over a wider temperature range, it would be desirable to stabilize the discotic 

assembly, which in essence increases the mesophase range. Several strategies have been 

successftilly utilized to stabilize the discotic mesophases, including tethering the discotic 

mesogens to a polymer chain or a surface,'^2 stabilizing the discotic mesogens utilizing a 
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Figure 1.15: Several examples of a polymer tether to stabilize columnar discotic 

mesogens. Top left column has e.xamples of discotic portion in a comb 

arrangement. Top right column shows mesogens that are in the polymer 

backbone. Compounds 1-20 are glucopyranoses substituted with photo-reactive 

cinnamates to yield peripherally linked columnar assemblies. 
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linker molecule and monomer ftinctionalized discotic mesogens. Polymer stabilized 

columnar assemblies are those systems in which the mesogen is covalently attached to a 

linear polymer assembly. There are three classes of these compounds (Figure 1.14): 

comb-like tethered polymers'-- (discotic mesogen is attached to a linear polymer by a 

branched chain), in-line discotic polymer'23 (discotic mesogen is actually in the polymer 

backbone) and a ladder like polymer (the discotic is attached like a ladder rung bet\veen 

two linear polymers). 

Compound 1-16 is an example of an alkyl substituted hexa-peri-hexabenzocoronene 

(HBC) which has been shown to form ordered discotic hexagonal assemblies, exhibiting 

liquid crystalline behavior from 100 °C to over 300 °C,'-'^-'-5 which is one of the highest 

reported thermotropic mesophase ranges. Mullen and co-workers'-^ synthesized two 

analogues of modified the original HBC molecule, one was substituted with one terminal 

acrylate and the second molecule contained eight terminal acrylate functionalities. The 

polymerization of the monomer ftinctionalized HBC was accomplished thermally with 

the molecules in a discotic hexagonal assembly. The polymerization of the methacrylate 

was performed in a differential scanning calorimetry (DSC). The extent of conversion 

was also followed by DSC, since the heat of polymerization for acrylates is 78 

kJ/mole.'-^ Upon polymerization the mesomorphic range, or maximum temperature for 

the mono-acrylate compound was extended from 300 °C to 350 °C, which is the 

decomposition temperauire of HBC. The lower range of the LC phase was decreased 

from 100 °C to 56 °C upon polymerization and MALDI-TOF mass spectroscopy showed 

oligomers of HBC up to tetramers, with percent monomer loss of 5%. The second 
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molecule, with eight acrylate groups was polymerized to -60% conversion utilizing the 

same thermal method used for the mono-acrylate. Analysis of the octa-substimted 

acrylate polymer showed the material obtained was a fully cross-linked intractable 

polymeric solid. 

Compound 1-17 is an alkyl-substituted triphenylene containing a norbomene 

molecule at the end on an alkyl tether.'-® Grubbs and co-workers have previously 

demonstrated the ability of ruthenium catalysts, such as shown in Figure 1.14. to perform 

ROMP and ring closing metathesis polymerization (RCMP) in a living type fashion, due 

in part to it's compatibility with a wide range of functionalities.'-^"'^- The reactive 

versions of compound 1-17 contain alkyl chains of ten carbons in length, and after 

ROMP, polymers of 46,500 amu and polydispersity of 1.09 were obtained. DSC 

experiments on the unpolymerized compound showed no mesophase formation, however 

once polymerized the material exhibited two distinct discotic hexagonal disordered 

mesophases between 3 °C and 42 °C ( K-1-2-*. ^ ̂  Dhji 4^ C^ i) 

is an example of a discotic mesogen that is stabilized enough to produce thermotropic LC 

behavior from a system that would not be liquid crystalline without polymerization. 

Compound 1-18 is a substituted triphenylene that has been incorporated directly into 

a polymer backbone, yielding a stabilized Dho phase.'^3 One issue that must be 

considered with in-line polymers is the fact that if the polymer backbone is too long, it 

may become sterically prohibitive to the formation of columnar phases. 

Compound 1-19 is a polyether based on an alkoxy-substituted rufigallol, which forms 

discotic columnar assemblies.A series of these molecules were polymerized with 
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alkoxy chains (R) of 6, 8, 10 and 12 carbons in length, with two different spacers (four 

carbon and eight carbons) between the mesogen rings. Polymerization was achieved 

utilizing a bis-functionalized bromide linker in a ratio of 1:1 with the rufigallol, via a 

Williamson ether synthesis. Polymers obtained ranged from 5,400 amu - 17,000 amu 

with a polydispersity of 1.5 to 2.8, as determined by gel permeation chromatography 

(GPC). The purpose of this work was to test the effects of having side chain alko.xy units 

that are longer than the polymer main chain spacer. Prior to this work it was assumed 

that the polymer spacer needed to be at least twice the length of the side chains to prevent 

disruption of the mesogen packing. In main chain discotic polymers, prior studies 

showed that as the length of the spacer is increased the mesophase temperature will 

decrease, because of the increased freedom of the discs and the packing requirements for 

the longer spacer chain.This work showed that it was possible to make LC 

polymer main chain discotics with spacers that are shorter than the alky chains. The most 

stable mesophase (80 °C) was observed for the system where the spacer length matched 

the length of alkyl side chains. This stabilization is believed to be due to the overall 

symmetry of the molecule. 

Compound 1-20 is an example of the polymerization of discotics utilizing formation 

of linear polymers on the periphery of the molecules to stabilize the columnar core. The 

mesogen is based on the a and P anomers of a glucopyranose for the core and contains 

alkoxy substituted cinnamate functionalities on the periphery.The alkoxy substiments 

studied were from five carbons to fourteen carbons, all of which exhibited a discotic 

liquid crystalline phase, with the fourteen carbon compound e.xhibiting the widest 
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mesophase range ( K ^ > Dho I). Photo-polymerization studies on the 

fourteen carbon alkoxy cinnamate substituted anomers of glucose were performed in the 

solution phase, the isotropic melt and the columnar mesophase. Photo-dimerization of 

the cinnamate functionality was achieved utilizing 320-360 nm light UV-light. Solution 

phase photolysis was performed on 10"^ M solutions of the fourteen carbon 

glucopyranose (GP) in air saturated chloroform. These conditions preclude 

intermolecular reactions but allow intramolecular reactions (Ni saturated benzene). 

A maximum loss of cinnamate absorbance (82% as determined by UV) was obtained 

within two hours of irradiation for both the benzene and chloroform solutions. Gel 

permeation chromatography (GPC) showed that only intramolecular dimerizations were 

obtained to a maximum of two dimerizations per molecule, with the fifth cinnamate 

unable to react. Photolysis of the isotropic melt yielded a maximum loss of cinnamate 

absorbance (92%) within two hours, yielding mostly intramolecular dimerization with 

some evidence of small oligomers (4-5 molecules by GPC) due to intermolecular 

reactions. The photolysis experiments performed on the columnar mesophase yielded an 

87%) conversion of the cinnamate within two hours and a maximum conversion of 94% 

within four hours. The photolysis yielded columnar assemblies of up to 30 monomer 

repeat units. Analysis of the polymeric columns utilizing GPC showed molecular 

weights up to 123,747 amu and a polydispersity index of 1.7 to 3.8. The polymeric 

assemblies were shown by powder X-ray diffraction to be single columns (no inter-

columnar reactions) of mono-disperse diameter, however the lengths of the columns were 

polydisperse. 
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1.4 STABILIZATION OF PHTHALOCYANINE ASSEMBLIES 

The earliest attempts to synthesize a polymeric Pc were performed by C. S. Marvel 

and coworkers over forty years ago.'"*0.141 j^is work focused on forming polymeric Pc 

grids from either a phthalonitrile or a phthalic anhydride molecule that was symmetrically 

tethered to identical molecule using an organic linker. This work yielded a blue 

intractable material that was difficult to characterize, however Pc's are still an area of 

polymer research. Substituted phthalocyanine molecules are capable of forming discotic 

columnar assemblies with conductivities of up to 0.1 S cm"' for chemically or 

electrochemically doped materials.'"*-•'•*3 Considerable research has been focused on 

X > 
X X 

Shish Kabob" Polymer 

X 

X X Peripheral Polymer 

Figure 1.16: Schematic of a reactive Pc (Left). Stabilization strategies have focused 

on central linkage, through the M (Top Right) or peripheral cross-linking of 

monomeric X's (Bottom Right) 
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the area of molecular or nano-scale wires. Because Pc columns are capable of reaching 

suitable conductivities many strategies have been attempted to stabilize the columnar 

arrangements of Pc. The reported methods to stabilize Pc assemblies can be divided into 

two main strategies; stabilization through the center of the Pc macrocycle (Shish-Kabob 

type assembly) and stabilization utilizing reactive groups in the peripheral substituents 

(Figure 1.16). Stabilization of Pc assemblies through the central metal has been achieved 

by several methodsincluding: covalent bonds, coordinate covalent bonds and ionic 

bonding interactions. 

Polymerization of columnar Pc mesophases has been limited to a Pc containing 

eight terminally substituted acrylate (1-21) or methacrylate (1-22) functionalities'*'^ 

(Figure 1.17), however films of porphyrins have been studied.The acrylate 

functionalized metal free (1-21HH) and copper centered (l-21cu) Pc's were prepared and 

the materials exhibited a DSC measured LC phase transition to a discotic mesophase at 

85 °C and 70 °C respectively. Initial polymerization attempts were focused on photo-

polymerization of the acrylate functionality (Xmax = 350 nm)'''^ for compound l-21cu. to 

insure complete reaction of the acrylate functionality, (I wt% of the photoinitiator a,a-

dimethoxy-a-phenylacetophenone, which also has a ?v.max of 350 nm, was added). 

However, photo-polymerization was unsuccessful due to the strong Pc absorption in the 

300-400 nm spectral range, which prevented photon absorption by the reactive species. 

The absorption of the light energy by the Pc macrocycle was confirmed by DSC 

measurements recording the heat generation upon photolyzing the samples. Subsequent 

polymerization experiments were performed thermally using 2,2'-azobis(isGbutylnitrile) 
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Figure 1.17: Example of an octa-alkoxy substituted phthalocyanine ftinctionalized 

with terminal acrylate or methacrylate monomer units. 

(AIBN) at a temperature of 93 °C, to insure that the Pc would be in the columnar 

mesophase. The resulting polymeric materials were extracted with ethyl acetate to 

remove traces of the initiator. Unlike the monomeric material; the resulting dark green 

cross-linked solid showed no solubility in organic solvents or concentrated sulfuric acid. 
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The rheology of the polymeric Pc material could be varied from a brittle solid to an 

elastomer by varying the concentration of the initiator from <0.5 mol% (based on acrylate 

groups) to 2 mol%. The polymerized acrylate Pc was subjected to trans-esterfication 

using potassium t-butoxide in refluxing t-butanol, this yielded a soluble Pc material who 

exhibited an identical UV-vis spectrum to the monomer Pc, proving that the AIBN did 

not alter the Pc macrocycle. Post polymerization DSC experiments indicated that all 

prior phase transitions had disappeared during the cross linking process. The stabilizing 

effect of polymerization on the Dho phase was illustrated by performing small angle X-

ray scattering (SAXS) experiments on the polymeric materials as a function of 

temperature (Table 1.2). The structural parameters for the polymeric materials were 

Table 1.2: Columnar Structural Parameters vs Temperature 

Compound Temp (°C) 
Intercolumn 
Distance (A) 

(Center to Center) 

Mesogen Spacing 
(A) (Periodicity) 

Column Distance (A) 
(Edge to Edge) 

1-21HH 100 37.6 3.3 4.6 

polv-1-21HH 25 36.4 3.3 4.5 

poly-1-21HH 200 36.4 3.4 4.5 

poly-1-21Cu 25 36.4 3.3 4.5 

poly-1-21Cu 200 36.4 3.4 4.5 

1-22CU 100 38.1 3.3 4.6 

poly-1-22Cu 25 37.5 3.3 4.6 

poly-1-22Cu 200 37.5 3.4 4.6 

unchanged as a function of temperature, unlike the monomeric materials that undergo an 

expansion during the LC mesophase, the polymer materials showed no structural changes 

from 25 °C to 200 °C. This research proved the concept of polymerization as a tool to 

stabilize the columnar discotic mesophase, however the resulting material proved to be 

insoluble and exhibited complete loss of liquid crystallinity. 
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Stabilization strategies that involving linking the Pc columnar assemblies through the 

central atom (Shish-Kabob type) of the Pc macrocycle has been studied to a greater 

degree then the peripheral polymerization system (Figure 1.18). Stabilization studies 

• CH3 Rj • 

1-24 1-25 

Figure 1.18: Examples of Pc column stabilization utilizing coordinate-covalent 

bonds (top), covalent bonds (bottom left) and ion-dipole interactions (bottom right). 

have typically focused on utilizing one or more bridging atoms that are covalently 

bonded to the central atom.'^^^-^-® using coordinate covalent bonds'^' between a 

bidentate ligand and a central core atom forming an octahedral complex and systems held 

together by ion-dipole interactions.'5-
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Hanack and co-workers developed the first example of a polymerized columnar 

assembly of Pc molecules utilizing a cobalt substituted Pc (1-23) bridged by cyano 

ligands. The polymerization of the cobalt (II) Pc monomer was achieved by an air 

oxidation of the cobalt (II) to cobalt (III) in boiling ethanol in the presence of NaCN, 

yielding the dicyano phthalocyanato sodium salt (1-23). The polymer could then be 

fornied by dissolving the Pc salt in CHiCl: and exposing this solution to hot water (80 

°C) resulting in a loss of NaCN. The polymer collected was a waxy blue solid that was 

soluble in organic solvents, in this example the polymerization of the Pc molecules 

actually resulted in formation of the columnar assembly. Since this initial e.xample of a 

ligand based polymerization there are examples of polymers using .\\, Ga. Fe, Ru, Os, 

Rh, Mn and Cr as the central metaland the cyano ligand has been replaced with 

bipyridine, thiocyanide, l,4-diisocyanobenzene'^3 fumaronitrile, triazine and azide 

ligands with equal success.'"*^ This strategy of ligand based self assembly of columnar 

Pc's has been utilized to form alternating mesogen assemblies (Figure 1.19).'^"^ The 

self-assembly of the Pc macrocycles was achieved by covalently attaching a pyridine 

molecule to a silicon surface. The substrate surface was treated with a solution of 

ruthenium Pc that was capped with two axial benzonitrile ligands, which upon 

dissociation could bind to the surface bound pyridine molecules. If a bidentate ligand 

(bipyridine) and excess Pc was present columnar assemblies formed spontaneously. If a 

bidentate ligand is not added or if the concentration of Pc is low then only a monolayer of 

Pc is formed, then subsequent additions of bipyridine and Ru Pc would form controlled 

multilayers. 
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Figure 1.19: Formation of ruthenium Pc columnar assemblies starting from a substrate 

bound pyridine molecule (clockwise from top left). The build up of the layers was 

achieved by addition of the Pc that was capped by the labile ligand benzonitrile, which 

upon loss of the ligand binds to the pyridine. Addition of a bidentate bridging ligand 

(L) allows for an additional layer of Pc to be added, forming multi-layers. 

To test the ability of this methodology to form controlled monolayers an alternating 

multi-layer was produced that contained a ruthenium Pc followed by a cobalt porphyrin 

that was attached through a bipyridine molecule. The build up of individual ruthenium 

Pc monolayers could be monitored by UV-vis spectroscopy and the linear increase of the 

absorbance at 640-645 nm. This strategy could also be employed to confirm the 

incorporation of the cobalt porphyrin to the Pc assembly, since the porphyrin absorbance 
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at 437 nm did not overlap with a Pc absorbance band. It should be noted that the ligand 

based strategy for forming Pc columnar assemblies has several limitations, such as the 

columnar assembly could be lost if another ligand is present. This strategy is confined to 

transition metal systems that are capable of having the appropriate oxidation state and the 

ability to form an octahedral geometry. The use of the ligand based linkers also forces 

the Pc macrocycles to be further apart (which may effect the optical and electronic 

properties), due to the length of the linkers (typically two or more atoms). 

Compound 1-24 is the first e.xample of a soluble linear polymer chain (polysilo.xane) 

containing the alkoxy-substituted central atom of a Pc,l'^9,i55,l56 however it is not the 

first example of a polysiloxane PC, Joyner and co-workers prepared the unsubstituted 

version nearly 30 years earlier.This class of polymeric Pc's is synthesized from 

the corresponding bis-hydroxy silicon Pc by a condensation polymerization, eliminating 

water. The polymerization can be performed a number of ways including: heating the 

neat Pc to 400 °C; ultrasonication;'^^ refluxing in a high boiling solvent with a Lewis 

acid catalyst'^® or conversion of the hydroxy group to a triflate leaving group'^' (yields 

the largest degree of polymerization). The degrees of polymerization ranged from 50-

100 units as measured by end group analysis of the Si-OH IR band at 836 cm'' and 

tritium labeling studies.  ̂ ^2-164 Similar polymer systems have been prepared using Ge'^"' 

and Sn*"*, which yield polymers with larger Pc subunit spacings then seen for the Si^"* 

systems (Si=3.32 A, Ge=3.5l A and Sn=3.95 A).'^^-'^^ Pc polysiloxanes (PcPs) have 

been shown to align with one another on a Langmuir trough'^' to form assemblies with 

high directional anisotropy. This yields materials with enhanced charge conduction 
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parallel to the PcPS chain.^^^''^^ Conductivity measurements on the pure PcPS materials 

show semi-conductor behavior (3 x 10'^ S cm"'),'^® however partial oxidation using 

iodine increases the conductivity to a respectable 0.6 S cm''.'^'<'^- The properties of the 

PcPS system have been utilized in several applications such as gas sensors (NO: and 

ion-selective field effect transistors,'^"* photovoltaic devicesand a conductive 

fiber composite when mixed with poly(p-phenylene terephthalamide) (Kevlar'^). A room 

temperature conductivity of 5 S cm"' has been reported for the PcPS/Kevlar'^ fiber 

composite exposed to iodine vapor, with comparable tensile strength properties of plain 

Kevlar^.'^6 Recently a PcPS system has been synthesized containing eight chiral alkoxy 

substituents on the Pc macrocycle.Circular dichroism (CD) measurements on a 

CHCI3 solution of the chiral PcPS indicates that the material is optically active with a 

right handed helical structure. 

Compound 1-25 is an example of a Pc columnar system, which is stabilized by 

complexing cations in the internal 18-crown-6 ether moieties to yield a columnar 

ionophore (Figure 1.20).'52 The features of this molecule include a central metal core in 

the Pc macrocycle, four ion channels (18-Crown-6 rings) and an insulating layer of 

hydrocarbon chains around the periphery. SAXS measurements show that a discotic 

hexagonal mesophase is obtained for the solid Pc above 148 °C. The metal free Pc forms 

fiber-like assemblies of micron dimensions in CHCI3 solution when exposed to K* ion at 

a ratio of 2:1 (K'^ to Pc), this aggregation is believed to be caused by sandwiching of four 

K~ ions between two Pc molecules. 
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Figure 1.20: Pictorial representation of Pc 1-25 as an ionophore (Left). The Pc 

macrocycle or central metal could function as a wire. The crown ether pockets 

could function as an ion channel by holding a cation to balance the charge. The 

e.xtemal alkoxy groups ser\'e as an insulating mantle between adjacent columns. 

Transmission electron micrograph (TEM) of fibers formed from CHCI3 solution 

(Right). The bundle is 50 nm across and has been shadow stained with platinum 

vapor. Adapted from Nolte et. Al.'^" 

If the concentration of K" ion is increased beyond the 2:1 ratio the Pc to Pc distance 

begins to increase because the sandwich comple.xes which serve to move the Pc's closer 

together begin to be replaced with Pc molecules with four unshared K"" ions (Figure 

1.21). The increase in distance between Pc subunits results in a shift in the UV-vis 

spectrum of the resulting assemblies, yielding a molecule with possible applications as an 

ionophore. 
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Figure 1.21: Pictorial representation of association of K~ ion (Spheres) to the 18-

Crown-6 ether functionalities (Rings). From left to right: No K' ion, K' ion at a ratio 

of 2:1 and excess iC ion. The visible spectrum on the far right shows the progressive 

changes in the adsorption spectra with increasing K* ion concentration. Adapted from 

Nolte et. Al.''^ 

1.5 SUMMARY OF PREVIOUS PHTHALOCYANINE WORK IN 

ARMSTRONG AND O'BRIEN RESEARCH GROUPS 

The O'Brien and Armstrong research groups became interested in 

2,3,9,10,16,17,23,24-octakis(2-benzyoxyethoxy) phthalocyanine (2-12) because of it's 

ability to form unusually stable discotic 

mesophases®^-'^^ and "fibers"of several 

centimeters in length (Figure 1.22) at the air-

water interface of a Langmuir trough. The 

material (compound 2-12) forms a monolayer 

on the LB trough at an area of 125 

Figure 1.22: Fibers of PC at 200x A=/molecuk, which indicates an edse-on 
magnification. 

orientation of the Pc molecules, it also shows a 
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clear formation of a bilayer at 72 A'/molecule. The columnar mesophase of the film 

exhibits a high anisotropy that has a predictable geometry for rod-like molecules on an 

Langmuir trough, The robust nature of the film was demonstrated by the fact that 

when large defects were made in the bilayer, the film did not reorganize, even under 

pressure from the barriers. This behavior is analogous to poking your finger through a 

film of soap bubbles floating on the water surface and the hole does not close when you 

remove your finger. It was demonstrated that bilayers films of this material could be 

transferred using Schaeffer transfer techniques to a solid support with the resulting LB 

films forming e.\tremely well ordered assemblies of up to 30 monolayers (=:84 nm) 

thickness.'^' These LB film structures were shown to maintain a close packed 

columnar assembly by AFM and STM 

(Figure 1.23), with extensive anisotropic 

ordering along the columnar axis (100 

nm) and a column-column spacing of 2.9 

nm.'®- Electrical conductivity 

e.xperiments performed on Pc thin films 

showed a slight (x4) anisotropic 

conductivity along the long axis of the 

Pc films when compared to conductivity 

across the film, with values of 10"' - 10'® 

Q'' cm"'. Initial work on this compound 

Oiun 40 ran 

Figure 1.23: Tapping mode AFM image of 

Pc 2-12 bilayer on Si (100) surface 

demonstrating the order and spacing of the 

Pc columns. Image obtained by Dr. Paul 

Smolenyak. 
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performed in the Armstrong and O'Brien demonstrated that its unique properties were 

suitable for further study as a molecular material. 

1.6 OVERVIEW OF RESEARCH PROJECT: 

My research examines 2,3,9,10,16.17.23.24-octakis (2-benzyloxyethoxy) phthalocyanine 

(2-12) and various polymerizable modifications of this macrocycle 

% 

C>-0- n^N 

2-12 

cr 0 ^ 

2-13 

OR OR 
RO^^^OR RO^^^WOR 

I 

0 ,0 \ 0^° 

°rvv,VV^°-^° RO ^0-^ OR 

'S' 
0, ^ ^0 0~, 

2-14 RO OR 

2-15 

Figure 1.24: Substituted phthalocyanines synthesized: Benzyloxyethoxy Pc (2-12); 2-

trans-Styrylethoxy Pc (2-13); Cinnamyloxyetho.xy Pc (2-14) and 3,4,5-Tris(Alkoxy)-

2-Styryl-ethoxy)-Pc (2-15). 
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(2-13 - 2-15) (Figure 1.24). It was believed that this type of metal centered "insulated" 

assembly could be polymerized along individual "stacks" of molecules, allowing the 

dissolution of the macrostructure hexagonal array to create molecular scale objects. The 

polymerization of phthalocyanines has been limited to either the so called "shish kabob" 

systems, where the Pc macrocycles are connected through the central metal by a spacer, 

disrupting the Pc n-n interactions, or to polymerization of peripheral monomer groups in 

the alkyl tails which resulted in completely cross-linked intractable materials. In order to 

polymerize only individual columns of Pc, the reactive unit would have to be contained 

within the periphery of the array; the reactive entity would also require heat or light 

initiation, since it would be difficult to diffuse a redox initiator in between the stiff arrays 

of Pc. Styrene was chosen as the monomer in order to take advantage of the phenyl ring 

already present in the molecule. 

The first generation 

polymerizable PC's was 

2,3.9,10,16,17,23,24-octakis (2-

trans-styrylethoxy) phthalocyanine 

(2-13). The design of this 

Figure 1.25: Photolysis of the Pc assemblies at 

255 nm would result in a 2+2 cycloaddition to molecule was based on the fact that 

yield a cyclobutane. 

previous X-ray data showed the Pc 

macrocycles were within the proper distance (3.4 A) to allow a {2+2} cycloaddition'^^ 

between two styrene arms forming a cyclobutane (Figure 1.25). A dimerization of 

styrene by itself does not constitute a polymer, but since the compound has eight 
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functional arms only one "arm" needs react with the Pc above and another "arm" on the 

same molecule needs to react with the Pc below to make oligomers and/or polymers. 
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2. CHAPTER 2: EXPERIMENTAL 

2.1. MOLECULES OF INTEREST: 

The physical and chemical properties of Pc's have attracted considerable interest 

to their applications as organo-electronics, liquid crystals, ultra thin films and 

RQ PR 

RO. CN OR 

OR RO CN 

2-11 

RO OR 

(a) Pentanol, DBU, Heat and Metal Salt 

Figure 2.1: Alkoxy substituted Pc's are typically synthesized from the 

corresponding alkoxy substituted phthalonitriles (2-11). 

photodynamic medical therapies, however the exploration of elaborately substituted Pc's 

is controlled by the ability to synthesize the desired phthalonitrile precursors (Figure 2.1). 

Despite the active research on substituted Pc's, the methods of synthesis have changed 

relatively little over the last 70 years. The use of the prior synthetic route (Rosenmund-

von Braun Reaction) with the generation of highly reactive radical species'®"^ and high 

temperatures was believed to be incompatible with the polymerizable alkoxy arms. In 

addition, the use of the Rosenmund-von Braun reaction with "simple" alkoxy arms often 
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resulted in low yields'^^ and reaction mixtures that are difficult to purify. In order to 

synthesize a variety of liquid crystalline Pc's, a new strategy based on Diels-Alder 

chemistry was developed 

2.2 OVERVIEW OF DIELS-ALDER SYNTHETIC METHOD: 

The 4,5-bis-alkoxy phthalonitrile functionality of the core molecule 2-11 is a 

constant in any synthesis of an alkoxy substituted Pc. It was decided that a Diels-Alder 

reaction could be used to set 0 

o 

COOMe 
a TMSO^ 

— ^  X "  
TMSO^ 

2-1 2-2 COOMe 

0 
2-3 

O 

TMSO 

TMSO' 

^OME C 
,OMe 

HO 

HO' 

2-4 6 

'OMe 

,OMe 

2-5 0 

(a) TMSCI, LiBr, Triethyl amine, THF; (b) 90 °C: 
(c) 5% Brg/CCU 

the positions of the desired 

functionalities with certainty. 

The synthesis began with the 

conversion of the commercially 

available 2,3-butanedione (2-1) 

to the 2,3-bis (trimethyl-

silyloxy)-l,3-butadiene (2-2) 

Figure 2.2: Synthesis of 4,5-bis(Hydroxy)-phthalic 
using TMS-CI, LiBr and acid dimethyl ester core (2-5). 

triethylamine using a method outlined by Hansson (Figure 2.2).'®^ The desired 

butadiene (2-2) was obtained in 88% yield following purification by vacuum distillation. 

The Diels-Alder reaction was performed between the 2,3-bis (trimethylsilyloxy)-l,3-

butadiene (2-2) and the commercially available dimethylacetylene dicarboxylate (2-3) at 

90 °C. The resulting 1,2-bis (trimethylsilyloxy)-l,4-cyclohexadiene-4,5-dicarboxy 

methyl ester (2-4) was collected by vacuum distillation in a 91% yield'^^-^^^. The 
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substituted hexadiene (2-4) was aromatized and the TMS protecting groups were 

removed simultaneously by treatment with Br: in carbon tetrachloride. The he.xadiene 

(2-4) is soluble in CCU, however the aromatized catechol (2-5) final product is not 

soluble and precipitates from solution. The resulting light tan powder was collected by 

vacuum filtration, resulting in a 98% yield of the 4,5-di hydroxy-phthalic acid dimethyl 

ester (2-5) core. 

The alkoxy "arms" are then attached to the catechol functionality using a 

Williamson ether 

synthesis with the 

corresponding alkyl 

bromide 2-6 and K2CO3 

in acetone (Figure 2.3). 

The resulting 4.5-bis 

(alkoxy)-phthalic acid 

dimethyl ester 2-7 is 

separated from any 

unreacted catechol by 

filtration through a plug 

of basic alumina, yielding the pure materials in 90 - 95% yields. The alkoxy-phthalic 

acid dimethyl ester 2-7 is saponified to the alkoxy-phthalic acid using refluxing 10% 

aqueous KOH/methanol. The methanol is removed in vacuo. The solution is acidified to 

HO. 

HO' 

Synthesis of the Substituted Phthalic Acid 

0 O 
Rn 

a OCH 

OCH 

2-5 o 

RO 

+ R-Br 

2-6 

'OCH3 

,0CH3 

RO. 1  
\ 

^0CH3 

/ s^0CH3 
RO 

s^0CH3 

2-7 0 

0 
RO. X  \ 

iT  ̂^OH 

/ k ^OH 
RO Y  

2-8 0 
RO 

2-7 0 

(a) K2CO3, Acetone; (b) 1.10% KOH, Ethanol 2. 5% HCI 

Figure 2.3: Synthesis of the substituted phthalic acid. 
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pH 4 using 5% HCl and the desired alkoxy-phthalic acid 2-8 precipitates as a white solid 

in a 99% yield. 

The alkoxy substituted phthalic acid 2-8 is converted to the corresponding 

phthalimide 2-9 by heating with urea, upon cooling the products are partitioned between 

water and dichloromethane isolating the phthalimide 2-9 in an 87% yield (Figure 2.4). 

Stirring in aqueous ammonia at room temperature opens the phthalimide 2-9 and the 

resulting alkoxy phthalamide 2-10 is 

collected by vacuum filtration to yield 

96% of the light tan solid. The final 

conversion to the alkoxy phthalonitrile 

was achieved by dehydration of the 

alkoxy phthalamide 2-10 in 

acetonitrile using an oxalyl 

chloride/DMF complex. This 

dehydration reaction is extremely 

clean and efficient, since all by

products are gases or salts. Partitioning the reaction between ethyl ether and water 

isolated the desired alkoxy phthalonitrile 2-11 as a pure white crystalline solid in a 93% 

yield. The substituted Pc's could then be prepared from the corresponding phthalonitriles 

as described by Tomoda and co-workers.This new method has allowed for the 

synthesis of high purity phthalonitrile precursors in 3-5 times higher overall yields than 

previous methods (50-65% overall yield for 8 steps), without the possibility of 

2-8 0 2-9 0 

RO, ^ il RO, ^ XN 

RO 

V ^NH2 Y V  

2-10 0 
RO ^ CN 

2-11 

(a) Urea, Heat; (b) 30% NH4OH; 
(c) Oxalyl Chloride/DMF 

Figure 2.4: Conversion of substituted 

phthalic acid to the corresponding 

phthalonitrile. 
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contamination of trace metals or functional group scrambling. The fle.xibility of this 

method could allow for the synthesis of phthalonitrile precursors containing: alkyl 

groups;'^- alkyl halides;'^^ alkyl nitro compounds;'^"* alkyl carboxylic acids;'^-

amines;silyl compounds;alkenes;-*^' thioethers;-*^- unsymmetrically 

substituted systems;-^^--^"^ and external ring systems.-^S [t jg also been shown that 

DMAD will under go cycloaddition with the appropriate dienes to offer a possible 

synthetic route to substituted naphthalocyanines-*^^ and azaphthalocyanines.''^^"-'^^ 

2.3 Synthesis Of Phthalocyanine Molecules 

2.3.1 Synthesis of4,5-bis (Hydroxy)-Phthalic Acid Dimethyl Ester Corei 

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

atmosphere unless other\vise specified. Reagents and solvents were purchased from 

Aldrich Chemical and used as received unless otherwise specified. THF was distilled 

from Na/benzophenone. LiBr was dried for 24 hours in a vacuum oven at 200 °C. Silica 

gel column chromatography was performed using 300 mesh SiOi. 

2,3-bis (Trlmethylsilyloxy)-l,3'butadiene (2-2). Dry THF, 150 mL, was placed 

in a 500 ml round bottom flask, purged with argon and cooled to -15 °C using an 

ice/salt/water bath. LiBr (34.8 g, 400 mmoles) was slowly added and allowed to dissolve. 

TMS-Cl (29.2 ml, 300 mmoles) was injected into the reaction flask using a gas tight 

syringe. Following this, 2.3-butadione (2-1) (8.80 mL, 100 mmoles) was added. Finally, 

triethyl amine (41.8 mL, 300 mmoles) was injected into the reaction flask. The reaction 
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was stirred for 1 hour at -15 °C, then warmed to 40 °C and stirred under argon for 48 

hours. The reaction was cooled to room temperature and then diluted with 200 mL of 

cold pentane (0 "C). This mixture was then added to a I L separatory funnel containing 

100 mL pentane, 100 mL brine. 100 mL saturated NaHCOs solution and 100 g ice. The 

organic layer was extracted and the aqueous layer was washed with cold pentane (2 x 100 

mL). The combined organic layers were then washed with cold brine (1 x 100 mL) and 

cold DI water (2 x 100 mL). The organic layer was then dried over MgS04, gravity 

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

distilled to yield 19.86 g of a clear yellowish liquid at 60 °C at 0.1 mm Hg (86% yield). 

'H NMR (CDCb): 5 0.23 (s, 18H) 4.32 (s, 2H), 4.82 (s, 2H). '^C NMR (CDCI3): 5 

152.93, 92.88, -0.08. Mass Spectral Analysis (GC/MS): Ml Peak = 230. 215, 147, 133, 

73,45 (Theoretical mass for CioH220:Si2 = 230.12). 

l,2-bis(Trimethylsilylo.\y)-l,4-cyclohexadiene-4,5-dicarboxy methyl ester (2-

4). A mixture of bis (trimethylsilyloxy)-l,3-butadiene (2-2) (15.6 g, 67.8 mmoles) and 

acetylene dimethyl ester (2-6) (10.6 g, 74.6 mmoles) was stirred 24 hours at 90 °C. 

Vacuum distillation of the mi.xture gave 20.87 g of the product, b.p. 133-138 °C 0.1 mm 

Hg (82.6% yield). 'H NMR (CDCI3): 5 3.72 (s, 6H), 3.05 (s, 4H), 0.18 (s, 18H). '^C 

NMR (CDCI3): 5 167.52, 132.07, 127.48, 52.28. 32.82, 0.75. Mass Spectral Analysis 

(GC/MS): MI Peak = 372 (M+), 339. 251. 193, 73, 45. 
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4,5-bis (Hydro.\y)-phthalic acid dimethyl ester (2-5). A 5% (wt/wt) solution of 

Br: in carbon tetrachloride was slowly added to a solution of dimethyl ester compound 2-

4 (20.9 g, 56.0 mmoles) in 60 mL of CCU cooled to 0 "C the stirred sample until the 

reaction color remained orange. The reaction mi.vture was then heated to 60 "C for 2 

hours; it was then removed from heat and cooled to 5 °C to precipitate the product. The 

crystals were vacuum collected, washed with cold CCU and allowed to dry. The resulting 

solid weighed 11.96 g (94.4% yield). The product 2-S was identified by 'H NMR (de-

acetone): 5 3.78 (s, 6H), 7.18 (s, 2H), 8.18 (b, 2H). '^C NMR (ds-acetone): 5 168.16, 

147.95, 125.55, 116.66, 52.43. Mass Spectral Analysis (DlP-EI): M/Z = 226 (M+), 195, 

179, 165,152, 136, 108,82, 62. 

2.3.2 2,3,9,10,16,17,23,24-Octa (2-Benzyloxyethoxy)- Phthalocyanine 

Synthesis of the Benzyloxyethoxy Arm: 

Initially the Williamson ether reaction was performed using a tosylate as the 

leaving group. The tosylate was prepared from the corresponding benzyloxy ethanol 

(Aldrich®), tosyl chloride and triethyl 

amine in 88% yield. The early coupling 

reactions using the tosylate leaving group 

(Figure 2.5) resulted in low yields of the 

Figure 2.5: Proposed mechanism for 
rearrangement of benzyloxyethyl desired product (<40%). The NMR of the 

tosylate to form benzyl tosylate. which 
forms benzyl alcohol upon aqueous tosylate coupling reaction products showed 

work up. 
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Ethylene 
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Benzyl Tosylate 



68 

the presence of benzyl alcohol after aqueous work-up. It was postulated that the P 

oxygen functionality of the molecule assists in stabilizing the carbocation formed from 

loss of tosylate; the resulting oxonium ion can eliminate ethylene oxide with formation of 

a benzyl cation. To test this hypothesis, the alkyl triflate was prepared and it showed 

complete decomposition under the reaction conditions to yield benzyl alcohol upon work

up. Considering these results, the ether coupling reaction was performed with a poorer 

leaving group by using the commercially available 2-benzyloxy-ethyl bromide 

(Aldrich®).-'^ This produced the desired 4,5-bis(benzylo.xyethoxy)-phthaIic acid 

dimethyl ester with 90% overall yield and no sign of benzyl alcohol. 

4,5- bis (Benzyloxyethoxy)- phthalic acid dimethyl ester (2-7). A solution of 

dimethyl ester 2-5 (1.50 g, 6.63 mmoles), 2-bromoethylbenzyl ether (2-6) (Aldrich®) 

(5.00 g, 23.2 mmoles) and anhydrous KiCO} (6.00 g. 43.4 mmoles) in 50 mL of acetone 

was refluxed for 48 hours and then gravity filtered to remove unreacted K2CO3 and KBr. 

The filtrate was concentrated in vacuo and purified by flash chromatography on SiOi 

eluting with hexanes/ethyl acetate (70:30) giving the desired diether 2-7 (2.94 g 90%) as 

a white solid upon removal of solvent: mp = 44-46 °C, R/ = 0.42 (70:30 Hex/EtOAc), IR 

(KBr) 1732 cm^', 'H NMR (de acetone) 5 7.38-7.17 (m, 12H), 4.57 (s, 4H), 4.29 (t, J = 

4.6 Hz, 4H), 3.88-3.75 (singlet on triplet, J=4.6 Hz, lOH), '^C NMR (dg acetone) 5 168.0, 

151.5, 139.6, 129.0, 128.3, 128.1, 126.4, 114.7, 73.5, 69.9, 69.2, 52.6, Mass Spectral 

Analysis (FAB) MI 495.15 (Theoretical mass for C^sHsiOg = 495.20). 
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4,5-bis (Benzyloxyethoxy)-phthalic acid (2-8). A solution of dimethyl ester 2-7 

(2.75 g, 5.6 mmoles) in 50 mL of 10% NaOH and 50 mL methanol was heated to reflu.v 

for 24 hours and then allowed to cool to room temperature. The solution was then 

concentrated in vacuo removing the methanol and a majority of the water. A 20 mL 

portion of D1 water was added and the pH of the solution was slowly adjusted to 3.0 

using 10% HCl. The solution was cooled to 5 °C and the desired phthalic acid 2-8 was 

collected by vacuum filtration and dried for 12 hours in a vacuum oven at 60 °C. The 

white crystalline solid collected weighed 2.55 g (99%). mp = 97-99 °C, IR (KBr) 2612 

and 1714 cm"', 'H NMR (CD2CI2) 5 12.4-11.7 (broad, 2 H), 7.55-7.14 (m, 12H). 4.57 (s, 

4H), 4.12 (t, J = 4.6 Hz, 4H) 3.74 (t, J = 4.6 Hz, 4H), '^C NMR (de DMSO) 5 168.3, 

149.4. 138.4. 128.3, 127.54. 127.48, 127.11, 114.7, 72.2, 68.41, 68.12, Mass Spectra! 

Analysis (ESI+) MI 466.8 (Theoretical mass for CieHieOg = 466.2). 

4,5-bis (Ben2yloxyethoxy)-phthalimide (2-9). The procedure for phthalimide 

formation was modified from a literature method-", it should be noted that when the 

reaction in the literature was followed using ethylene glycol as the solvent, the N-ethanol 

substituted phthalimide, not the phthalimide was obtained as the major product as shown 

by NMR and mass spectrometry. Phthalic acid 2-8 (2.53 g, 4.93 mmoles) was heated to 

180 °C with constant stirring in a 50 mL beaker containing urea (0.65 g, 10.8 mmoles). 

The reaction was removed from the oil bath when the evolution of ammonia gas ceased, 

as followed using moistened pH paper. The resulting solid was dissolved in CH2CI2/DI 

water and the organic layer was separated and dried over MgSOa. Removal of the 
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CHiCl: in vacuo afforded 1.87 g of the desired phthalimide (2-9) (85%) as a white solid: 

mp 129-130 °C,R/ = 0.92 (90:10 CHCh/MeOH), IR(KBr) 3250, 1767 and 1711 cm"', 'H 

NMR (Solvent CD2CI2) 5 7.55-7.39 (broad, IH), 7.35-7.12 (m, 12H), 4.54 (s, 4H), 4.22 

(t, J= 4.6 Hz. 4H) and 3.83 (t. J= 4.6 Hz, 4H), '^C NMR (Solvent CD.Cl:) 5 168.2. 154.1. 

138.5, 128.7, 128.03. 127.96, 126.5, 107.2, 73.6, 69.6 and 68.5, Mass Spectral Analysis 

(ESI) MI 448.2 (MHt) (Theoretical mass for C26H26NO6 = 448.18). 

4,5-bis (Benzyloxyetho.\y)-phthalainide (2-10). The conversion of the 

phthalimide (2-9) to the phthalamide (2-10) was achieved by modification of a literature 

procedure-'-. A mixture of phthalimide 2-9 (1.53 g, 3.4 mmoles) and 40 mL of 25% (wt. 

%) aqueous ammonia in a 50 mL round bottom flask was sealed with a rubber septum 

and stirred vigorously for 24 hours at room temperature. The mixture was then gravity 

filtered and washed with DI water. The solid collected was dried in a vacuum dessicator 

for 12 hours affording 1.53 g of the desired phthalamide 2-10 (96%) as a light tan solid, 

mp = 161-163 T, R/ = 0.30 (90:10 CHCVMeOH). IR (ICBr) 3387, 3195, 1653, 1597 cm" 

'H (de-DMSO) 5 7.85-7.72 (broad, 4H), 7.44-7.22 (m, 12H), 4.63 (s, 4H), 4.29 (t, J= 

4.6 Hz. 4H), 3.86 (t, J = 4.6 Hz, 4H), '"C NMR (de-DMSO) 5 169.7, 149.5, 138.4, 129.1, 

129.1. 128.2, 127.51, 127.48, 113.5, 72.1, 68.4, 68.0, Mass Spectral Analysis (FAB) MI 

465.11 (MH~). (Theoretical mass for C26H2qN;06 = 465.2). 

4,5-bis (Benzyloxyetho.Yy)-phthalonitrile (2-11). The phthalamide was 

converted to the phthalonitrile functionality by using an oxalyl chloride/DMF 
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complex-^3. Anhydrous DMF (1.20 mL, 15.5 mmoles) was added via syringe to 25 mL 

acetonitrile cooled to 0 °C, then oxalyl chloride (1.25 mL, 14.2 mmoles) was slowly 

added with formation of a white precipitate and gas evolution. When the evolution of gas 

ceased, phthalamide 2-10 (1.50 g, 3.23 mmoles) was added as a suspension in 5 mL of 

acetonitrile. Within a few minutes the reaction solution became homogeneous. Pyridine 

(2.30 mL, 28.4 mmoles) was then added and the reaction was stirred for an additional 45 

minutes at 0 "C. The reaction was then quenched by the addition of 50 mL ethyl ether 

and 50 mL 10% HCl. The aqueous layer was extracted and washed with 50 mL of ethyl 

ether. The combined ether layers were then extracted with saturated NaCl and dried over 

Na2S04. The ether was removed in vacuo to yield a pale yellow oil, which solidified into 

white needle crystals. The resulting crystals were washed with 5 mL portions of cold 

pentane and dried in a vacuum dessicator. The desired phthalonitrile 2-11 weighed 1.30 g 

(93%): mp = 77-79 "C, R/ = 0.92 (90:10 CHClj/MeOH), IR (KBr) 2228 cm"', 'H NMR 

(de-acetone) 5 7.64-7.58 (s, 2H), 7.41-7.17 (m, lOH), 4.63 (s, 4H), 4.44 (t, J = 4.5 Hz, 

4H) 3.92 (t, J = 4.5 Hz, 4H), '^C NMR (de-acetone) 6 153.2. 139.4, 129.0, 128.3, 128.2, 

117.9, 116.7, 109.0, 73.5, 70.2, 68.9, Mass Spectral Analysis (FAB) MI 429.2 (MH^. 

(Theoretical mass for C26H25N2O4 = 429.18). 

2,3,9,10,16,17,23,24-Octa (2-Benzyloxyethoxy)-phthalocyanine (2-12a). A 50 mL 

round bottom flask containing a magnetic stirrer was charged with 20 mL 1-pentanol, 

substituted phthalonitrile 2-11 (0.50 g. LI7 mmoles) and 1.8-diazabicyclo(5.4.0)undec-7-

ene (DBU) (0.18 g, 1.17 mmoles) was heated to reflux for 18 hours. The resulting dark 



72 

green solution was placed in a freezer to precipitate the desired phthalocyanine. The 

solid was vacuum filtered through a medium sintered glass filter and washed with DI 

water. The solid was purified by flash chromatography on SiO: eluting with 

chloroform/methanol (99:1) giving 0.14 g of the purified phthalocyanine 2-12a (28%) as 

a green solid after removal of solvent in vacuo. R/ = 0.82 (95:5 CHCl3/MeOH), IR (KBr 

Pellet) 3465, 2870, 1279, 1190, 1100, 1026 and 741 cm"', UV-Vis (CHCb) 699.2 nm, 

661.3 nm and 598.9 nm, 'H NMR (CDCI3) 5 8.10-7.96 (8H), 7.57-7.28 (42H), 4.81-4.70 

(16H), 4.57-4.42 (16H) 3.11-2.97 (16H), High Resolution Mass Spectral Analysis 

(MALDl) MI 1714.7120 (Theoretical mass for C104H98N8O16 =1715.7127). 

2,3,9,10,16,17,23,24-Octa (2-Benzyioxyethoxy)-phthalocyanato Copper (II) 

(2-12b). A 25 ml round bottom flask containing a magnetic stirrer was charged with 10 

ml of 1-pentanol, substituted phthalonitrile 2-11 (0.25 g, 0.59 mmoles), copper (II) 

chloride (0.02 g, 0.15 mmoles) and DBU (0.09 g, 0.59 mmoles) was heated to reflu-x for 

22 hours. The solid was vacuum filtered through a medium sintered glass filter and the 

solid washed with 5% HCl and DI water. The solid was purified by Soxhlet e.xtraction 

with ethyl ether giving 0.12 g of the purified phthalocyanine 2-12b (48%) as a green solid 

after removal of solvent in vacuo. R/ = 0.82 (95:5 CHC13/MeOH), UV-Vis (CHCI3) 

676.6 nm, 610.2 nm, Mass Spectral Analysis (FAB+) MI 1777.630 (Theoretical mass for 

C,o4H97N80I6CU= 1776.627). 
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2,3,9,10,16,17,23,24-Octa (2-Benzyloxyethoxy)-phthalocyanato Cobalt (2-

12c). A 50 ml round bottom flask containing a magnetic stirrer was charged with 20 ml 

of 1-pentanol, substituted phthalonitrile 2-11 (0.50 g, 1.17 mmoles), cobalt (II) bromide 

(0.06 g, 0.30 mmoles) and DBU (0.18 g, 1.17 mmoles) was heated to reflu.x for 18 hours. 

The solid was vacuum filtered through a medium sintered glass crucible and the solid 

washed with 5% HCl and DI water. The solid was purified by flash chromatography on 

SiO: eluting with chloroform/methanol (99:1) giving 0.23 g of the purified 

phthalocyanine 2-12c (43%) as a green solid after removal of solvent in vacuo. R/ = 0.82 

(95:5 CHCl3/MeOH), UV-Vis (CHCI3) 669.6 nm, 607.6 nm, High Resolution Mass 

Spectral Analysis (FAB+) MI 1772.64 (Theoretical mass for C104H97NSO16C0 = 

1772.6309). 

2,3,9,lO,16,17,23,24-Octa (2-Benz>ioxyethoxy)-phthalocyanato Rhodium (II) 

(2.12d). A 50 ml round bottom flask containing a magnetic stirrer was charged with 10 

ml of 1-pentanol, substituted phthalonitrile 2-11 (0.50 g, 1.17 mmoles), rhodium (II) 

octanoate dimer (0.114 g, 0.30 mmoles) and DBU (0.18 g, 1.17 mmoles) was heated to 

reflu.x for 24 hours. The solid was vacuum filtered through a medium sintered glass filter 

and the solid washed with 5% HCl and DI water. The solid was purified by flash 

chromatography on SiOi eluting with chloroform/methanol (99:1) giving O.I 13 g of the 

purified phthalocyanine 2-12d (21%) as a yellow-green solid after removal of solvent in 

vacuo. R/ = 0.83 (95:5 CHC13/MeOH), UV-Vis (CHCI3) 656.4 nm, High Resolution 
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Mass Spectral Analysis (FAB+) MI 1815.155 (Theoretical mass for Cio4H97N80i6Rh = 

1815.598). 

2.3.3 2,3,9,10,16,17,23,24-0cta (trans-2-Styrylethoxy)- Phthalocyanine 

Synthesis of the trans-2-Styryletho.\y Arm: 

The styrene functionalized arm was synthesized from the commercially available 

trans-styryl acetic acid (Aldrich®) by reduction with LAH. Based on the e.xperience 

from the benzyloxyethoxy arm (2-6), the bromide leaving group was used initially. The 

alcohol was converted to the corresponding bromide in 90% yield by treatment with 

LiBr/TMS-Cl in acetonitrile-'"^. When the alkyl bromide was subjected to the ether 

formation conditions, the yields were lower than 

expected (<20%). Examination of the post 

reaction NMR showed the existence of 1-phenyl-

1,3-butadiene. which was confirmed by mass 

spectrometry. Literature indicated that similar 

types of compounds could undergo an EICB 

mechanism and this was more prevalent when the 

leaving group was an alkyl halide 215. jhe styryl ethanol was converted to a tosylate 

using tosyl chloride and triethylamine in 84% yield (Figure 2,6). The ether coupling 

reaction was run using the tosylate and resulted in the desired 4,5-bis (styrylethoxy)-

phthalic acid dimethyl ester with 84% overall yield and no phenyl butadiene. 

^OH DIBALH 

U 

Q 

2-16 

2-17 

0 

^OH 

96% Yield 

TsCI / TEA 

90% Yield 

0 2-18 

.^OTs 

Figure 2.6: Synthesis of trans-

2-styrylethyl tosylate 
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trans-2-Styryl ethanol (2-17). A solution of trans-styryl acetic acid (2-16) 

(Aldrich®) (lO.Og, 61.7 mmoles) in 100 mL of toluene was added by addition funnel to 

165 mL of a 1.5 M solution of DIBALH in toluene. This mixture was allowed to stir 

overnight under argon. The reaction was then cooled to 0 °C and excess ethanol was 

slowly added. The mixture was then added to 200 mL of 2 M HCl and stirred for 30 

minutes at 0 °C. The aqueous layer was extracted and washed with two 50 mL portions 

of ethyl ether. The combined organic fractions were then washed with 50 mL of 5% 

NaHCOj and 50 mL DI water. The organic layer was then dried over MgS04, gravity 

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

distilled to yield 8.74 g of a clear liquid at 105 °C at 0.2 mm Hg (96% yield): mp = 31-33 

"C. R/ = 0.46 (80:20 Hex/EtOAc), IR (KBr) 3342 cm"', 'H NMR (CDCI3) 5 7.48-7.17 (m, 

5H), 6.60-6.41 (d, J = 15.92 Hz, IH), 6.29-6.11 (doublet of triplets, J = 7.0 Hz, IH), 3.82-

3.68 (t, J=6.32 Hz, 2H), 2.59-2.38 (q, J = 6.02 Hz, 2H), 1.76-1.54 (broad singlet, 1 H), 

'^C NMR (CDCI3) 5 137.2, 132.8. 128.5, 127.2, 126.3, 126.0, 62.0, 36, Mass Spectral 

Analysis (GC-MS) MI 148 (Theoretical mass for CioHi:0 = 148). 

trans-2-Styrylethyl tosylate (2-18). A solution of trans-2-styryl ethanol (2-17) 

(6.05 g, 40.8 mmoles) and tosyl chloride (8.l7g, 42.8 mmoles) in 60 mL of THF was 

cooled to 0 °C and triethyl amine (4.54 g, 44.9 mmoles) was slowly added. The reaction 

was then warmed to 40 °C and stirred overnight. The reaction was then washed with DI 

water and the aqueous layer was extracted and washed with two 50 mL portions of ethyl 

ether. The combined organic fractions were then washed with 50 mL DI water. The 
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organic layer was then dried over MgS04, gravity filtered and the organic solvent was 

removed in vacuo. The resulting liquid was purified using flash chromatography on SiO: 

with 9:1 hexanes/ethyl acetate to yield 11.1 g of a clear liquid (90% yield); R/ = 0.54 

(80:20 He.x/EtOAc). IR (KBr Plate) 1391 cm"', 'H NMR (CDCI3) 5 7.85-7.72 (d, 2H), 

7.48-7.17 (m, 7H), 6.49-6.31 (d, J = 15.92 Hz, IH), 6.11-5.88 (m, J = 7.0 Hz, IH), 4.21-

4.05 (t, J=6.32 Hz, 2H). 2.59-2.62 (q, J = 6.02 Hz. 2H), 2.46-2.34 (s, 3 H), '^C NMR 

(CDCI3) 5 144.7, 136.8, 133.0, 129.8, 128.5, 128.3, 127.9, 127.4, 126.1, 123.8, 69.6, 

32.4, 21.6, Mass Spectral Analysis (FAB-j-) MI 302.2 (Theoretical mass for C17H19O3S = 

302.1). 

4,5- bis (trans-Styrylethoxy)-phthalic acid dimethyl ester (2-19). A solution of 

dimethyl ester 2-8 (2.40 g, 10.6 mmoles), 2-trans-styryiethyl tosylate (2-18) (9.50 g, 31.8 

mmoles) and anhydrous K2CO3 (8.80 g, 63.6 mmoles) in 60 mL of THF was refluxed for 

48 hours and then partitioned between 50 mL DI water and 100 mL ethyl ether. The 

organic layer was dried over MgSOa, gravity filtered and the organic solvent was 

removed in vacuo. The resulting liquid was purified using flash chromatography on SiO: 

with 8:2 hexanes/ethyl acetate giving the desired diether 2-19 (4.18 g 84%) as a white 

solid upon removal of solvent: R/ = 0.48 (70:30 He.x/EtOAc), IR (KBr) 1728 cm'', 'H 

NMR (CDCI3) 5 7.41-7.17 (m, 12H), 6.60-6.42 (d, J= 15.42 Hz, 2H), 6.35-6.15 (m, J=6.8 

Hz, 2H) 4.22-4.10 (t, J = 4.6 Hz, 4H), 2.78-2.66 (q, J=4.6 Hz, 4H), ''C NMR (CDCI3) 6 

167.3, 150.5, 137.1, 132.5, 128.4, 127.2, 126.0, 125.3, 125.2, 113.7, 68.7, 52.4, 32.7 

Mass Spectral Analysis (FAB+) MI 487.17 (Theoretical mass for C30H31O6 = 487.21). 
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4,5-bis (trans-Styrylethoxy)-phthalic acid (2-20). A solution of dimethyl ester 

2-19 (4.60 g, 9.3 mmoles) in 50 mL of 10% KOH and 50 mL methanol was heated to 

reflu.x for 24 hours and then allowed to cool to room temperature. The solution was then 

concentrated in vacuo removing the methanol and a majority of the water. A 20 mL 

portion of DI water was added and the pH of the solution was slowly adjusted to 3.0 

using 10% HCl. The solution was cooled to 5 °C and the desired phthalic acid 2-20 was 

collected by vacuum filtration and dried for 12 hours in a vacuum oven at 60 "C. The 

white crystalline solid collected weighed 4.16 g (96%): mp = 252-254 °C, IR (KBr) 

2612 and 1714 cm"', 'H NMR (CD2CI:) 6 12.4-11.7 (broad, 2 H), 7.65-7.04 (m, 12H), 

6.40-6.35 (d, J= 16.00 Hz, 2H), 6.30-6.05 (m. J=6.58 Hz, 2H) 4.10-3.98 (t, J = 6.68 Hz. 

4H), 2.59-2.40 (q, J = 6.50 Hz, 4H), '^C NMR (d6 DMSO) 5 168.3, 149.3, 137.1, 131.7, 

128.2, 128.0, 126.9, 126.0, 125.7, 116.9, 68.1, 32.5, Mass Spectral Analysis (FAB+) Ml 

459.11 (Theoretical mass for C2sH:706 = 459.18). 

4,5-bis (trans-Styryletlioxy)-phthalimide (2-21). Phthalic acid 2-20 (1.90 g, 

4.14 mmoles) was heated to 145 °C with constant stirring in a large test tube containing 

urea (0.75 g, 12.4 mmoles). The reaction was removed from the oil bath when the 

evolution of ammonia gas ceased, as followed using moistened pH paper. The resulting 

solid was dissolved in CH:Cl2/Dl water and the organic layer was separated and dried 

over MgS04. Removal of the CH2CI2 in vacuo afforded 1.64 g of the desired phthalimide 

(2-21) (90%) as a white solid; mp 129-130 °C, R/ = 0.92 (90:10 CHCh/MeOH), IR (KBr) 
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3211, 1767 and 1713 cm'', 'H NMR (Solvent CDiCb) 5 7.92-7.74 (broad, IH), 7.41-7.07 

(m, 12H), 6.53-6.38 (d, J = 16.1, 2H), 6.34-6.14 (m, J = 7.1, 2H), 4.19-4.07 (t, J = 4.6, 

4H), 2.74-2.59 (q, J= 4.6 Hz, 4H), '^C NMR (Solvent CD2CI2) 5 168.7, 154.2. 137.7, 

132.9, 128.9, 128.6, 127.6, 126.4, 125.9, 107.4, 69.4 and 33.0, Mass Spectral .Analysis 

(FAB-r-) MI 440.1 (MH+). (Theoretical mass for C:sH26N04 = 440.19) 

4,5-bis (trans-Styrylethoxy)-phthalamide (2-22). The conversion of the 

phthalimide (2-21) to the phthalamide (2-22) was achieved by dissolving phthalimide 2-

21 (1.33 g, 3.0 mmoles) in 25 mL of DMSO. The DMSO solution was treated with 150 

mL of 25% (wt. %) aqueous ammonia (1:6 DMSO/NH4OH is critical: 1:3 resulted in 

hydrolysis of the amide to the acid and at 1:8 there was no reaction), sealed with a rubber 

septum and stirred vigorously for 24 hours at room temperature. The mi.xture was then 

gravity filtered and washed with DI water. The solid collected was dried in a vacuum 

dessicator for 12 hours affording 1.30 g of the desired phthalamide 2-22 (98%) as a light 

tan solid, mp = 160-165 °C, Kj = 0.30 (90:10 CHC^/MeOH), IR (KBr) 3347, 3200, 1649, 

1595 cm"', 'H (dg-DMSO) 5 7.81-7.64 (broad, 4H). 7.44-7.08 (m, 12H), 6.62-6.45 (d, 

J=15.0, 2H), 6.42-6.24 (m, J=5.4 Hz, 2H), 2.75-2.53 (q, J=25.4 Hz, 4H), '^C NMR (de-

DMS0)8 169.7, 148.4, 137.1, 131.7, 129.2, 128.6, 127.2, 126.5, 125.9, 114.0,68.3,32.4, 

Mass Spectral Analysis (FAB+) MI 457.41 (MH^ (Theoretical mass for C28H:904N2 = 

457.21). 
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4,5-bi$ (trans-Styrylethoxy)-phthalonitrile (2-23). Anhydrous DMF (2.5 mL, 

31.0 mmoles) was added via syringe to 125 mL acetonitrile cooled to 0 °C. then oxalyl 

chloride (2.50 mL, 28.4 mmoles) was slowly added with formation of a white precipitate 

and gas evolution. When the evolution of gas ceased, phthalamide 2-22 (1.30 g, 2.85 

mmoles) was added as a suspension in 15 mL of acetonitrile. Within a few minutes the 

reaction solution became homogeneous. Pyridine (4.60 mL, 56.8 mmoles) was then 

added and the reaction was stirred for an additional 45 minutes at 0 °C. The reaction was 

then quenched by the addition of 50 mL ethyl ether and 50 mL 10% HCl. The aqueous 

layer was extracted and washed with 150 mL of ethyl ether. The combined ether layers 

were then extracted with saturated NaCl and dried over MgSOa. The ether was removed 

in vacuo to yield a pale yellow oil, which solidified into white needle crystals. The 

resulting crystals were washed with (2x) 5 mL portions of cold pentane and dried in a 

vacuum dessicator. The desired phthalonitrile 2-23 weighed 1.15 g (96%); mp = 76-78 

°C, Rf = 0.94 (90:10 CHClj/MeOH), IR (KBr) 2230 cm"'. 'H NMR (de-acetone) 6 7.44-

7.18 (m, 12H), 6.59-6.45 (d, J = 16.2 Hz, 2H), 6.35-6.16 (m, J = 7.6 Hz, 2H), 4.23 (t, J = 

4.6 Hz, 4H), 2.83-2.68 (q, J = 4.6 Hz, 4H), '^C NMR (de-acetone) 5 152.2, 136.9, 133.1, 

128.6, 127.5, 126.1, 124.5, 116.3, 115.8, 108.7, 69.1, 32.5, Mass Spectral Analysis 

(FAB+) MI 420.34 (MHl (Theoretical mass for C28H:40;N2 = 420.18). 

2,3,9,10,16,i7,23,24-Octa (2-trans-Styrylethoxy)-phthalocyanine (2-13a). A 

10 mL round bottom flask containing a magnetic stirrer was charged with 5 mL 1-

pentanol, substituted phthalonitrile 2-23 (0.30 g, 0.71 mmoles) and 1,8-
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diazabicyclo(5.4.0)undec-7-ene (DBU) (0.09 g, 0.71 nimoles) was heated to retlu.x for 24 

hours. The resulting dark green solution was placed in a freezer to precipitate the desired 

phthalocyanine. The solid was vacuum filtered through a medium sintered glass crucible 

and washed with DI water. The solid was purified by flash chromatography on SiO: 

eluting with chloroform/methanol (99:1) giving 0.09 g of the purified phthalocyanine 2-

13a (30%) as a green solid after removal of solvent in vacuo. R/ = 0.85 (95:5 

CHCb/MeOH), UV-Vis (CHCI3) 700.1 nm, 664.1 nm, 255.3 nm, 210 nm, 'H NMR 

(CDCI3) 5 7.58-7.07 (50H), 6.77-6.31 (16H), 4.51-3.73 (16H), 2.97-2.52 (16H), High 

Resolution Mass Spectral Analysis (FAB) MI 1683.8395 (Theoretical mass for 

C,,:H9SNSOS =1683.7534). 

2,3,9,10,16,17,23,24-Octa (2-trans-Styrylcthoxy)-phthalocyanato Copper (II) 

(2-13b). A 10 ml round bottom flask containing a magnetic stirrer was charged with 5 ml 

of 1-pentanol, substituted phthalonitrile 2-23 (0.54 g, 1.28 mmoles), copper (II) bromide 

(0.072 g, 0.32 mmoles) and DBU (0.20 g, 1.28 mmoles) was heated to reflu.x for 22 

hours. The solid was vacuum filtered through a medium sintered glass crucible and the 

solid washed with DI water. The solid was purified by Soxhlet extraction with ethyl 

ether followed by chromatography on silica using 98:2 CHCh/MeOH to yield 0.22 g of 

the purified phthalocyanine 2-13b (48%) as a green solid after removal of solvent in 

vacuo. R/ = 0.82 (95:5 CHC^/MeOH), UV-Vis (CHCI3) 679.4 nm, Mass Spectral 

Analysis (MALDI) MI 1745.6753 (Theoretical mass for CmHgeNsOsCu = 1745.6680). 
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2,3,9,1046,l7,23,24-0cta (2-trans-Styrylethoxy)-phthalocyanato Cobalt (II) 

(2-13C). A 10 ml round bottom flask containing a magnetic stirrer was charged with 5 ml 

of 1-pentanol. substituted phthalonitrile 2-23 (0.30 g, 0.71 mmoles), cobalt (II) bromide 

(0.04 g. 0.18 mmoles) and DBU (0.11 g, 1.17 mmoles) was heated to reflu.x for 18 hours. 

The solid was vacuum filtered through a medium sintered glass crucible and the solid 

washed with DI water. The solid was purified by flash chromatography on SiO: eluting 

with chloroform/methanol (99:1) giving 0.11 g of the purified phthalocyanine 2-13c 

(37%) as a green solid after removal of solvent in vacuo. R/ = 0.82 (95:5 CHCh/MeOH), 

UV-Vis (CHCb) 672.0 nm. High Resolution Mass Spectral Analysis (F.A.B-!-) MI 1740.64 

(Theoretical mass for Cii;H97N80i5Co = 1740.68). 

2.3.4 2,3,9,10,16,17,23,24-0cta (2-Cinnamylo.Yyethoxy)- Phthalocyanine 

Synthesis of the Cinnamyloxyethoxy Arm: 

The synthesis of the cinnamylo.vyethanol was achieved in 70% overall yield, 

beginning with the conversion of trans-

cinnamaldehyde (2-24) to the 2-st>Tyl-

[1.3]dioxolane (2-25) using ethylene 

glycol and p-toluene sulfonic acid. 

The dioxolane was opened using 

AIH2CI to yield the 

cinnamyloxyethanol (2-26) in 93% 

yield.216 it was decided that a bromide leaving group for the ether coupling would be the 

0 r-\ 

2-24 TsOH, Benzene 2-25 

96% Yield 
1 AIH2CI 
1 93% Yield 
t T 

0 

I.TsCI/NaOH ^ sJ 2-26 
2. LiBr/THF 

94% Yield 

Figure 2.7: Synthetic sequence for 

cinnamyloxyethoxy bromide. 
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logical choice, since the molecule contains a P oxygen functionality. Initial attempts to 

directly convert the alcohol to the alkyl bromide (PBr3, PBra/pyridine) failed to yield the 

desired product due to elimination of the intermediate phosphorus compound to yield 

cinnamyl alcohol. The cinnamyloxy ethyl bromide was subsequently synthesized (Figure 

2.7) by convening the alcohol to the tosylate (2-27) using tosyl chloride and NaOH, 

followed by treatment with excess LiBr in THF. The desired product was isolated by 

vacuum distillation in 94% overall yield. 

2-Styryl-(l,31dioxoIane (2-25). A solution of trans-cinnamyl aldehyde 

(Aldrich®) (40.0 g, 303 mmoles), ethylene glycol (18.8 g, 303 mmoles) and tosyl acid 

(0.6 g) in 150 mL of benzene was reflu.xed for 12 hours in a 250 mL round bottom flask 

outfitted with a Dean Stark trap. The reaction was then cooled to room temperature and 

excess K2CO3 was added. The mixture was decanted and the benzene was removed in 

vacuo. The resulting liquid was vacuum distilled to yield 50.67 g of a clear liquid at 120 

°C at 2.0 mm Hg (95% yield): R/ = 0.67 (80:20 Hex/EtOAc), IR (KBr) 1206 and 1127 

cm-', 'H NMR (CDCI3) 5 7.45-7.23 (m, 5H), 6.83-6.72 (d, J=15.9 Hz, IH), 6.24-6.09 

(doublet of doublets, J=9.0 Hz, IH), 5.45-5.38 (d, J=7.1 Hz, IH), 4.08-3.86 (m, 4H), '^C 

NMR (CDCI3) 5 128.98, 128.46, 128.39, 128.24, 126.82, 125.06, 103.74, 64.94, Mass 

Spectral Analysis (GC-MS) MI 176 (Theoretical mass for CnHaO: = 176). 

2-CinnamyIo.\yethanoi (2-26). LAH (2.0 g, 60 mmoles) was suspended in 150 

mL of anhydrous ethyl ether and cooled to 0 °C. A solution of AICI3 (8.0 g, 60 mmoles) 
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in 20 mL of anhydrous ether was slowly added and the mixture was stirred at 0 °C for 15 

minutes. 2-Styryl-[l,3]dioxolane (2-25) (21.2 g, 120 mmoles) was dissolved in 25 mL 

of ether and slowly added to the aluminum reagent solution. The solution was stirred for 

one hour and a 15% aqueous KOH solution was slowly added until gas evolution ceased. 

The reaction was partitioned between 200 mL of D1 water and 200 mL ethyl 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 was vacuum distilled to yield 20.95 g of a clear liquid at 135-138 °C at 

2.0 mm Hg (98% yield): R/ = 0.35 (80:20 Hex/EtOAc), IR (KBr) 3445 cm"', 'H NMR 

(CD2CI2) 5 7.45-7.19 (m, 5H), 6.73-6.57 (d, J=16.0 Hz, IH), 6.40-6.24 (doublet of 

triplets. J=7.0 Hz, IH), 4.23-4.16 (d. J=5.9 Hz, 2H), 3.78-3.67 (t, J=4.76, 2H), 3.64-3.57 

(t, J=5.14, 2H), 2.32-2.16 (broad singlet, I H) '^C NMR (CDCI3) 5 137.11, 132.49, 

128.92, 128.03, 126.77, 126.53, 71.93,71.85,62.13 Mass Spectral Analysis (GC-MS) MI 

178 (Theoretical mass for CUH14O2 = 178). 

2-Cinnamyloxyethyl tosylate. A solution of 2-cinnamyloxyethanol (2-26) (5.0 

g, 28.1 mmoles) and tosyl chloride (6.0 g, 30.9 mmoles) in 150 mL of ethyl ether was 

cooled to 0 °C and freshly pulverized NaOH (5.5 g. 112.4 mmoles) was slowly added. 

The reaction was allowed to warm to room temperature and stirred overnight. The 

reaction was then partitioned between 100 mL DI water and 100 mL of ethyl ether; the 

aqueous layer was extracted and washed with two 50 mL portions of ethyl ether. The 

organic layer was then dried over MgSOa, gravity filtered and the organic solvent was 
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removed in vacuo. The resulting liquid was determined to be pure, the yield was 9.00 g 

of a clear liquid (96% yield): R/ = 0.42 (80:20 Hex/EtOAc), 'H NMR (CDCI3) 5 7.85-

7.74 (d, 2H), 7.38-7.17 (m, 7H), 6.59-6.47 (d, J=15.8 Hz, IH). 6.24-6.07 (m. J=6.9 Hz, 

IH), 4.24-4.15 (t, J=6.32 Hz, 2H), 4.14-4.07 (d, J=6.02 Hz. 2H), 3.71-3.63 (t, J=6.9, 2 H), 

2.42-2.37 (s, 3 H) '"C NMR (CDCI3) 5 144.7, 136.4, 133.0, 129.7, 128.5, 127.9, 127.7, 

126.4, 125.2, 71.7, 69.2, 67.3, 21.5, Mass Spectral Analysis (FAB+) MI 332.2 

(Theoretical mass for CisH^oOaS = 332.1). 

2-Cinnainyloxyethyl bromide (2-27). A solution of 2-cinnamyloxyethyl tosylate 

(14.50 g, 43.6 mmoles) and dry LiBr (15.0 g. 174.4 mmoles) in 100 mL of THF was 

heated to 40 °C. The reaction was stirred under argon for 48 hours. The reaction was 

then partitioned between 100 mL DI water and 100 mL of ethyl ether; the organic layer 

was washed with 3x 50 mL portions of DI water. The organic layer was then dried over 

MgS04, gravity filtered and the organic solvent was removed in vacuo. The resulting 

liquid was vacuum distilled to yield 9.59 g of a clear liquid at 150-155 °C at 2.0 mm Hg 

(91% yield): R/ = 0.81 (80:20 Hex/EtOAc), IR (KBr Plate) 1121 cm"', 'H NMR (CDCI3) 

5 7.45-7.17 (d, 5 H), 6.89-6.54 (d, J = 16.8 Hz, IH), 6.34-6.17 (doublet of triplets, J = 6.7 

Hz, IH), 4.24-4.15 (d, J=6.22 Hz, 2H), 3.84-3.73 (t, J = 6.22 Hz, 2H), 3.53-3.43 (t, J = 

6.26, 2 H), '^C NMR (CDCI3) 6 136.4, 132.8. 128.5, 127.7, 126.4, 125.4, 71.6, 69.8, 30.4, 

Mass Spectral Analysis (FAB+) MI 241.0 (Theoretical mass for CnHi40Br = 241.1). 

4,5- bis (Cinnamyloxyetho.\y)-phthaiic acid dimethyl ester (2-28). A solution 

of dimethyl ester 2-5 (2.50 g, I l.l mmoles), 2-cinnamyloxyethyl bromide (2-27) (10.7 g, 
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44.2 mmoles) and anhydrous K2CO3 (12.2 g, 88.4 mmoles) in 60 mL of acetonitrile was 

reflu.\ed for 48 hours and then partitioned between 100 mL DI water and 150 mL ethyl 

ether. The organic layer was dried over MgS04, gravity filtered and the organic solvent 

was removed in vacuo. The resulting liquid was purified using chromatography on SiO: 

with 7:3 hexanes/ethyl acetate giving the desired diether 2-28 (5.62 g 93%) as a white 

solid upon removal of solvent: R/ = 0.48 (70:30 Hex/EtOAc), IR (KBr) 1722.7 cm"', 'H 

NMR (CDCI3) 6 7.41-7.17 (m, 12H), 6.67-6.54 (d, J= 15.92 Hz, 2H), 6.35-6.19 (m, J=5.9 

Hz. 2H), 4.32-4.18 (m. 8H), 3.92-3.84 (m, lOH), '^C NMR (CDCI3) 5 167.7. 150.5, 

136.6. 132.6, 128.5. 127.7. 126.5. 125.8, 125.4, 113.9, 72.0, 69.0, 68.2. 52.5 Mass 

Spectral .Analysis (FAB+) MI 547.17 (Theoretical mass for C32H34OS = 547.23). 

4,5-bis(Cinnamyloxyethoxy)-phthalic acid (2-29). A solution of dimethyl ester 

2-28 (5.50 g, 10.1 mmoles) in 50 mL of 15% KOH and 50 mL methanol was heated to 

reflu.K for 24 hours and then allowed to cool to room temperature. The solution was then 

concentrated in vacuo removing the methanol and a majority of the water. A 20 mL 

ponion of DI water was added and the pH of the solution was slowly adjusted to 3.0 

using 10% HCl. The solution was cooled to 5 °C and the desired phthalic acid 2-29 was 

collected by vacuum filtration and dried for 12 hours in a vacuum oven at 60 °C. The 

white crystalline solid collected weighed 4.75 g (91%): mp = 186-188 "C, IR (KBr) 

2614 and 1712 cm"'. 'H NMR (CD:C1:) 6 7.84-7.67 (s, 2H), 7.45-7.18 (m, lOH), 6.64-

6.53 (d, J= 16.00 Hz, 2H), 6.39-6.27 (m, J=6.6 Hz, 2H) 4.34-4.09 (m, 8H), 3.86-3.68 (m, 

4H), '^C NMR (d6 DMSO) 5 167.6, 149.5, 149.0, 136.4, 131.3, 128.6, 128.4, 127.6, 
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126.5, 126.3, 116.4, 70.8, 68.1, 67.9, Mass Spectral Analysis (FAB+) MI 519.17 

(Theoretical mass for CjoHsiOg = 519.20). 

4,5-bls(Cinnamylo.vyethoxy)-phthalimide (2-30). Phthalic acid 2-29 (2.00 g, 

3.9 mmoles) was heated to 160 "C with constant stirring in a large test tube containing 

urea (0.60 g, 10.0 mmoles). The reaction was removed from the oil bath when the 

evolution of ammonia gas ceased, as followed using moistened pH paper. The resulting 

solid was dissolved in CH2C1:/DI water and the organic layer was separated and dried 

over MgS04. Removal of the CH2CI: in vacuo afforded 1.75 g of the desired phthalimide 

(2-30) (91%) as a white solid: mp 130-131 "C. R/ = 0.92 (90:10 CHCh/MeOH), IR (KJBr) 

3245, 1763 and 1719 cm'', 'H NMR (Solvent CDCh) 5 8.10-7.95 (broad, IH), 7.43-7.18 

(m, 12H), 6.69-6.54 (d, J=15.8, 2H), 6.38-6.21 (doublet of triplets. J=5.9, 2H), 4.34-4.19 

(q. J=4.4, 8H), 3.94-3.85 (t, J= 4.4 Hz, 4H), '^C NMR (Solvem CD.Ch) 5 168.6, 154.0, 

137.0, 132.7, 128.9, 128.0, 126.8, 126.5, 126.3, 107.2. 72.2, 69.6, 68.5, Mass Spectral 

Analysis (FAB+) MI 500.22 (MH~) (Theoretical mass for C30H30NO6 = 500.21). 

4,5-bis(Cinnamyloxyetho.\y)-phthalainide (2-31). A mixture of phthalimide 2-

30 (1.00 g, 2.0 mmoles) and 30 mL of 25% (wt. %) aqueous ammonia in a 50 mL round 

bottom flask was sealed with a rubber septum and stirred vigorously for 24 hours at room 

temperature. The mixture was then gravity filtered and washed with DI water. The solid 

collected was dried in a vacuum dessicator for 12 hours affording 0.98 g of the desired 

phthalamide 2-31 (95%) as a light tan solid, mp = 158-160 °C, R/ = 0.33 (90:10 
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CHCVMeOH), IR (KBr) 3453, 1647,1598 cm"', 'H (de-DMSO) 5 7.80-7.68 (broad, 2H), 

7.49-7.08 (m, 12H), 6.64-6.55 (d, J=15.9 Hz, 2H), 6.42-6.28 (doublet of triplets, J=5.4 

Hz, 2H), 4.35-4.08 (m, 8H). 3.89-3.68 (m, 4H), '"C NMR (de-DMSO) 8 169.7, 149.5, 

136.4, 131.3, 129.1, 128.6, 127.6, 126.5, 126.4, 113.463, 70.9, 68.5, 68.0, Mass Spectral 

Analysis (FAB+) MI 517.21 (MH*) (Theoretical mass for C3oH3:.N206 = 517.23). 

4,5-bis(Cinnamyloxyethoxy)-phthalonitrile (2-32). Anhydrous DMF (1.20 mL, 

15.5 mmoles) was added via syringe to 25 mL acetonitrile cooled to 0 °C, then o.xalyl 

chloride (1.25 mL, 14.2 mmoles) was slowly added with formation of a white precipitate 

and gas evolution. When the evolution of gas ceased, phthalamide 2-31 (0.85 g, 1.65 

mmoles) was added as a suspension in 5 mL of acetonitrile. Within a few minutes the 

reaction solution became homogeneous. Pyridine (2.30 mL, 28.4 mmoles) was then 

added and the reaction was stirred for an additional 45 minutes at 0 °C. The reaction was 

then quenched by the addition of 50 mL ethyl ether and 50 mL 10% HCl. The aqueous 

layer was e.xtracted and washed with 50 mL of ethyl ether. The combined ether layers 

were then extracted with saturated NaCl and dried over MgS04. The ether was removed 

in vacuo to yield a clear oil, which solidified into white needle crystals. The resulting 

crystals were washed with 5 mL portions of cold pentane and dried in a vacuum 

dessicator. The desired phthalonitrile 2-32 weighed 0.75 g (95%): mp = 75-77 °C, R/ = 

0.91 (90:10 CHCb/MeOH), IR (KBr) 2228 cm"', 'H NMR (CDCI3) 6 7.42-7.18 (s, 12H), 

6.68-6.53 (d, J=15.8 Hz, 2H), 6.37-6.17 (doublet of triplets, J=6.0 Hz, 2H), 4.39-4.18 (m, 

8H), 3.96-3.84 (m, 4H), '^C NMR (CDCI3) 5 152.3, 136.3, 132.9, 128.5, 127.8, 126.4, 
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125.3, 116.8, 115.7, 107.1, 72.0, 69.4, 67.8, Mass Spectral Analysis (FAB+) MI 480.29 

(MH*) (Theoretical mass for C30H2SN2O4 = 480.23). 

2,3,9,10,16,17,23,24-Octa(Cinnamyloxyethoxy)-phthalocyanine (2-14a). A 10 

ml round bottom flask containing a magnetic stirrer was charged with 1.5 ml of I-

pentanol, substituted phthalonitrile 2-32 (0.25 g, 0.52 mmoles) and DBN (0.07 g, 1.0 

mmoles) was heated to reflux for 25 hours. The solid was vacuum filtered through a 

medium sintered glass crucible and the solid washed with DI water. The solid was 

purified by Soxhlet extraction with ethyl ether followed by chromatography on silica 

using 98:2 CHCh/MeOH to give 0.054 g of the purified phthalocyanine 2-I4a (22%) as a 

green solid after removal of solvent in vacuo. R/ = 0.87 (95:5 CHCb/MeOH), UV-Vis 

(CHCI3) 677.7 nm, 'H NMR (CDCI3) 6 7.56-7.18 (50H), 6.72-6.22 (16H), 4.75-3.68 

(48H), Mass Spectral Analysis (MALDI) MI 1923.8157 (Theoretical mass for 

C,2oHn4N80,6= 1923.8426). 

2,3,9,10,16,17,23,24-Octa(Cinnainylo.Yyethoxy)-phthalocyanato Copper (II) 

(2-14b). A 10 ml round bottom flask containing a magnetic stirrer was charged with 5 ml 

of 1-pentanol, substituted phthalonitrile 2-32 (0.50 g, 1.0 mmoles), copper (II) bromide 

(0.058 g, 0.25 mmoles) and DBU (0.16 g, 1.0 mmoles) was heated to reflux for 25 hours. 

The solid was vacuum filtered through a medium sintered glass crucible and the solid 

washed with DI water. The solid was purified by Soxhlet extraction with ethyl ether 

followed by chromatography on silica using 98:2 CHCh/MeOH to yield 0.21 g of the 

purified phthalocyanine 2-14b (42%) as a green solid after removal of solvent in vacuo. 
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R/ = 0.87 (95:5 CHCb/MeOH), UV-Vis (CHCI3) 677.7 nm, Mass Spectral Analysis 

(MALDI) MI 1984.2376 (Theoretical mass forCi2oHii2N80i6Cu= 1984.2683). 

2.3.5 Synthesis of the Tri-Alkoxy-Styrylethoxy Arm Components: 

3,4,5-Tris-pentyloxy-benzoic acid methyl ester (6-2). A solution of gallic acid 

methyl ester 6-1 (5.00 g, 27.2 mmoles), pentyl bromide (Aldrich) (20.5 g, 136.0 mmoles), 

KJ (0.1 g, catalytic) and anhydrous K2CO3 (22.5 g, 163.2 mmoles) in 150 mL of 

acetonitrile was reflu.xed for 48 hours and then partitioned between 100 mL DI water and 

150 mL ethyl ether. The organic layer was dried over MgS04, gravity filtered and the 

organic solvent was removed in vacuo. The desired triether 6-2 was collected (10.51 g 

98%) as the pure, clear oil upon removal of solvent: R/ = 0.88 (80:20 Hex/EtOAc), IR 

(KJBr) 1720.7 cm"', 'H NMR (CDCI3) 5 7.30-7.21 (s, 2H), 4.15-4.00 (m, 6H), 3.92-3.86 

(s, 3H), 1.91-1.73 (m, 6H), 1.56-1.28 (m, 12H), 1.08-0.88 (m, 9H) NMR (CDCI3) 5 

166.9, 152.8, 142.3, 124.6, 107.9, 73.4, 69.1, 52.1, 29.9, 28.9, 28.2, 28.1, 22.5, 22.4, 

14.04, 13.98 Mass Spectral Analysis (FAB+) MI 395.6 (Theoretical mass for C23H39O5 = 

395.3). 

3,4,5-Tris-pentyloxy-benzyI alcohol (6-3). A solution of 3,4,5-Tris-pentyloxy-benzoic 

acid methyl ester (6-2) (10.5g, 26.6 mmoles) in 50 mL of anhydrous ether was added by 

addition funnel to a suspension of LAH (1.0 g, 26.6 mmoles) in 100 mL of anhydrous 

ether. This mixture was allowed to stir overnight under argon. The mixture was then 

quenched by dripping in a 1:1 mix of ether/methanol, until the bubbling stopped. The 



90 

reaction was then added to 100 mL of 10% HCl and stirred for 5 minutes. The aqueous 

layer was extracted and washed with two 50 mL portions of ethyl ether. The combined 

organic fractions were then washed with 50 mL of saturated. The organic layer was then 

dried over MgS04, gravity filtered and the organic solvent was removed in vacuo. The 

resulting pure white solid yield 9.68 g (99% yield): mp = 51-53 °C. R/ = 0.41 (80:20 

Hex/EtOAc), IR (KBr) 3312.2 cm"', 'H NMR (CDClj) 5 6.60-6.50 (s, 2H), 4.62-4.53 (s, 

2H), 4.05-3.86 (m, 6H). 1.88-1.61 (m, 7H), 1.52-1.28 (m, 12H), 0.98-0.88 (m, 9H) '^C 

NMR (CDCh) 5 153.2, 137.5, 136.0, 105.3, 73.4, 69.1, 65.6, 29.9, 29.1, 28.2, 22.5, 22.4, 

14.0. Mass Spectral Analysis (FAB-f-) MI 367.5 (Theoretical mass forC::H3904 = 367.3). 

3,4,5-Tris-pentyloxy-benzaldehyde (6-4). Following a method suggested by Dr. 

McGrath's Group. A solution of 3,4,5-Tris-pentyloxy-benzyl alcohol (6-3) (lO.Og, 27.3 

mmoles), Bobbitt's Reagent^'^ (9.0g, 27.3 mmoles) and silica gel (2.50g) was stirred in 

250 mL of CH2CI2. This mixture was allowed to stir 4 hours under argon. The mixture 

was gravity filtered to remove most of the silica and spent Bobbitt's Reagent. The 

solvent was removed in vacuo, and the resulting oil was filtered through a 5 cm plug of 

silica using CH2CI2. The organic solvent was removed in vacuo, to yield 9.21 g (93% 

yield) of the desired aldehyde as a clear oil : R/ = 0.71 (80:20 Hex/EtOAc), IR (KBr) 

1697.6 cm-', 'H NMR (CDCI3) 5 9.80 (s, IH), 7.10-7.00 (s, 2H), 4.11-3.92 (m, 6H), 1.92-

1.62 (m, 6H), 1.53-1.27 (m, 12H), 0.99-0.88 (m, 9H) '^C NMR (CDCI3) 6 191.2, 153.5, 

136.0, 143.8, 131.4, 107.8, 73.5. 69.2, 29.9, 28.9, 28.2, 28.1, 22.45, 22.36, 13.9, Mass 

Spectral Analysis (GC-MS) MI 364 (Theoretical mass for C22H36O4 = 364). 
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3,4,5-Tris-pentyloxy-benzyl bromide (6-7). A solution of 3,4,5-Tris-pentyloxy-benzyl 

alcohol (6-3) (5.00 g, 14.0 mmoles), PBr3 (3.8 g, 14.0 mmoles), LiBr (30 g) and 

anhydrous K2CO3 (30 g) in 150 mL of dry THF was refluxed for 24 hours and then 

partitioned between 100 mL DI water and 150 mL ethyl ether. The aqueous layer was 

extracted 2x (50 mL) with ether. The organic layer was washed with 100 mL Dl water 

and dried over MgSOa, gravity filtered and the organic solvent was removed in vacuo. 

The desired bromide 6-72 was collected (5.53 g, 94%) as the pure, clear oil upon removal 

of solvent: R/ = 0.88 (80:20 Hex/EtOAc), IR (KBr) 1720.7 cm"'. 'H NMR (CDCI3) 5 

6.62-6.53 (s. 2H), 4.48-4.37 (s. 2H), 4.05-3.87 (m, 6H), 1.91-1.67 (m, 6H), 1.56-1.28 (m, 

12H), 1.08-0.88 (m, 9H) '^C NMR (CDCI3) 5 153.1, 138.2, 132.5, 107.3, 73.3, 69.0, 34.6, 

30.0, 29.0, 28.2, 22.5, 22.4, 14.03, 13.97. 

3,4,5-Tri-methoxy-phenyl bromide (6-11). 3,4,5-Tri-methoxy-aniline (6-10) (lO.Og, 

54.6 mmoles, Aldrich) was dissolved with gentle heating in 40 mL DI water with 6 mL 

H2SO4. Once dissolved, the solution was cooled to 5 °C and a solution of 8 mL DI water 

and NaN02 (3.8g, 54.6 mmoles) was slowly added. This mixture was allowed to stir for 

10 minutes, and then carefully added to a refluxing solution of CuBr. The CuBr solution 

was made by refluxing 3.48g of CUSO4 (0.4 eq.), 1.12g of Cu° (0.32 eq.), 8.42g NaBr 

(1.5 eq.) and 7 drops of H2SO4 in 150 mL DI water for 3 hours under argon (oxygen 

sensitive). The mixture was refluxed for 30 minutes then cooled to room temperature in a 

water bath. The reaction was extracted with 200 mL ether. The aqueous layer was 

extracted and washed with three 100 mL portions of ether. The combined organic 
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fractions were then washed 2x with 50 mL of 5% NaOH. The organic layer was washed 

2x with 50 mL DI water, dried over MgS04, gravity filtered and the organic solvent was 

removed in vacuo. The resulting solid was purified by flash chromatography on silica 

using 1:1 hexanes\ether. The solvent was removed in vacuo, to yield 10.51 g (78% 

yield): R/ = 0.45 (80:20 Hex/EtOAc), 'H NMR (CDCI3) 5 6.71-6.67 (s, 2H). 3.87-3.81 (s. 

6H), 3.80-3.77 (s, 3H), '^C NMR (CDCI3) 5 153.8, 137.3, 116.1, 108.9, 60.8, 56.3, Mass 

Spectral Analysis (GC-MS) MI 246 (Theoretical mass for CgHnOjBr = 246). 

3.4.5-Tris-pentyloxy-phenyl bromide (6-12). A solution of 3,4.5-Tri-hydroxy-phenyl 

bromide 6-17 (1.8 g, 8.8 mmoles), pentyl bromide (Aldrich) (8.0 g, 52.7 mmoles) and 

anhydrous KiCO} (6.8 g, 88.0 mmoles) in 150 mL of acetone were refluxed for 48 hours 

and then partitioned between 100 mL DI water and 200 mL ethyl ether. The organic 

layer was extracted with 100 mL DI water, dried over MgS04. gravity filtered and the 

organic solvent was removed in vacuo. The dark oil was purified by flash 

chromatography on basic alumina using pentane. The desired triether 6-12 was collected 

(2.88 g 79%) as the pure, clear oil upon removal of solvent: R/ = 0.98 (80:20 

Hex/EtOAc), 'H NMR (CDCI3) 5 6.68-6.63 (s, 2H), 3.96-3.84 (m, 6H), 1.85-1.63 (m, 

6H), 1.55-1.23 (m, 12H), 0.98-0.85 (m, 9H) '^C NMR (CDCI3) 5 153.7, 137.3, 115.5, 

110.0, 73.3, 69.2, 29.9, 28.9, 28.1, 22.5, 22.4, 14.02, 13.96 Mass Spectral Analysis 

(FAB+) MI 414.3 (Theoretical mass for C2iH3503Br = 414.3). 



93 

3,4,5-Tri-inethoxy-phenyl iodide (6-16). 3,4,5-Tri-methoxy-aniline (6-10) (lO.Og, 54.6 

mmoles, Aldrich) was dissolved with gentle heating in 40 mL DI water with 6 mL 

H2SO4. Once dissolved, the solution was cooled to 5 °C and a solution of 8 mL DI water 

and NaN02 (3.8g, 54.6 mmoles) was slowly added. This mixture was allowed to stir for 

10 minutes, and then carefully added to a reflu.\ing solution of KI (5 eq.). The mixture 

was refluxed for 30 minutes then cooled to room temperature in a water bath. The 

reaction was extracted with 200 mL ether. The aqueous layer was extracted and washed 

with three 100 mL portions of ether. The combined organic fractions were then washed 

2x with 50 mL of 5% NaOH. The organic layer was washed 2x with 50 mL DI water, 

dried over MgS04, gravity filtered and the organic solvent was removed in vacuo. The 

resulting solid was purified by flash chromatography on silica using 1:1 hexanes\ether. 

The solvent was removed in vacuo, to yield 11.51 g (72% yield) of the desired triether (6-

14): Kf = 0.45 (80:20 Hex/EtOAc), 'H NMR (CDCI3) 6 6.92-6.88 (s, 2H), 3.86-3.84 (s, 

6H), 3.82-3.80 (s. 3H), '^C NMR (CDCI3) 5 153.9, 138.2, 114.9, 86.1, 60.8, 56.3, Mass 

Spectral Analysis (FAB+) MI 294.0 (Theoretical mass for C9H11O3I = 294.0). 

3,4,5-Tris-pentyloxy-phenyl iodide (6-16). A solution of 3,4,5-Tri-hydroxy-phenyl 

iodide (2.2 g, 8.8 mmoles), pentyl bromide (Aldrich) (8.0 g, 52.7 mmoles) and anhydrous 

K2CO3 (6.8 g, 88.0 mmoles) in 150 mL of acetone were refluxed for 48 hours and then 

partitioned between 100 mL DI water and 200 mL ethyl ether. The organic layer was 

extracted with 100 mL DI water, dried over MgS04, gravity filtered and the organic 

solvent was removed in vacuo. The clear oil was purified by flash chromatography on 
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basic alumina using pentane. The desired triether 6-16 was collected (2.67 g 68%) as the 

pure, clear oil upon removal of solvent: R/ = 0.96 (80:20 Hex/EtOAc). 'H NMR (CDCI3)  

5 6.88-6.81 (s, 2H), 3.96-3.84 (m, 6H), 1.87-1.62 (m, 6H). 1.56-1.23 (m, 12H), 0.99-0.85 

(m,9H) NMR(CDCl3) 5 153.9. 138.4. 116.2. 85.6, 73.3. 69.3,31.6, 29.9,28.1.22.5, 

22.4, 14.0, Mass Spectral Analysis (GC-MS) MI 463 (Theoretical mass for C21H35O3I =  

463). 

3,4,5-Tri-hydroxy-phenyl bromide (6-17). A solution of 3.4,5-Tri-metho.xy-phenyl 

bromide (6-11) (2.0g, 8.1 mmoles) in 40 mL of dry CH2CI2 was added by addition flinnel 

to a solution of BBr3 (2.3 mL, 24.3 mmoles) in 20 mL of dry CH2CI2. This mixture was 

reflu.xed for 48 hours under argon. The mixture was then quenched by dripping in a 100 

mL DI water and stirring for 1 hour. The aqueous layer was e.xtracted and washed with 

two 100 mL portions of ethyl ether. The organic layer was then dried over MgSOa, 

gravity filtered and the organic solvent was removed in vacuo. The resulting solid was 

dissolved in CHCI3 and filtered to remove the boron salts. The solvent was removed in 

vacuo, and the resulting solid yielded 2.8 Ig (85% yield) of the desired tri-hydroxy phenyl 

bromide (6-17). The tri-hydroxy phenyl halides are air and light sensitive, so they were 

used as soon as purified. R/ = 0.11 (80:20 Hex/EtOAc), 'H NMR (CDCI3) 5 8.30-8.18 

(broad. 2H), 7.58-7.46 (broad, IH), 6.58-6.52 (s, 2H), '^C NMR (CDCI3) 6 147.6, 133.3, 

111.2, 111.0. 
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Experimental Procedure for Wittig Synthesis of 3,4,5-Tri-alkoxy-styr>iethanol (6-6). 

The TBDMS protected 3-bromo-propanol (0.65 g, 2.5 mmoles), was refluxed with 

trimethyl phosphite (1 eq., Aldrich) for 24 hours. The reaction mixture was then added to 

50 mL of THF that contained potassium t-butoxide (0.32g, 2.8 mmoles). This was 

allowed to stir for 10 minutes and tri-metho.xy benzaldehyde (8.0 g, 52.7 mmoles, 

Aldrich) was added and the reaction was stirred overnight under argon. The reaction was 

partitioned between 100 mL DI water and 200 mL ethyl ether. The organic layer was 

extracted with 100 mL saturated NaHCO], dried over MgS04, gravity filtered and the 

organic solvent was removed in vacuo. The crude oil (0.72g, 81%) was then examined 

by proton NMR (Figure A.34) to determine the trans to cis ratio (70:30). This ratio was 

determined by the ratio of the P proton integrations for the trans (56.2-6.0) to the cis 

(55.8-5.5) compounds. This set of protons shows the most significant difference in 

resonance (the a protons differ by only 0.05 ppm) and the phenyl protons do not shift at 

all (the aromatic peak at -7 ppm is the starting aldehyde). It should also be noted that the 

peaks around 5 ppm is due to terminal alkene formed by base elimination of the excess 

alkyl bromide starting material. 

Procedure for Iodine Isomerization of 3,4,5-Tri-alkoxy-styryletlianol (6-6). The 

cis/trans mixture of TBDMS protected tri-methoxy styrylethanol (6-18) (0.72 g, 2.0 

mmoles), was reflu.xed overnight in 50 mL of I: saturated hexanes. The I2 saturated 

hexanes was prepared by adding I2 slowly to refluxing hexanes, until a small amount of 

un-dissolved solid was observed. The reaction was washed with 100 mL DI water (2x) 
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and dried over MgS04. The solvent was removed in vacuo, and the trans isomer (Figure 

A.35) was isolated (0.68g, 98%). 

t-Butyldimeth\isilylo\y-3-butene (6-20). A solution of 3-butenol (5.00g, 69.3 mmoles, 

Aldrich), t-butyldimethylsilyl chloride (12.5g, 83.2 mmoles) and triethyl amine (15 mL, 

1.5 eq.) was stirred for 2 days in 70 mL of THF. The reaction was partitioned between 

100 mL ethyl ether and 100 mL DI water. The organic layer was washed with 50 mL DI 

water, dried over MgS04 and gravity filtered. The solvent was removed in vacuo, and 

the resulting liquid was vacuum distilled. The desired compound 6-20 was collected as a 

clear liquid at 54 °C and 2 Torr pressure (8.82g, 68%): R/ = 0.92 (80:20 Hex/EtOAc), 'H 

NMR (CDCb) 5 5.92-5.68 (m, IH), 5.11-4.94 (m, 2H), 3.69-3.57 (t, 6H, J=7.9 Hz), 2.32-

2.18 (q, 2H, J=7.9 Hz). 0.92-0.83 (s, 9H), 0.06-0.01 (s, 6H) '^C NMR (CDCI3) 5 135.4, 

116.3,62.8,37.5,25.9, 25.6, -5.3. 

TBDMS Protected 3,4,5-Tripentyloxy Styryl Ethanol (6-21). 3,4,5-Tri-

pentyloxyphenyl iodide (6-16) (0.5g, 1.7 mmoles), TBDMS protected butene 6-20 

(0.32g, 1.7 mmoles) and Palladium (II) Acetate (0.004g) was heated to 100 °C for 24 

hours in 3 mL of degassed tripropyl amine (using argon). The reaction was cooled to 

room temperature and partitioned between 50 mL DI water and 50 mL ethyl ether. The 

organic layer was washed with 5% HCI (50 mL), DI water (50 mL) and dried over 

MgS04. The reaction was filtered and the solvent removed in vacuo to yield a clear 

liquid (0.59g, 67%): R/ = 0.87 (80:20 Hex/EtOAc), 'H NMR (CDCI3) 6 6.62-5.98 (m, 
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4H), 3.91-3.42 (m, lOH), 1.89-0.77 (m, 36H), 0.77-(-0.38) (s, 6H), '^C NMR (CDCI3)  6 

153.1, 137.5, 133.0, 130.0, 129.4, 104.5, 73.3, 69.0, 67.8, 32.3, 30.3, 30.2. 29.9, 29.2, 

29.1, 28.2, 25.9, 25.5. 22.5, 22.4, 18.2, 14.0, -5.4, Mass Spectral Analysis (FAB+ MS) 

MI 520.9 (Theoretical mass for C3iH5604Si = 520.4). 

Experimental Procedure for Grignard Synthesis of 3,4,5-Tri-alkoxy-phenyM-

hydroxy butanol (6-5). The TBDMS protected 3-bromo-propanol (l.OOg, 4.0 mmoles) 

was suspended in 20 mL of anhydrous ethyl ether containing Mg° (1.2 eq.). This was 

heated to reflux and 2 drops of 1,2-dibromoethane was added to initiate the Grignard 

formation. The reaction was reflu.xed for 2 hours and 3,4,5-tripentyloxy benzaldehyde 

(6-4) (1.6g, 4.4 mmoles) was added. The reaction was allowed to cool to 25 °C and stir 

for an additional 2 hours. The reaction was partioned between 100 mL of ethyl ether and 

100 mL of saturated NH4CI solution. The aqueous layer was washed with 50 mL ethyl 

ether. The combined organic fractions were washed with 50 mL DI water, 50 mL brine 

and dried over MgS04. The solution was filtered and the solvent removed in vacuo, to 

yield a clear oil. TLC (80:20 Hexanes/EtOAc) and NMR on the crude product showed a 

complicated mixture of products. The mixture contained some of the desired alcohol (6-

5), however, there was unreacted starting material and a side product caused by the attack 

of the Grignard salt on the para alkoxy of the aldehyde using a SnAR mechanism.-
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2.4 Langmuir Blodgett Techniques and Film Transfer 

Overview of Lanemuir-Blodgett Experiment: 

Langmuir isotherms (Figure 2.8) measure the surface pressure (n) versus the area per 

Pressure vs Area Plot ^ Molecules 
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Figure 2.8: Description of Langmuir 

techniques for film and fiber 

formation (Not to Scale). Pressure vs 

area plot (upper left) for cobalt 

benzyloxy Pc; the lettered regions on 

the plot correspond to the 

appropriately lettered graphic for 

elaboration. 

molecule (A). The Langmuir apparatus consists of a teflon trough containing water with 

two movable barriers and a balance to measure surface tension (Figure 2.8A). The 
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movable barriers allow direct control of the surface area and by moving the barriers 

together; the molecules floating on the surface are compressed together. The experiment 

is performed by depositing a solution of Pc dissolved in CHCI3 on the surface of the 

trough and allowing the solvent to evaporate yielding small aggregates of Pc floating on 

the water surface (Figure 2.8B). The barriers are then brought together; decreasing the 

surface area and forcing the Pc's to order on the water surface, causing a rise in surface 

pressure at 110 A'/moIecule (Figure 2.8C). In region D the molecules have been forced 

into contact with each other and are gradually being forced into a monolayer of rods 

parallel to the barriers (Figure 2.8D). Once the molecules begin to be compressed, the 71-

t: interactions begin to assemble the Pc molecules in a face to face arrangement which 

orders them into rod-like structures. If the surface area is decreased further the 

monolayer begins to "ripple" and form multiple layers and eventually fiber like structures 

(Figure 2.8E). This technique is used to determine if the molecule is capable of forming 

well-behaved monolayers and subsequently it is then used to form monolayers (or 

bilayers in the case of the benzyoxyethoxy Pc's), which can then be transferred to solid 

supports for photolysis experiments. Monolayers are transferred from the trough at the 

point depicted in Region D of the k VS. area curve and the transfer is performed by the 

horizontal lifting (Schaefer) transfer methods-'^. The Schaefer method'^- uses a 

mechanical arm assembly, which slowly lowers a hydrophobized substrate (Quartz, ITO, 

etc that has been sonicated in a THF solution of diphenyltetramethyl disilane) until it 

contacts and pushes through the Pc monolayer film. The mechanical arm assembly is 

then retracted, excess water is removed and another monolayer is added by repeating the 
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procedure, until the desired number of layers is transferred. Fibers are transferred from 

the LB trough while in the FIBERS Region of the n-A plot and they are transferred by 

either horizontal dipping or by mechanically lifting them from the surface on a glass 

slide. 

Langmuir Blodgett Materials and Techniques 

Langmuir-Blodgett films were prepared on a Riegler & Kerstein RK3 LB trough. 

The trough is equipped with a Whilhemy balance (WSl) mounted in the center of the LB 

trough. The water sub-phase was purified using a Millipore Milli-Q system. Prior to 

film formation, the instrument was prepared by fully expanding the barriers and zeroing 

the balance. The films were prepared by applying 100 jiL of a 1 mM solution of Pc in 

chloroform to the surface of the water sub-phase and allowing the chloroform to 

evaporate for 15 minutes. The barriers were then slowly compressed at a speed of 29.6 

cm'/s to a predetermined set pressure that has been determined to contain monolayers 

(Figure 2.8D), or bilayers (if appropriate), or fibers. 

Film Transfers: The monolayers were transferred using a Schaefer transfer method. 

The transfer device drove the desired hydrophobized (l,3-diphenyl-l,l,3,3-

tetramethyldisilazane treated) substrate into the baffled'^® Pc film at a rate of 0.15 cm/s, 

paused at the surface for 10 s and then was retracted at a speed of 0.01 cm/s. This 

transfer was repeated in a fresh baffle until the desired number of transfers was obtained. 

The films were then dried with dry nitrogen and annealed at 120 °C in a vacuum oven for 

2 hours. 
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Fiber Transfer: Fibers were collected by compressing the barriers until they are 

approximately 1 cm apart, the barriers are then opened and the fibers were collected from 

the surface on a glass or quartz substrate.--^'--• 

2.5 POLARIZED OPTICAL MICROSCOPY (POM) 

Microscopy experiments on the various fiber, thin films and solution cast films of 

Pc's (2-12a - 2-12d, 2-16a, 2-16b) were viewed using a Nikon Eclipse ME600 

microscope outfitted with crossed polarizing lenses to test for any liquid crystalline 

properties of the materials. Images were captured through a camera port using a Nikon 

E950 digital camera. In order to test for birefringence, a sample is placed between two 

polarizers that are aligned at a 90° angle to each other. If the sample is either an isotropic 

liquid or disordered crystalline material the sample will not pass light, however an 

anisotropic ordered region in the material does exhibit light (birefringence). 

Birefringence is a term that describes the double refraction that occurs in certain ordered 

materials that are anisotropic. When polarized light enters a birefringent material it 

interacts with the two different (anisotropic) crystallographic axes and the light is broken 

up into two orthogonal components (the ordinary ray and a slower one called the 

extraordinary ray). The two light components get out of phase because they travel at 

different velocities. When the components are recombined as they exit the birefringent 

material, the angle of polarization has changed because of this phase difference, causing 

the second polarizer to be misaligned (no longer crossed). Since the polarizers are no 

longer crossed, the sample will exhibit light of various colors and intensities. The mere 
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presence of light does not guarantee liquid crystallinity, the sample has to be heated and 

the amount of birefringence must increase to indicate an LC mesophase. The experiment 

measures the presence of birefringence vs. temperamre as the samples are heated from 25 

°C - 300 "C to determine the temperature range of liquid crystal behavior. The samples 

were contained within a hot stage assembly and the heating cycle was performed in an air 

atmosphere. The experiment was performed with the microscope in EPI mode (from the 

top) and the samples were supported on a glass slide cover. Initial images were recorded 

under normal light and then the same area of sample was recorded under cross-polarized 

light. The birefringence was documented by recording the images using a digital camera 

and transferred directly as a JPEG file to a computer. The images were captured at 200x 

magnification and regions were enlarged digitally (MS Photo Editor''^) to 300x 

magnification by e.xpanding to 150%. 

2.6 DIFFERENTIAL SCAiNNING CALORIMETRY 

Differential scanning calorimetry (DSC) was performed on several Pc samples using 

a TA Instruments Model DSC 2920 Modulated DSC. Samples were prepared by 

weighing 1 - 3 mg of a solid sample of the Pc into a aluminum DSC pan, which was then 

crimped shut. The sample pan was placed in the instrument and the DSC was run using 

the obrienpc.mth set of parameters (described below). The DSC chamber was purged 

with a 20 mL/min flow of nitrogen during the recording process. The sample was cooled 

to -40 °C and was warmed to 225 °C at the rate of 5 °C/min. The sample was then 

cooled to 25 °C and then heated to 325 °C at a rate of 10 °C/min, to determine if any 

peaks were reversible. 
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2.7 PHOTOLYSIS OF PHTHALOCYANINE ARR.\YS 

Photolysis experiments were performed on solution cast films, fibers and thin films of 

various alkoxy Pc's (2-12 - 2-15). Photolysis experiments also included fibers, 14 and 

28 monolayer films, by preparing the appropriate assembly as described in section 2-4. 

The quartz slide containing the Pc assembly was then dried in a vacuum oven (125 °C) 

and the sample was photolyzed using a 255 nm band pass filter under a nitrogen 

atmosphere and a low-pressure mercury lamp at a distance of 2 cm. The loss of styrene 

monomer (at 255 nm), which correlates to the extent of polymerization, was monitored 

by UV spectroscopy. The conversion of monomer was determined by removing the 

quartz slide from the photolysis apparatus and measuring the absorbance at 255 nm. The 

photolyzed films were then dissolved from the quartz slide into a 1:1 CHCh/benzene 

solution with sonication. The resulting solution was then dried, redissolved in 250 mL of 

CHCh/benzene solution and divided in half for MALDl and AFM analysis. 

2.5 MALDI-TOF EXPERIMENTS ON PHOTOLYZED MATERIALS 

The MALDI data was obtained using a Bruker Reflex III mass spectrophotometer 

using a matrix of either 3-hydroxy picolinic acid or 3,5-dihydro.xy benzoic acid; in 

addition data was also collected without matrix by direct excitation of the phthalocyanine 

system at 337 nm using light from the instrument's laser. The sample was run in a 

solution of a 1:1 CHCls/benzene. 
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2.9 ATOMIC FORCE MICROSCOPY 

Atomic force microscopy (AFM) images were obtained by Rebecca Zangmeister. 

Images were recorded on a Nanoscope III system using a silicon nitride tip in tapping 

mode with the sample on HOPG and immersed in Millipore Milli-Q water. 

2.10 FAILED EXPERIMENTAL METHODOLIGIES 

Upon reading the last several sections, one might think that all synthesis is wine 

and roses, however quite a deal of time was invested in a few synthetic dead-ends. One 

area that was investigated was a methodology to directly convert the benzyloxyethoxy 

phthalic acid dimethyl ester (2-7) directly to the corresponding phthalamide (2-10), to 

increase the efficiency of this method and to avoid some synthetic challenges due to 

solubility problems on the phthalimide to phthalamide synthetic step. The initial attempts 

involved substitution of the metho.xy functionality by ammonia to yield the primary 

amide. This was carried out by condensing gaseous ammonia into a solution of the 

diester compound; several solvents were tried including THF, MeOH. isopropanol and 

benzene. Under these reaction conditions the desired product was observed by TLC, 

however the reaction rate was extremely slow (i.e. one week to see product in NMR). 

Three strategies to increase this rate were examined. The first was heating, but the 

reaction could only be heated to 35 °C or cyclization of the phthalamide to the 

phthalimide is the dominant result. The second strategy was to catalyze the substitution 
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reaction using NaCN, however this did not increase the rate appreciably due to 

deactivation of the ester carbonyl to nucleophilic attack by the para electron donating 

alkoxy groups. The third approach involved dissolving the ester directly in liquid 

ammonia, this however was unsuccessful 

^OTMS TMSO,.^^CN 
II J \ jl insolubility of the compound in 

<^^OTMS TMSC^^^CN 
CN 

ammonia. In a final effort to directly 
Figure 2.9: Diels-Alder reaction 

between acetylene dinitrile and the convert the ester to an amide a variety of 
TMS butadiene to yield the dicyano-

hexadiene aluminum amide reagents---"--"' were 

attempted with mixed results. The aluminum amide reagent is capable of converting the 

ester to the amide and if excess amide reagent is available it can convert the phthalamide 

to the phthalonitrile directly. This reaction was tried multiple times and the phthalamide 

could be prepared (as seen on TLC comparison with pure product), however attempts to 

isolate the compound from the resulting aluminum salts upon work up were unsuccessful. 

This method also appeared to produce aluminum (III) mono-chloro Pc upon heating as 

determined by UV-Vis and mass spectral analysis. This indicates formation of 

phthalonitrile or possible the corresponding isoindole-l,3-diylidenediamine compounds. 

A direct approach to the phthalonitrile using a Diels-Alder reaction was attempted 

utilizing acetylene dinitrile as the dienophile, with the goal of forming dicyano hexadiene 

instead of the diester compound (Figure 2-9). The synthesis of acetylene dinitrile 

involves the dehydration of the dicarboxyamide of acetylene using a P2O5 melt under 

vacuum with collection of the acetylene dinitrile by sublimation. This method was 

followed with limited success ( 5% yields) and 0.15 g of the material was isolated. Two 
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attempts at reacting the acetylene dinitrile with the TMS butadiene in benzene at 0 C 

were unsuccessful due to an explosive release of gas and destruction of the reaction 

products. The explosive release of gas is most likely the spontaneous aromatization of 

the resulting hexadiene to yield the phthalonitrile, however upon work up of the reaction 

mixture no sign of a Diels-Alder adduct or the desired aromatized compound was 

detected. This method was abandoned due to the reported explosive nature of the 

acetylene dinitrile compound. 
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CHAPTERS 

2,3»9,10,16,17,23,24-Octa(2-BenzyIoxyethoxy)- Phthalocyanine 

3.1. Overview of compounds 

This chapter examines the physical and spectroscopic properties of a series of metal 

^0 

Figure 3.1: Structure ofbenzyloxyethoxy phthalocyanine. The central atom, denoted 

as M is 2H atoms (2-l2a), Cu (2-12b), Co (2-12c) or Rh (2-12d). 
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*^x:-v2 

centered and metal free 2,3,9,10,16,17,23,24-octa(2-benzyloxyethoxy)-phthalocyanines 

(Figure 3.1). The previous work from the Armstrong 

and O'Brien research groups demonstrated the unusual 

mechanical stability of Langmuir-Blodgett (LB) films of 

the copper centered and metal free analogues of the 

benzyloxyethoxy Pc (2-12a and 2-12b).--^ X-ray 

^xz.vz studies performed on films of 2-l2a and 2-12b showed 

that molecules were arranged in a columnar discotic 

assembly with long range ordering of the materials 
Figure 3.2: Crystal field 

diagram for a d metal in a along the z-axis of the Pc molecule. This assembly 
square planar complex 

resembles a molecular scale wire, with a metallic core 

surrounded by an insulating organic layer, however, 

measurements showed low conductivities.'^2 Utilizing 

crystal field theory considerations and electron counting 

techniques, a copper (11) metal centered Pc complex 

adopts a square planar geometry', resulting in the typical 

d^ orbital splitting pattern (Figure 3.2).--^ From this data 

it would follow that the electron most available for 

interaction (donor/acceptor chemistry) within the Pc 

^x2-v2 

4f d. 
XZ.VZ 

dxv 

Figure 3.3: Crystal field 

diagram for a d^ metal in a 

square planar complex 

array would reside in the dx2-y2 orbital. This puts the 

electron in the x-y plane, which is the plane of the Pc macrocycle and is orthogonal to the 

neighboring metal atoms. Crystal field splitting would predict that a d^ metal would 
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provide a lone electron in the dz: orbital, which is pointing along the z-axis, interacting 

directly with the metal in the molecule above and below (Figure 3.3). Based on this 

hypothesis, two additional d^ analogues (Co*" and Rh*') of the benzyloxyetho.\y Pc were 

synthesized in an effort to increase the interactions between the metals while arranged in 

the columnar assembly. This chapter will discuss the spectroscopic properties, 

Langmuir-Blodgett studies, polarized optical microscopy (POM), and DSC behavior for 

the series of benzyloxyethoxy Pc's. 

3.2 UV-Visible Spectroscopy of Benzyloxyethoxy Pc 

One of the driving forces that led to the commercialization of Pc's seventy years 

ago was their UV-visible spectral characteristics, which makes them superb dyes. Figure 

3.4 shows the CHCb solution spectra for the metal free, Cu'% Co*" and Rh*" Pc's. The 

metal centered Benzyloxyethoxy Pc's exhibits a sharp peak (Q band) around 670 nm, this 

single peak is due to an e.xcitation from the ground state (Aig) to an excited singlet state 

(Eu). The metal free Pc exhibits a splitting of the Q band into two non-degenerate peaks, 

because of the reduced molecular symmetry (D^h) compared the metallated Pc having 

four-fold (Dah) symmetry.227-229 ^ second allowable jT to ti* transition (a2u to eg) is seen 

around 340 nm (B band) and typically is of lesser intensity than the Q band. Additional 

bands are sometimes present in specific Pc's, however; these bands arise from Pc to 

metal or metal to Pc charge transfer bands. The benzylo.xyetho.xy Pc's e.xhibit a tendency 

to aggregate in solution once the concentration reaches 10"* M, due to the arene-arene 

interactions of the Pc macrocycles. The Q band of a Pc's visible spectra can be used to 

determine if the Pc is aggregating in solution: if it exhibits broadening and a decrease in 
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Figure 3.4: UV-Visible spectra for CHCI3 solutions of Benzj'loxyethoxy Pc's: 

metal free (5.8 x 10"' M) (A), Cu'" (1.2 x lO"' M) (B), Co*' (2.6 x 10"' M) (C) and 

Rh*-(1.0x 10"^ M)(D). 
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intensity of the peak with a corresponding blue shift of the >v.n,ax- Accompanying this 

decrease of the Q band, there is an increase in the intensity of the -600 nm peak: this 

p e a k  b e h a v i o r  i s  c a u s e d  b y  e x c i t o n  c o u p l i n g  b e U v e e n  a g g r e g a t e d  P c  m o l e c u l e s . I t  i s  

possible to measure the relative extent of aggregation of the different benzyloxyethoxy Pc 

compounds by comparing the log of the ratio of the aggregation band at 600 nm to the Q 

band (log (600nm Abs/Q band Abs)) as a function of concentration. A more rigorous 

version of this method has been used to report aggregation values for both the copper and 

metal-free benzyloxyetho.xy Pc's.^^-'^' This simplified plot allows the estimation of 

aggregation tendency, since the slope of the trend line directly correlates to the extent of 

solution aggregation. The larger the slope the greater degree of solution aggregation 

exhibited by the Pc. Previous work has demonstrated that the copper benzyloxy Pc (2-

12B) has a greater degree of aggregation than the metal-free analogue (2-12A). A 

comparison of the series of metallated Pc's was performed (Figure 3.5) to determine the 

relative degree of aggregation for the benzylo.xyethoxy Pc's. The largest slope (1503) 

was obtained for the cobalt Pc 2-12C, followed by the copper Pc 2-12B (1316). The 

rhodium Pc 2-12D exhibited a slightly negative slope (-8), indicating that the compound 

does not tend to aggregate in solution, this agrees with the pressure-area isotherm data to 

be discussed in the next section. 
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Figure 3.5: Plot of the Log of absorbance of 600nm peak to Q-band versus 

concentration to determine relative degrees of solution aggregation. The slope of 

the line correlates to the amount of solution aggregation, with the larger slope 

indicating a higher degree of solution aggregation. The slopes of the lines are 

1316 for the Cu Pc, 1503 for the Co Pc and -8 for the Rh Pc. 

Based on this information it is possible to rank the solution aggregation tendencies for the 

series of benzyloxyetho.xy Pc's as Co Pc > Cu Pc > Metal-Free Pc » Rh Pc. 

3.3 Langmuir Isotherm Behavior of Benzyloxyethoxy Pc's 

The pressure/area isotherms (TI-A curves) of the metal free (2-12A) and copper 

benzyloxyethoxy Pc (2-12B) have been reported previously, along with their ability to 

form unusually stable monolayers, bilayers and fibers.-^'^ The pressure/area isotherm 
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Figure 3.6: Pressure/area isotiierms for the cobalt benzyloxyethoxy Pc (2-12C) (Left) 

and for rhodium benzyloxyethoxy Pc (2-12D) (Right). The isotherms show a clear 

monolayer transition (Fli) at an area/molecule of 115 A'/molecule to 125 AVmolecule, 

indicating an edge on orientation of the macrocycles on the LB surface. The LB 

studies showed that the films formed from the above compounds do not form a clear 

bilayer structure as is formed in the copper benzyloxyethoxy Pc. The isotherm for the 

cobalt Pc was collected with Rebecca Zangmeister and the rhodium Pc isotherm was 

collected by Carrie Donley. 
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experiments were recorded for both the cobalt and rhodium Pc to determine if the 

material behaves like the previous materials and forms stable mono-layers, bilayers and 

fibers (Figure 3.6). The cobalt (2-12C) and rhodium Pc's {2-12D) did form stable 

monolayer films (Ri), with a transition (plateau) of between 15 and 25 mN/m, which is 

comparable to the isotherms obtained from the metal free (2-12A) and copper Pc (2-12B). 

One distinct difference with the cobalt and rhodium Pc's isotherm behavior is the lack of 

a clear bilayer (H:) region. The lack of a stable bilayer region may indicate that the 

compression speed for the Langmuir trough may be too fast for the film to properly order. 

This is supported by the findings of Dr. Paul Smolenyak-31 that compression speed had 

an effect on the formation of Langmuir films. With continued compression the cobalt 

and rhodium Pc's did e.xhibit a sharp collapse pressure with formation of stable fiber 

structures on the water surface, which could be mechanically transferred to solid 

supports. The point of collapse for the cobalt and rhodium Pc's occurred at a pressure 

between 60 - 70 mN/m, which is higher than the average collapse pressure for the copper 

(40 mN/m) and the metal free Pc (32 mN/m). The higher collapse pressure of the cobalt 

and rhodium Pc's indicate that the material forms a more rigid film then the previous 

benzyloxyethoxy Pc films. The cobalt Pc monolayer film was stiff enough that it moved 

the Whilhelmy balance of the Langmuir trough. The increased stiffness of the cobalt and 

rhodium Pc's may be caused by a greater interaction between the metal centers of the PC 

macrocycle. which agrees with the increased aggregation tendency observed in the UV-

visible spectra for these compounds. 
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Figure 3.7; Copper Benzyloxyethoxy Pc isotherm (solid line) shows uvo distinct 

transitions forming a mono and bilayer. The rhodium Pc isotherm (dotted line) 

and the cobalt Pc isotherm (dash-dot line) exhibit a clear monolayer but a less 

evident bilayer transition. All of the isotherms have similar area values for the 

first transition and collapse pressure. The copper Pc isotherm was collected by Dr. 

Paul Smolenyak. 
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The area per molecule transition for the formation of the monolayer (Fli) in the metal 

free, copper and cobalt Pc was typically between 115-120 A"/molecule. as determined 

by extrapolating a straight line along the slope of the isotherm transition. If the isotherms 

for the copper, cobalt and rhodium Pc's are plotted on the same graph (Figure 3.7), it is 

apparent that the overall shapes and transitions are similar, indicating that the cobalt and 

rhodium Pc molecules are most likely in an edge on orientation on the water surface, 

similar to the copper and metal free analogues. Preliminary x-ray scattering data 

collected on fibers and multi-layer thin films of the cobalt Pc (2-12C) showed similar 

structural parameters to the corresponding copper Pc (2-12B) assembly, however 

additional studies are planned. 

3.4 Differential Scanning Caiorimetry of Benzyioxyethoxy Pc's 

Differential scanning caiorimetry (DSC) e.xperiments performed on the four 

benzyioxyethoxy Pc compounds 

showed that each compound 

exhibited liquid crystalline 

phase behavior (Table 3.1). The 

metal free Pc (2-12A) exhibited 

two distinct transitions, a strong 

one at 63 °C (Figure 3.8A) that 

was reversible on subsequent 

heating/cooling cycles and a second weaker transition at 97 °C (Figure 3.8B) that was not 

Table 3.1: DSC Studies of Benzyioxyethoxy Pc's 

Compound Metal Temp I 
(=C) 

KJ/Mole Temp 2 
CQ 

KJ/Mole 

2-12 A 2H 63.0 9.1 96.82 3.1 

2-12B Cu 68.1 16.5 NA NA 

2-12C Co 64.8 13.9 NA NA 

2-12D Rh 32.7 2.0 72.45 2.3 
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Figure 3.8: DSC peak data for series of benzyloxyethoxy Pc's. The metal free Pc 

e.xhibits a peak (A) at 63 °C (9.1 KJ/mole) and a peak (B) at 97 °C (3.1 KJ/mole). The 

copper Pc e.xhibits a peak (C) at 68 °C (16.5 KJ/mole). The cobalt Pc has one 

transition (D) at 65 °C (13.9 KJ/mole). The rhodium Pc has two transitions, one (E) at 

33°C (2.0 KJ/mole) and the second one (F) at 72 °C (2.3 KJ/mole). Full DSC plots 

can be found in Appendix E. Scan rates of 5 °/minute were used. 
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detected upon cooling and reheating. When the same sample was re-run under the same 

DSC method a second time, the sample did exhibit the second transition at 97 °C. This 

behavior infers that the transition at 97 °C is reversible; it just exhibits a longer 

reorganization time. The copper Pc (2-12B) showed only one strong endotherm at 68 °C 

(Figure 3.8C), which was reversible upon cooling. The copper Pc exhibited both the 

highest transition temperature and the largest enthalpy of all of the benzyloxyethoxy Pc's. 

The cobalt Pc (2-12C), like the copper analogue, exhibited one strong peak centered at 65 

°C (Figure 3.8D), however the reversibility of this peak was present although at a slower 

rate (more broadened) compared to the copper Pc. The rhodium Pc (2-12D) did exhibit 

two weak transitions in the DSC, with the first at 33 °C (Figure 3.8E) and the second at 

72 °C (Figure 3.8F). Based on polarized optical microscopy data to be discussed in the 

next section, the first transition is most likely a liquid crystalline mesophase, however the 

second transition did not exhibit increased birefringence. Very few literature examples of 

Pc's compounds containing a phenyl group in the alk^l chain have been reported. 

However an example of a phenyl alkoxy compound (phenyl group attached to Pc 

macrocycle) has been prepared and DSC measured.232.233 dsc transition 

temperatures are in the region reported for C8 akoxy phenyl substituted Pc's, with a 

K D transition at 87 °C. This is comparable to the phenyl terminated Pc's average 

value of 70 °C. 
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3.5 Polarized Optical Microscopy of Benzyloxyethoxy Pc's 

Polarized optical microscopy (POM) is a complimentary technique to DSC for 

determining liquid crystallinity by evaluating the amount of birefringence in a sample as 

a function of temperature. The liquid crystallinity properties of the metal free (2-12A) 

and the copper (2-12B) benzyloxyethoxy Pc has already been confirmed by POM, so this 

section will focus on the experiments performed on the cobalt (2-12C) and rhodium (2-

I2D) versions. POM experiments for the cobalt benzyloxyethoxy Pc were performed on 

fiber samples (Figure 3.9) that were transferred horizontally from a Langmuir trough to a 

glass slide. The first picture (Figure 3.9A) shows a region of fibers under normal light at 

200x magnification and 24 °C, the same region of fiber bundles was examined as a 

function of temperature under crossed polarized light (Figure 3.9B-D). The polarized 

light sample at 24 °C (Figure 3.9B) shows some regions of light (birefringence) caused 

by locally ordered regions of the fiber bundles. Upon heating the sample an increase in 

the amount of birefringence is observed. Figure 3.9C was taken at 75 °C and the regions 

of birefringence have increased to encompass a larger region of the fiber bundles and 

have increased in intensity, when compared to the corresponding image at 24 °C. This 

increase in birefringence is obser^'ed when a liquid crystalline compound passes the LC 

mesophase temperature, which allows for thermal motion in the molecular assembly. 
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Figure 3.9: Polarized and normal optical micrographs of cobalt benzyloxyethoxy Pc 

(2-12C) fibers. Picture A is a region of fibers at 24 °C. B is the same region at 24 

°C and under cross-polarized light. The pictures of C and D are images under cross-

polarized light at 75 °C and 150 °C respectively. Images A - D are at 200x 

magnification. The LC behavior of the Pc is confirmed by the increasing intensity 

of light with increasing temperature (B - D). Images E and F are blown up regions 

of the fiber bundles at 275 °C with normal light (E) and cross-polarized light (F). 
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This molecular mobility allows regions that are amorphous to order, increasing the 

amount and intensity of light. This is illustrated in Figure 3.9D, which is the same bundle 

of fibers under polarized light at 150 °C. Figure 3.9E and 3.9F are an enlarged region of 

the fiber bundles at 275 °C with normal light and cross-polarized light. These images 

show both the material's robustness to high temperature and confirm the e.xistence of the 

LC mesophase over a broad range. This experiment is a typical POM result for both the 

metal free (2-12A) and copper (2-12B) benzyloxyethoxy Pc fibers. However, POM 

e.xperiments (Figure 3.10) performed on fibers of the rhodium benzyloxyetho.xy Pc (2-

12D) show unique behavior compared to the other benzyloxyethoxy Pc's in the series (2-

12A-2-12C). (mage 3.1 OA shows the fibers of rhodium Pc under normal light at 30 °C 

and 200x magnification, the image in 3.10B is the same region under cross-polarized 

light. The material does have regions of birefringence; these regions begin to be lost as 

the temperature is raised to 75 °C (3. IOC), which is the opposite of what was expected. 

The material losses all birefringence by the time the material reaches 150 °C (3.10D). 
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Figure 3.10: Optical microscopy of rhodium benzyloxyethoxy Pc (2-12D). Image 

A is fibers of the rhodium Pc under normal light at 200x magnification and 30 °C. 
The same area is imaged in B under cross-polarized light at 30 °C, portions of the 

material exhibits birefringence. Image C was obtained at 75 °C and it is evident 

that the amount of light is decreasing instead of increasing. Image D was taken at 

150 °C and shows the complete loss of light, image E shows the material has 

melted. Image F is the sample upon cooling to 25 °C, several small regions of 

birefringence was seen. 
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The loss of birefringence as the image in 3.10E shows under normal light at 150 °C is 

because the material melts becoming isotropic. If the material is slowly cooled back to 

room temperature, small regions of birefringence begin to form within the melted 

material (3.1 OF), however the amount of light is not uniform and does not equal the 

amount that was obtained prior to melting the sample. POM experiments performed on 

the benzylo.xyethoxy Pc fibers confirm that the cobalt compound (2-12C) is liquid 

crystalline, due to the DSC data and the results from the birefringence studies. The 

rhodium Pc (2-12D) appears that it is not liquid crystalline or at best is liquid crystalline 

up to 74 °C, this is based on the fact that there is a loss of birefringence upon heating. 

3.6 Summary of Experimental Data for Benzyloxyethoxy Pc's 

In general the series of benzyloxyethoxy Pc's exhibit fairly similar behavior, with 

some deviation of the rhodium compound (2-12D). The UV-visible spectroscopy 

experiments showed that the rhodium Pc (2-12D) exhibits a lower tendency to aggregate 

in solution relative to the other compounds. The relative aggregation tendency for the 

benzyloxyethoxy Pc's followed the order: Co (2-12C) > Cu (2-12B) > metal-free (2-12A) 

> Rh (2-12D). The increased aggregation observed in the cobalt compound is most likely 

related to the increased ability to form metal-metal interactions between the compounds. 

If the cobalt Pc compound were able to have increased metal-metal interactions, it would 

stand to reason that the pressure/area isotherms for the compound should exhibit an 

increase in the stiffness or ordering in the LB films. The pressure exhibited at the 

collapse of the bilayer to begin to form fibers is higher for the cobalt Pc compound 

compared to the copper Pc. The increased interactions between cobalt Pc molecules have 
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been seen by increased conductivity (an order of magnitude higher than the copper Pc) in 

experiments done by Rebecca Zangmeister. In the case of the rhodium Pc, rhodium 

complexes exhibit a strong tendency to form octahedral complexes, which in a dilute 

CHCI3 solution (Isotherm experiments and UV-Visible spectroscopy) means the 

compound most likely would be complexing a ligand preventing aggregation. The 

tendency for the rhodium compound to form octahedral complexes explains the slightly 

larger area per molecule values in the pressure/area isotherms, if the compound is binding 

water molecules. The fibers that were studied for birefringence could also include a 

ligated water molecule, which would effect the formation of stable fiber structures; this 

could disrupt the assembly upon heating. 
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4. CHAPTER 4: 

2,3,9,10,16,17,23,24-Octa(Styrylethoxy)- Phthalocyanine 

4.1. Overview of compounds 

The first reactive octasubsiituted Pc that was synthesized was the styrylethoxy Pc 

molecule (Figure 4.1). This molecular design was picked because it was isometric (same 

size) with regards to the benzyloxyethoxy Pc series. Previous studies performed on the 

benzyloxyethoxy Pc series indicate that the molecule's unique physical properties are the 

result of a delicate balance between the flexibility of the alkyl side chains to the more 

crystalline macrocycle and the extra boost of ordering induced by the terminal phenyl 

groups.-^"* In order to incorporate the monomer functionality while keeping the overall 

spacer length the same, the oxygen was removed and replaced by a carbon that was 

double bonded to the benzyl carbon to form a styrene. As mentioned in Chapter 1, 

styrene has several advantages besides the ability to keep the arms isometric, however the 

use of a p-substituted styrene does raise a few issues to consider. P-Substituted styrenes 

don't polymerize very readily under traditional polymerization conditions because of the 

steric factors and stability of the radicals. p-Styrene can be photolyzed to yield 

cyclobutane dimers. Light is a very efficient way to initiate chemistry within the solid 

like fibers and thin films. 
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Figure 4.1: Structure of Styrylethoxy Phthalocyanine. Three compounds were 

synthesized in the series, metal-free (2-13A), copper (2-13B) and cobalt (2-13C). The 

P-substituted styrene was chosen because it is nearly isometric to the benzyloxyethoxy 

Pc series. 
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Figure 4.2: A UV spectrum (Left) of trans-styrylethanol (2-17) in MeOH (6.1 x 

10'^ M) and the extinction coefficient was measured to be 18,000 cm"'M''. A 

composite overlay of the same UV-Visible spectra for trans-styrylethanol and the 

copper benzyloxyethoxy Pc in CHCI3 (1.2 x ID"* M) (Right). The Pc spectrum is 

cut off at 250 nm due to solvent absorption. The Xmax for the styrene 

chromophore at 255 nm is centered between two Pc absorbances (210 and 300 

nm). 

Nolte and co-workers demonstrated that the monomer chromophore should have minimal 

overlap with the absorbance bands of the Pc macrocycle to prevent competing absorbance 

by the Pc ring, this competition for photons prevented photo-polymerization in their Pc 

system.-^^ Another issue with the styryl substituted arm is the geometry of the alkene 

bond, it is believed that the all-trans isomer would be required to keep the arm straight, 

since the cis isomer would cause the arms to "kink", possibly altering the LC behavior of 

the molecules. Recent work has demonstrated that the phase behavior of alkene 

substituted discotic mesogens exhibited variability in LC phase behavior with a variation 

in alkene substitution.^"^'^-'-^^ Their work showed the widest range LC mesophase was 
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obtained for the compound containing all trans alkene substituents, with a decrease in the 

onset of the mesophase temperature range with increasing incorporation of cis bonds. 

They attributed the variation of the therraotropic LC behavior to the effects of decreased 

symmetry and lowered order in the discotic assemblies. This chapter will discuss the 

spectroscopic properties, Langmuir-Blodgett studies, polarized optical microscopy 

(POM), DSC behavior, polymerization and characterization of styrylethoxy Pc. 

4.2 UV-Visible Spectroscopy of Styrylethoxy Pc 

The UV-visible spectra for the styrylethoxy series of Pc's (2-13A and 2-13B) 

resemble the benzyloxyethoxy Pc counterparts in the visible part of the spectrum. The 

UV region of the spectra of the styrylethoxy Pc's (Figure 4.3) contain a large peak 

centered at 255 nm due to the absorbance for the (i-substituted styrene entity. The 

normally large Q-band peak of the Pc is quite a bit smaller than the absorbance at 255 nm 

due to the cooperative effect of having eight styrene-substituted arms per Pc macrocycle, 

with a combined extinction coefficient of approximately 150.000 M"' cm"'. 
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Figure 4.3: Solution UV-Visible spectra for metal-free styrylethoxy Pc (2-13A) (1.2 x 

10"^ M) and copper styrylethoxy Pc (2-13B) (1.6 x 10"^ M) in CHCI3.  

The styrene absorbance band is also situated between two Pc UV bands (210 and 300 

nm), which helps minimize the competing absorbance by the Pc macrocycle. Utilizing 

the same methodology discussed for the benzyloxyethoxy Pc's in section 3.2, the relative 

tendency of aggregation can be estimated from the log plot of the ratio of the aggregate 

peak ( 600 nm) to the Q-band as a function of concentration (Figure 4.4). The slope of 

this line is directly proportional to the extent of solution aggregation, with the 

styryletho.xy Pc showing a slope of 2491 compared to the benzylo.xyethoxy Pc slope of 

1316. A comparison of the copper styryletho.xy Pc (2-13B) to the copper 
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Figure 4.4: Solution aggregation comparison of copper styrylethoxy Pc (2-13B) to 

copper benzyloxyethoxy Pc (2-12B). A higher degree of solution aggregation was 

exhibited by the styrylethoxy Pc (slope 2491) then the corresponding 

benzyloxyethoxy Pc (slope 1316). 

benzyloxyethoxy Pc (2-12B) shows that the styrylethoxy Pc exhibits a higher solution 

aggregation than the benzyloxyethoxy analogue. The effects of concentration on the 

aggregation (Figure 4.5) of the copper styrylethoxy Pc can be demonstrated by 

overlaying the spectra of several concentrations of Pc and observing the decrease in the 

ratio of the Q-band to the 600 nm peak. 
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Figure 4,5: Visible spectra of copper styrylethoxy Pc (2-13B) at various 

concentrations in CHCI3. The aggregation ratios (Q-band to 600 nm peak) for each of 

the concentrations are 1.7, 2.1, 2.5, 2.9, 3.2 and 4.5. This progression shows the 

increasing level of aggregation (low number) with increasing concentration. 
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4.3 Langmuir Isotherms of Styrylethoxy Pc's 

The pressure-area isotherms for the styrylethoxy Pc's are distinct from those of the 

benzyloxyethoxy analogues. One distinct difference is the styrylethoxy Pc compound's 

isotherms do not show the bilayer transition that the benzyloxyethoxy Pc's exhibited. 

The copper styrylethoxy Pc's (2-13B) isotherm does show a distinct monolayer transition 

(Figure 4.6A) which begins to form at surface area of 100 A'/molecule and reaches a 

maximum at a pressure of 25 mN/m. If a straight line is extrapolated from the steepest 

portion of the slope to the x-axis, then an area of approximately 90 A"/molecule is 

obtained, which is the area that a molecule requires in a monolayer. The value of 90 

A"/molecule is smaller than the value recorded for the copper benzyloxyethoxy Pc (120 

A"/molecule), however it is consistent with an edge-on orientation of a substituted 

discotic mesogen (80-120 A'/molecule).^^-Previous work in the O'Brien and 

Armstrong groups suggested that the copper benzyloxyethoxy Pc adopted an edge on 

geometry on the Langmuir trough, with the alkoxy arms closest to the water surface tilted 

upward with the benzyl oxygen interacting with the water surface.^^-'^^'-^O This 

conformation results in an increased area per molecule and has been reported for alkoxy 

triphenylene derivatives, 
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Figure 4.6: The pressure-area isotherms for the copper styr>'lethoxy Pc (A) and 

the metal-free styrylethoxy Pc (B). The copper Pc (2-13B) shows a distinct 

monolayer transition at a surface area of 90 AVmolecule, with a film collapse to 

form fibers at 60 mN/m. The metal-free Pc (2-13A) does not exhibit a distinct 

monolayer transition; the material appears to continuously reorder until forming 

fibers. The isotherms were collected in cooperation with Rebecca Zangmeister. 

in fact when the oxygen is replaced with a sulfur atom (sulfur forms much weaker 

hydrogen bonds with water than oxygen), either no stable LB film was formed or a 

smaller area/molecule was obtained.®"*'-^^ This could account for the smaller 
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area/molecule obtained for fhe styrylethoxy Pc's, since the benzyl oxygen has been 

replaced with an alkene, the Pc macrocycles are in a stiffer co-facial arrangement, 

causing the molecule to be more on edge. In addition to the loss of the oxygen atom, the 

co-facial interactions could be increased by the addition of the alkene functionality. The 

alkene not only is a stiffer entity than ether, it  also ser%'es to increase the amount of TI-TI 

interactions, which in effect increases the co-facial interactions between Pc's. The metal-

free styrylethoxy Pc (2-13A) does not exhibit a clear transition to a monolayer film 

(Figure 4.6B). The behavior of the metal-free styryletho.xy Pc resembles that of the zinc 

benzyloxyethoxy Pc that was studied previously by the O'Brien and Armstrong 

groups.-^® The inability of the zinc Pc to form ordered Langmuir films was attributed to 

the axial coordination of water molecules by the hydrophilic Zn' core, which prevents 

the co-facial interactions required to form edge-on ordered films.^^ Both of the 

styrylethoxy Pc's formed fiber structures that could be transferred to a glass slide, 

however the fibers formed from styrylethoxy compounds were fairly brittle. The 

benzyloxyethoxy Pc fibers showed a great deal of cohesion and could be picked up from 

the surface of the trough utilizing a tweezers. This was not the case for the styrylethoxy 

Pc fibers, which required a solid support to transfer them from the water surface. The 

isotherm behavior for the styrylethoxy Pc's suggest that in the absence of the benzyl 

oxygen the increased n-n interactions in the molecules periphery serves to increase the 

crystallinity of the material on the LB trough. Overall, this increased crystallinity of the 

styrylethoxy Pc's was shown by decreased solubility in CHCI3 (cobalt styrylethoxy Pc 

was not soluble) as well as the increased aggregation ratios in solution when compared to 
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their benzyloxyethoxy Pc counterparts. The lack of a monolayer transition for the metal-

free styrylethoxy Pc in the LB isotherm might be due to the molecule forming tilted 

aggregates, which upon compression are unable to order and align with other aggregates. 

In general the styrylethoxy Pc's appear to be more crystalline and less liquid like than the 

benzyloxyetho.xy Pc's. 

4.4 Differential Scanning Calorimetry of Styrylethoxy Pc's 

Differential scanning calorimetry experiments performed on the styrylethoxy Pc's 

showed an endothermic reversible transition above 200 °C (Figure 4.7). in contrast to the 

series of benzylo.xyethoxy Pc's. which exhibited a peak in the range of 60 - 80 °C. 

»trc 

T«fnp«f«ur»(*C) 

Figure 4.7: Differential scanning calorimetry data for series of styryletho.xy Pc's. The 

metal-free styrylethoxy Pc (2-13A) exhibits a transition at 214 °C (1.2 kJ/mole). The 

copper styrylethoxy Pc (2-13B) has a transition at 212 °C (6.8 kJ/mole). 
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DSC analysis of the metal-free styrylethoxy Pc (2-13A) showed a small reversible 

transition at 214 °C (Table 4.1). This transition was seen on the first heating cycle, 

however, it was absent on 

subsequent cooling and heating 

cycles within the same experiment. 

The peak was found to be reversible 

when a second DSC experiment was 

performed on the same sample that 

had been run previously, indicating a slow reorganization. The copper styrylethoxy Pc 

(2-13B) exhibited a reversible transition at 212 °C, exhibiting similar peak behavior as 

the metal-free analogue. The copper Pc peak proved to be reversible upon sitting at room 

temperature. The higher peak temperature supports the LB isotherm data that indicates 

the more crystalline nature of the materials. 

4.5 Polarized Optical Microscopy of Styrylethoxy Pc's 

Polarized optical microscopy experiments were performed on the metal-free and 

copper styrylethoxy Pc fibers to establish liquid crystallinity. The metal-free 

styrylethoxy Pc fibers were collected by horizontal transfer methods from the surface of 

the LB trough to a hydrophobized glass slide (following the same method described for 

making LB films). The POM experiments performed on the metal-free Pc (2-13A) 

showed that the fibers had regions of birefringence at 23 °C (Figure 4.8B). The sample 

was slowly heated and the sample lost its birefringence by the time the sample reached 

Table 4.1: DSC Studies of Styryletho.xy Pc's 

Compound Metal Temp 
( C) 

KJ/Mole 

2-13A 2H 213,5 1.2 

2-13B Cu 211.6 6.8 
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Figure 4.8: Polarized optical microscopy experiment on metal-free styrylethoxy Pc 

(2-13A). Fibers under normal light at 23 °C and 200x magnification (A). The same 

region under cross-polarized light at 23 °C (B) and 100 °C (C). The fibers had 

melted by 150 °C (D) and all signs of birefringence were lost (E). The sample was 

slowly cooled back to room temperature, however the sample exhibited no regions 

of birefringence (F). 
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100 °C (Figure 4.8C). As the heating of the sample was continued, the fibers began to 

blur and eventually started to melt by 150 °C (Figure 4.8D). The sample was heated to 

275 °C with no further changes (Figure 4.8E). The sample was then slowly cooled to 

room temperature and no further signs of birefringence were observed (Figure 4.8F). 

Based on the POM experiment, the loss of birefringence upon heating the sample 

indicates that the metal-free styrylethoxy Pc material is not liquid crystalline. The copper 

styrylethoxy Pc was initially examined under cross-polarized light at room temperature as 

a solution cast film (Figure 4.9). From the images of a region of the dried film under 

Figure 4.9: Copper styrylethoxy Pc films cast from CHCI3 under normal light (A) and 

cross-polarized light (B). The material shows fiber-like striations, which contain 

regions of birefringence (local ordering) as evident under cross-polarized light. 

normal light (22x magnification) the material has aggregated into fiber like striations 

(Figure 4.9A). The same region examined under cross-polarized light shows there are 

regions of birefringence within these striations, indicating locally ordered areas (Figure 

4.9B). POM experiments performed on the copper styrylethoxy Pc fibers (Figure 4.1 OA) 

show that the material has regions of birefringence at 23 °C (Figure 4.10B). When the 

sample is heated a very dramatic increase in birefringence is observed at 210 °C 
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Figure 4.10; POM experiments on fibers of copper styryl Pc (2-13B) at 23 °C and 

under normal light (A). The same region of fibers is shown at 23 °C under cross-

polarized light (B). The birefringence increases dramatically at 215 °C (C and F) 

compared to the levels at 200 °C (E). The fibers lose all birefringence once they 

are heated above 260 °C (D), birefringence does not return upon cooling. 
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(Figure 4. IOC). If the sample was heated to 260 °C all evidence of birefringence was lost 

(Figure 4.10D) and did not return when the sample was cooled. The fibers that were 

heated above 260 °C had different color then they did prior to the e.xperiment. Samples 

that lost the birefringence due to heating, while maintaining the same physical 

appearance of the fibers no longer looked green. They had a tan color instead. To 

illustrate the increase in birefringence that occurred at 210 °C, note the level of 

birefringence in image 4.10E at 200 °C and compare that with the same fiber bundle at 

215 °C in image 4.1 OF. Based on the POM and DSC data for the copper styrylethoxy 

PC, the material appears to exhibit a liquid crystalline mesophase between 210 °C and 

260 °C. This liquid crystalline mesophase is irreversibly lost if the material is heated 

above the 260 °C upper limit. 

4.6 Photolysis of Copper Styrylethoxy Pc 

4.6.1 Conversion of Monomer 

Photolysis e.xperiments were performed on solution cast films and Langmuir-Blodgett 

thin films of copper styrylethoxy Pc (2-I3B) as described in sections 2.4 and 2.7. The 

first question addressed was a determination that the progress of the photolysis could be 

followed by monitoring the loss of the styrene monomer band at 255 nm. An experiment 

performed with the assistance of Rebecca Zangmeister, involved measuring the 

absorbance of the styrene chromophore as a function of transferring one monolayer at a 

time to a thickness of 14 monolayers (Figure 4.11). This e.xperiment shows the ability to 

track monolayer thick absorbencies of the styrene chromophore with near linearity (r* 
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Figure 4.11: The styrene absorbance band for copper styrylethoxy Pc was plotted 

as a function of the number of monolayers, as a 14-monolayer LB film was 

constructed. The absorbance is nearly linear with an average value of 0.025 per 

monolayer. 

value of 0.99), as well as the ability to transfer relatively uniform monolayer films of the 

copper styrene Pc. This experiment confirmed that the concentration of styrene could be 

tracked during the course of the photolysis experiments to determine the progress of the 

dimerization reaction. Initial photolysis experiments were performed using a 255 nm 

band-pass filter on solution cast (CHCI3) films that were inside a quartz fiuorometer cell 

under an argon atmosphere (Figure 4.12). The progress of the photolysis was followed 

by taking UV-visible spectra as a function of time. This experiment showed that while 

the styrene chromophore does decrease with photolysis time, the Pc Q-band absorbance 
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Figure 4.12: Photolysis experiments of solution cast film of copper styrylethoxy 

Pc, utilizing 254 nm UV light. The UV-Vis spectra (Left) show the loss of styrene 

monomer over time, note that the Pc band (visible region) remains unchanged. 

The loss of monomer is converted to % conversion and plotted as a function of 

time (Right). The reaction rate decreases exponentially as available styrene groups 

are unable to react, due to isolation or improper alignment. 

remains unchanged. This indicates that the styrene chromophore is reacting without side 

reactions in the Pc macrocycle. In order to test this Rebecca Zangmeister photolyzed a 

thin film of the copper benzyloxyetho.xy Pc (2-12B) for 1800 minutes with no 

appreciable change in the UV-Vis spectra. The percent conversion is plotted as a 

function of time and is calculated by extrapolating a base line from the 190-200 nm 

(styrene peak and Pc peak) to the 320 nm Pc absorbance.-^" The decrease in the 190-200 

nm absorbance region is caused by a decrease in the styrene portion of the 200 nm peak 

(Figure 4.2). A similar behavior was reported for the photo-dimerization of a styrene 
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substituted fatty acids.2^8 plot of percent conversion as a function of time (Figure 

4.12) shows a steady initial rate, however this rate begins to plateau after the first 300 

minutes of photolysis. This decrease in rate is most likely caused by the fact that in a 

solid like system there is limited mobility of the reactive groups, as well as some number 

of monomer groups could be trapped between two sets of cyclobutane and thus can not 

react.-^^ As available monomers that are appropriately located to react are used up, the 

remaining number of monomer groups available to react will decrease accordingly. This 

type of percent conversion behavior exhibited in the plot above is common for many 

photo-dimerization reactions of solid-like assemblies. Based on the successful 

results of the solution cast Pc films, polymerization studies on the copper styryletho.xy PC 

were extended to 14 and 28 monolayer LB films (Figure 4.13). Numerous photolysis 

experiments were performed on LB films of the copper styrylethoxy Pc with a maximum 

percent conversion of 35%, which is higher than the values obtained with the less ordered 

solution cast system. Several researchers have shown that photo-dimerization reactions 

result in higher yields when the system is more ordered.^^'-^'^-^ A 35% conversion of 

styrene functionalities would suggest that an average of 1 in 3 or more then two arms per 

Pc molecule are reacting. Given the high extinction coefficient for the styrene, as well as 

the fact that the material is being photolyzed at the Amax the material is most likely 

reacting from the outside in. This was explored e.xtensively by Weiss and co-workers, 

who showed that films of cinnamate functionalized discotic mesogens reacted from the 

outside inward.The lack of homogeneity of the photolyzed material results in 

different rates of photon delivery and most likely the Pc molecules closest to the light 
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Figure 4.13: Stacked UV-Vis spectra of photolyzed 28 monolayer LB films of 

copper styrylethoxy Pc. The loss of styrene was followed as a function of time 

(Inset) to yield the percent conversion as a function of time. The plateaus for the 

LB films occur at higher conversion (> 30%) then for the solution cast film (> 

20%). 

source actually have more than two styrene arms reacted, while styrene groups that are 

located deeper in the film have less than two arms reacted. To prevent this problem it is 

normal procedure to photolyze the "toe" of a large absorbance to get a more uniform 

reaction through out.-^^ This strategy is not possible under the requirements of the 

copper styrylethoxy Pc system, because photolysis of the peak's "toe" would directly 

irradiate the 300 nm Pc band. One possibility to increase the uniformity of photolysis 
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that will be studied in future photolysis experiments is the use of a mirror to reflect the 

light back through the sample a second time. 

4.6.2 MALDI-TOF Mass Spectrometry Studies of Photolyzed 

Copper Styrylethoxy PC 

The technique of matrix assisted laser desorption ionization time of flight 

(MALDI TOF) mass spectrometry has been of great use to materials scientists, primarily 

because of the increased range of mass detection (up to approximately 400,000 amu).-"*^ 

In recent years MALDI TOF has been used to calculate the molecular weight averages of 

polymer samples that are of narrow polydispersity, as the polydispersity of a sample 

increases it becomes increasing difficult to obtain accurate assessments due to mass 

discrimination.-''^"-'^^ Photolyzed samples of copper styrylethoxy Pc LB films and 

solution cast film were prepared as described in Chapter 2 and submitted to the 

Department of Chemistry's Mass Spec Facility for analysis. Initial mass spectra 

experiments performed on a solution cast film (Sample from Figure 4.12) showed mass 

peaks for the dimer and the trimer, as well as the monomer peak. The solution cast film 

had been photolyzed to approximately 20%. This indicates that most Pc molecule would 

only have less than two arms per molecule reacted. Statistically the compound should 

react to primarily yield dimers, since most macrocycles are only reacting to form a single 

cyclobutane, but some smaller number of them is able to react with their neighbors above 

and below to yield a trimer (Figure 4.14). 
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Figure 4.14: MALDI-TOF mass spectra of a solution cast film of copper 

styrylethoxy Pc {2-13B) that was photolyzed to a % conversion of 20%. The 

sample clearly shows the monomer (1746 amu), the dimer (3495 amu) and the 

trimer (5247 amu). The variation in MW (i.e. the dimer is not 2x the monomer 

weight) is due to the changes in isotope distribution for the larger dimer and trimer 

molecules. 

This experiment showed that it was possible to photo-chemically link more than two Pc 

molecules using this method, since other systems yielded only dimers upon photolysis. 
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Based on this initial result, ordered LB films of 14 and 28 monolayers were prepared and 

photolyzed at 255 nm utilizing a band pass filter. It was hypothesized that the LB films 

might exhibit a higher percent conversion due to their increased order (Dho) compared to 

solution cast films, because of the prerequisites for photochemical [2-r2] reactions in a 

solid state system.-"^^--^*^ Several studies suggest that for systems with multiple olefins, 

if the system is well ordered polymers are typically obtained.-^'--^^ We observed that 

ordered multilayer films did reach higher levels of conversion than the solution cast 

systems. The mass spectral analysis of these systems indicates oligomers were formed 

(Figure 4.15). Mass spectral analysis of numerous photolyzed samples of ordered LB 

films (for complete results see Appendix F) consistently showed this progression of 

monomer to he.xamer before the signal to noise ratio became too low to discern the next 

set of peaks the sample peaks. Analysis of the samples for larger molecular weight 

polymers proved to be a challenge, due to the nature of the materials. The polymer that is 

obtained through the photolysis methods is very polydisperse (as will be evident from the 

AFM data in the next section). Therefore obtaining consistent reproducible 

weight values is impossible from one region of a sample to 

another, much less from one experiment to another. Mass spectral 

analysis of Pc samples did show higher molecular weight materials 

(Table 4.2) with masses up to 200,000 amu in every experiment, 

however there was a great deal of variability in the weights 
Table 4.2: 

Summary of obtained. This variability is most likely caused by a combination 
MAT ni datp 

Peak (AMU) Xn 

87,111 50 

108.607 62 

120,693 69 

123,215 71 

146,623 84 

195,272 112 
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Figure 4.15: MALDI mass spectra of a photolyzed 28 monolayer LB film of 

copper styrylethoxy Pc with 30% conversion. The progression from monomer 

peak to hexamer peak is clearly seen, however the heptamer is lost in the baseline. 

of factors including the wide polydispersity of the sample, which creates problems in the 

MALDI due to mass discrimination and increased baseline noise.-^^ Low signal output 

in rod-like polymers has also been attributed to low solubility or interactions between the 

sample aggregates and the matrix systems due to strong interactions between the polymer 

molecules, in fact rod-like polymers of substimted oligio(l,4-phenyleneethynylene) did 
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not produce mass spectra for compounds with molecular weights as low as 4,000 amu.-^-^ 

The high degree of association be^veen polymeric Pc rods, wide poly-dispersities, and 

relatively large molecular weight of even the monomer has resulted in other reports of 

difficulty in obtaining MALDI data for systems known to contain polymeric Pc.'^^ A 

recent study of polymeric Pc's prepared by ROMP from alkene terminated alkoxy Pc's 

reported molecular weights of 55,000 (by GPC analysis). When the polymer was 

analyzed using MALDI, the instrument was only able to distinguish monomer to 

octamers (-18,000 amu) before the signal to noise ratio became to low.-55 

4.6.3 AFM Studies of Photolyzed Copper Styrylethoxy PC 

Atomic force microscopy (AFM) images were obtained by Rebecca Zangmeister 

for solution cast films of both the un-photolyzed and the photolyzed copper styrylethoxy 

Pc samples. The un-photolyzed materials exhibited an amorphous like structure with 

multiple defects in the surface with no apparent rod like ordering to the system. When 

the same experiment was performed on the photolyzed samples, the AFM images showed 

distinct rod-like objects packed together on the surface of the HOPG substrate (Figure 

4.16).-^^ The rod length distribution obtained from AFM analysis was 5 to 290 nm with 

a mean value of 72 nm, which would correspond to an Xn of approximately 210 Pc sub-

units and a molecular weight of nearly 370,000 amu. Since the solution cast method used 

to prepare the AFM sample results in disordering arrays of PC that were not photolyzed, 

it stands to reason that the photolysis reaction has stabilized the order of the Pc's from the 

LB films, this behavior has been observed for other Pc polymer systems by TEM.'^^'-^^ 
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The Pc rods adopted a "raft" like packing with bundles of rods aggregated together side 

R o d  L e n g t h  ( n m )  

Figure 4.16: AFM images collected by Rebecca Zangmeister of solution cast 

polymers of copper styrylethoxy Pc (2-13B). Rods were formed by photolyzing 

28 layer LB films with 254 nm light under argon to 30% conversion. The AFM 

sample was prepared by dissolving the photolyzed PC into a 1:1 CHCb/Benzene 

solution by sonication and then casting it on to HOPG. The mean length of the 

rods is 72 nm, which corresponds to Xn of 210 Pc sub-units. 
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by side. This type of behavior has been seen in STM images of other rod polymers. 

Mullen and co-workers showed poly(p-phenylene ethynylene) exhibited raft-like ordering 

which was ascribed to cluster formation in solution and then deposition on to the HOPG 

surface.-^^ The rods in the AFM for the copper styrylethoxy Pc system are 6.4 nm ± 0.2 

nm wide, which is twice the expected distance for a single column of Pc. Complete X-

ray analysis of the styryletho.xy Pc materials is necessary before determining the column-

to-column distances in the starting Pc, however there are reports of larger than expected 

spacings in the AFM images of rod-like objects imaged on HOPG. Schluter and co

workers have reported similar ordering of rod-like polymers poly(p-phenylene) 

backbones that are decorated with G-3 Frechet^^S type dendrons .259.260 imaging 

of the polymer rods showed a column-
(110) surface 

nm • 1 
Ah= 1.4 nm 

2.8 nm 

Substrate 

column spacing of 4.8 nm (± 0.5 nm), 

which was 1.5x to 2x the expected 

value. The increased rod spacing was 

attributed to a densely packed 

hexagonal arrangement of the 

Figure 4.17: Packing arrangement reported nanorods (Figure 4.17), which had a 

for dendrimer substituted rod polymers of 
poly(p-phenylene). The 4.8 nm spacing was columns that were staggered 

1.5 X to 2x the e.xpected spacing based on the 
diameter of the rods. Adapted from Schluter instead of being close packed. This 

et. al.-^"--^« 
arrangement resulted in the column-

column center distances being 1.5 to 2 times greater than predicted, which is similar to 

the copper styrylethoxy Pc rods. 
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4.7. Summar>' of Experimental Data for Styr\iethoxy Pc's 

The styrylethoxy Pc compounds were more crystalline than the corresponding 

benzyloxyethoxy Pc's. A comparison between the copper benzyloxyethoxy Pc and the 

copper styrylethoxy Pc shows that the styryl compound has a higher tendency to 

aggregate in solution. The higher level of aggregation (crystallinity) was observed by 

their sluggish solubility in organic solvents. The pressure area isotherms showed a 

distinct monolayer transition for the copper styrylethoxy Pc (90 A'/molecule), which is a 

smaller area/molecule than the corresponding copper benzyloxyethoxy PC (120 

A'/molecule). The smaller area per molecule for the copper styrylethoxy Pc indicates 

that the Pc molecules are on edge, meaning they are more perpendicular to the water 

surface. All of the Pc's we have examined have been on edge; the surface area per Pc 

takes is a function of their angle of tilt relative to the surface. The more tilted the Pc's are 

in the column, the more surface area they occupy. This would most likely be due to a 

more crystalline system in which the face-face interactions are high enough to cause the 

molecules to be on edge. The increased co-facial interactions are most likely caused by a 

combination of the increased n-n interaction between the terminal styrene's (compared 

to the phenyl molecules) and the loss in flexibility due to the absence of the benzyl 

oxygen. The isotherm studies of the copper styryletho.xy Pc failed to show a well-defined 

bilayer transition, however fibers are formed as the barriers are over-compressed (with a 

higher film collapse pressure than the benzyloxyethoxy). The styrylethoxy Pc fibers 

weren't as robust as the previous benzyloxyethoxy series, requiring transfer directly to a 

solid support, as they were too brittle to support their own weight. The metal-fi-ee 
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styrylethoxy Pc's pressure area isotherm studies indicate that the material does not 

exhibit a clear monolayer or bilayer transition. The onset of increased surface pressure 

begins at over 120 AVmolecule, which is higher than the copper styrylethoxy Pc. This 

increased area per molecule could be due to a more tilted orientation of the Pc's on the 

water surface. The increased crystallinity of the styrylethoxy Pc's was clearly 

demonstrated by POM and DSC studies, with the liquid crystalline phase transitions for 

the styrylethoxy Pc's occurring at >200 °C (compared to the benzyloxyethoxy Pc's 

average value of 70 °C). In order to probe the effects photolysis has on the LC properties 

of the copper styrylethoxy Pc 2-13B, fibers were photolyzed at 254 nm and imaged using 

POM (Figure 4.18). As the fiber samples are irradiated and the styrene groups react it 

should serve to increase the order of the fibers. The control sample shows the normal 

behavior of increased birefringence with the increase in temperature. In the case of the 

fibers that were photolyzed prior to the POM experiment, a greater level of birefringence 

was observed at room temperature then was seen in the control sample. The amount of 

birefringence did not increase as dramatically in the photolyzed sample as was obser\'ed 

in the control experiment. This suggests that the process of photolysis serves to order the 

fiber assemblies. The ordering of Pc fibers by photolysis was also observed in a separate 

X-ray scattering experiment performed by Rebecca Zangmeister.26i jhe experiment 

demonstrated that fiber samples that were photolyzed showed a sharper scattering peak 
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Figure 4.18: POM experiment performed on photolyzed styrylethoxy Pc 2-13B 

fibers. The control sample exhibits the normal increased birefringence with 

increased temperature. The photolyzed fiber sample was photolyzed four hours at 

254 nm and then examined by POM. The sample showed a higher level of 

birefringence then the corresponding un-photolyzed fiber samples. This suggests 

that the photolysis of the fibers serves to order the Pc assemblies. The control 

samples are at 200x magnification, while the photolyzed fiber samples are at 300x 

magnification. 

then the corresponding un-photolyzed fiber samples. Photolysis experiments performed 

on the copper styrylethoxy Pc (2-13B) indicated that the percent conversion (reaction of 



155 

styrene) seemed to reach a maximum value of 35%. As discussed in Section 4.6, the 

photo-dimerization of styrene requires that the two olefins be close together ( 3.4 A) and 

be maintained in a co-planar arrangement with respect to their reactive partner. Although 

initial X-ray scattering data-^' shows the styrylethoxy Pc is ordered in a columnar 

arrangement, the exact orientation of the styrene molecules within the columns is 

unknown. One hypothesis for the 35% photolysis limit is that the styrene molecules are 

not all in the proper geometry to react, the styrene molecules might be staggered (twisted 

out of alignment) or the Pc could be tilted (shifting the styrene's out of phase). If the 

styrene molecules are not aligned and they are not able to reorder (liquid crystalline) to a 

position that is favorable to react, there will always be unreacted monomer left behind. 

In order to test this theory a more liquid like version of a polymerizable Pc was prepared 

and photolyzed to determine if the material does react more completely. 
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CHAPTERS 

2,3,9,10,16,17,23,24-Octa(Cinnainyioxyethoxy)- Phthalocyanine 

5.1. Overview of compound 

A second generation of polymerizable Pc was synthesized to explore the effects of 

increasing the liquid crystallinity of the compound on the photoreaction. As discussed in 

Chapter 4, the styrylethoxy class of Pc (2-13) does not appear to be liquid crystalline 

(based on DSC, birefringence experiments and Langmuir isotherms) below 210 °C. The 

maximum photo-conversion achieved for the styrylethoxy Pc LB films was about 35%. 

A possible explanation of this effect is that the styrene-substituted arms are less able to 

reorient while arranged in a solid phase columnar assembly. To test this hypothesis a 

new class of Pc was designed that would have increased flexibility in the alkoxy chains 

that connect the styrene to the Pc macrocycle. This class of Pc is actually a hybrid of the 

styrylethoxy class of Pc's and the benzyloxyethoxy Pc. The molecular structure contains 

the styrene functionality of the styrylethoxy Pc with the insertion of a trans-olefm 

between the benzyl carbon and the phenyl ring of the benzyloxyethoxy Pc (Figure 5.1), 

forming a cinnamyl functionality. This results in the addition of a methylene and an 

oxygen entity to the original styrylethoxy compound, both of which have been shown to 

lower the temperature of the onset of the liquid crystalline mesophase range in discotic 
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Figure 5.1: Structure of cinnamyloxyethoxy phthalocyanine. The central atom, 

denoted as M is Cu (2-14B). 

compounds.-^---^^ This chapter describes the UV-visible spectra, pressure-area 

isotherm, DSC, and polymerization studies of copper cinnamyloxyethoxy Pc (2-14B). 
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5.2 UV-Visible Spectroscopy of Cinnamyloxyethoxy Pc 

The UV-visible spectroscopy of the copper cinnamyloxyethoxy Pc (2-14B) mirrors 

the spectra for the copper styrylethoxy Pc (2-13B). Therefore the changes in the alkoxy 

arm did not affect the (254 nm) of the P-styrene entity (Figure 5.2). Plotting the 

1 

0 
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Figure 5.2: UV-visible spectra of copper cinnamyloxyethoxy Pc (2-14B). The 

spectrum was obtained on a 1.3 x 10"* M solution in CHCI3. 

log of the aggregate absorbance over the monomer absorbance as a function of 

concentration (Figure 5.3). The slope for the cinnamyloxyethoxy Pc (2-14B) was 

measured to be 953, compared to the values of 1316 for the copper benzyloxyethoxy Pc 

(2-12B) and 2491 for the styrylethoxy Pc (2-13B). Based on these data, it appears that 

the copper cinnamyloxyethoxy Pc (2-14B) has a lesser tendency to aggregate in solution 
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Figure 5.3: Solution aggregation comparison of copper cinnamyloxyethoxy Pc (2-
14B) to copper benzyloxyethoxy Pc (2-12B). A smaller degree of solution 

aggregation was exhibited by the cinnamyloxyethoxy Pc (slope 953) then the 

corresponding benzyloxyethoxy Pc (slope 1316). 

then the either the copper benzyloxyethoxy Pc (2-12B) or the copper styrylethoxy Pc (2-

13B). 

5.3 Langmuir Isotherm of Cinnamyloxyethoxy Pc 

The pressure-area isotherm for the copper cinnamyloxyethoxy Pc (2-14B) shows a 

distinct monolayer transition (Figure 5.4), with a relatively flat-sloped re-ordering region 

similar to that of the metallated benzyloxyethoxy Pc's (2-12). If a straight line is 

e.xtrapolated along the steepest portion of the upward slope the monolayer transition area 
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obtained is about 100 A '/molecule. This monolayer area is located between the values 

for the copper benzyloxyethoxy Pc (120 A"/molecule) and the copper styrylethoxy Pc (90 

A'/molecule). 
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Figure 5.4; Pressure-area isotherm for copper cinnamylo.xyethoxy Pc (2-14B). The 

material showed a clear monolayer transition at 100 AVmolecule and a bilayer 

transition at 50 A'/molecule. The collapse pressure recorded (>50 mN/m) is lower 

than either the benzyloxyethoxy Pc (55 mN/m) or the styrylethoxy Pc (60 mN/m). 

These data suggests that the cinnamyloxyethoxy Pc molecule is balanced between the 

increased co-facial interactions of the styrylethoxy Pc and the more floppy chained 

benzyloxyethoxy Pc. A second transition is obser\'ed with an area of 50 AVmolecule, 

which is roughly half the value for a monolayer. This bilayer region does not exhibit as 

clear a transition between the bilayer to fiber formation as the benzyloxyethoxy Pc (2-

12B). The collapse of the film occurs at a lower surface pressure (<50 mN/m) then either 
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the benzyloxyethoxy and the styrylethoxy Pc (both >60 mN/m). The collapse upon 

compression of the Langmuir multilayers resulted in formation of fiber-like bundles, 

which were mechanically similar to the ones formed by the copper benzyloxyethoxy Pc 

(2-12B). The fibers could be lifted from the water surface using a forceps and were 

capable of supporting their own weight up to a several centimeters in length. 

5.4 Differential Scanning Calorimetry of Cinnamyloxyethoxy Pc 

The DSC experiments performed on copper cinnamyloxyethoxy Pc (2-14B) showed 

an endothermic transition at 68.2 °C, which was 9.1 KJ/mole in magnitude (Figure 5.4). 

The DSC data indicates that the addition of the methylene and oxygen atoms decreased 

the onset temperature of the LC mesophase. The transition temperature is quite a bit 

lower than the copper styrylethoxy Pc (211.6 °C) and is nearly the identical to the value 

for the corresponding copper benzyloxyethoxy Pc (68.1 °C). 
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Figure 5.5: DSC plot for copper cinnamyloxyethoxy Pc (2-14B). The LC 

mesophase temperature is centered around 68 °C, with a magnitude of 9.1 

KJ/mole. The full DSC can be found in Appendi.x E. 

With the dramatic decrease in transition temperature, it appears as if the second oxygen 

molecule plays a large role in determining the LC phase behavior of this class of 

compounds. The magnitude of the transition is intermediate between the values of the 

other families of Pc's, suggesting that the copper cinnamyloxyethoxy Pc is less 

crystalline than the styrylethoxy Pc family. 
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5.5 Polarized Optical Microscopy of Cinnamyloxyethoxy Pc 

The optical microscopy experimems performed on fibers of the copper 

cinnamyloxyethoxy Pc (Figure 2-14B) showed that the material showed increased 

birefringence upon heating, confirming the liquid crystallinity of the material (Figure 

5.6). Fibers of the copper cinnamyloxyethoxy Pc were collected by horizontal transfer 

methods onto a hydrophobized glass slide, as described in Chapter 2 for the transfer of 

LB multilayers. The fibers were placed in the microscope's hot stage and heated under a 

nitrogen atmosphere. The fibers were observed under normal light (Figure 5.6A) and 

cross-polarized light (Figure 5.68) at 23 °C with some regions of birefringence being 

observed. As the sample was heated, the amount of birefringence increased. This 

increase in birefringence began around 80-90 °C. as shown by the image of the fibers at 

100 °C (Figure 5.6C). The sample reached a maximum level of birefringence by the time 

the sample temperature reached 200 °C (Figure 5.6D), and unlike the copper styrvlethoxy 

Pc the birefringence remained stable to the maximum level of the hot stage (298 °C). 

The images collected at 298 °C show that the birefringence is maintained (Figure 5.6E) 

and normal light (Figure 5.6F) shows that the fibers exhibit no signs of melting or 

discoloration. 
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Figure 5.6: POM experiments performed on fibers of cinnamyloxyethoxy Pc (2-

14B). The sample was observed at 23 °C without (A) and with (B) cross-polarized 

light to determine the level of birefringence. WTien the sample was heated to 100 °C 

(C) and 200 °C (D) the birefringence increased. The sample was thermally stable at 

298 °C as the fibers are still observable under polarized (E) and non-polarized light 

(F). Samples A-D are at 300x magnification and E, F are at 200x magnification. 
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5.6 Photolysis of Copper Cinnamyloxyethoxy Pc 

Photolysis studies were performed on the copper cinnamyloxyethoxy Pc (2-14B), 

utilizing the same methods described for the styrylethoxy Pc samples. This second 

generation polymerizable Pc was designed to increase the liquid crystallinity, in the 

hopes that this would allow for more chain motion and result in higher levels of monomer 

conversion. Polymerization studies were performed on 28 monolayer Langmuir-Blodgett 

films horizontally transferred to quartz substrates (Figure 5.7). 
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Figure 5.7: Photolysis experiment for copper cinnamyloxyetho.xy Pc (2-14B) 28 

monolayer LB films. The Pc exhibited nearly 80% loss of styrene absorbance (251 

nm) with 1000 minutes irradiation time. The lower dotted line was used to determine 

a baseline for estimating complete styrene reaction. Experimental data was collected 

by Rebecca Zangmeister 
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These data indicated that a greater level of monomer conversion was achieved with the 

cinnamyloxyethoxy Pc than the styrylethoxy Pc. It should be noted that Harris and co

workers reported that statistically the maximum percent conversion for a [2-^2] cyclo-

addition reaction is 86.5%. This is due to the fact that a certain number of olefins will be 

unable to react (1 - 1/e"), since they are sandwiched between neighboring olefins that 

have already reacted above and below.264 High conversion was consistently obser\'ed 

with the cinnamyloxyethoxy Pc, in fact thin films of this material are currently being 

successfully lithographically patterned using UV photolysis through a mask.-'^^ With the 

high level of polymer conversion, the material should be forming high molecular weight 

rods. This premise is based on the findings from the styrylethoxy Pc polymerization 

studies, in which 35% conversion resulted in rods with a mean length of 72 nm. 

Attempts to obtain MALDI mass spectral data on the photolyzed Pc samples have been 

unsuccessful to date; initially this was due to the insolubility of the photolyzed Pc 

assemblies. The insolubility of the Pc assembly could be caused by a combination of 

factors including: strong inter-column interactions,-^^ molecular weights that are too 

large (high degree of polymerization)239.254 and/or column-column cross-linking. A 

high degree of inter-columnar interactions has been documented by Rabe and co-workers 

for polymer rods of poly-(p-phenylene ethynylene).-^^ They report that the molecular 

rods aggregated in solution forming rod clusters. Rebecca Zangmeister prepared and 

photolyzed films to 2.5%, 5%, 10%) and 15% conversion as determined by their UV 

absorbance at 251 nm. The resulting films were sonicated in a CHCb/beneze (l.i) to 

dissolve them from the quartz surface. The 2.5%, 5% and 10% conversion samples were 
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soluble, however the 15% sample was not soluble even at prolonged sonication times. 

The three lower conversion samples were submitted for MALDI mass spectral analysis 

and examined using AFM. To date MALDI mass spectral analysis has been unable to 

obtain evidence of the Pc material, including a monomer peak. E.xperiments are 

continuing to determine the optimum parameters to obtain mass spectral data on the Pc 

materials. AFM studies are currently being performed by Rebecca Zangmeister and 

initial results have shown some preliminary evidence of rod-like objects. Polymerization 

experiments have been performed on sets of copper cinnamyloxyethoxy Pc fibers that 

were horizontally transferred to hydrophobized glass. Sample 1 was photolyzed without 

annealing and sample 2 was annealed over-night in a vacuum oven at 150 °C. Since it is 

difficult to follow the e.xtent of polymerization by UV, the samples were irradiated for 

just over five hours (which produced 40% conversion in the films). The two sets of 

fibers were then analyzed by POM and compared to a sample of un-photolyzed fibers as 

a control (Figure 5.8). The purpose of this e.xperiment was to see what effects photolysis 

and annealing have on the liquid crystalline behavior of the assemblies. Each of the three 

fiber samples was examined for birefringence as the samples were heated from 25 °C to 

250 °C. The control sample exhibited the normal behavior of some small areas of 

birefringence at room temperature, with increasing amount and intensity of light as the 

sample is heated. As discussed in Chapter 2, birefringence is caused by the arrangement 

of the Pc molecules into ordered assemblies.-^^ The initial birefringence that is exhibited 

at 25 °C is due to small islands of aggregated Pc within the fiber samples. Heating the 

sample above the LC mesophase temperature (-70 °C) increases the thermal motion of 



168 

Control Sample#! Sample #2 

25 °C 
Normal 

Light 

25 °C 
Cross 

Polarized 
Light 

250 °C 

Cross 
Polarized 

Light 

Figure 5.8: 

normal light (Top Row) and cross-polarized light (Middle and Bottom Rows). The 

control experiment (Left Column) shows the increase in birefringence as the 

material is heated. In both of the photolyzed samples (Middle and Right Columns) 

the material shows intense birefringence at room temperature, with very little 

increase as the sample is heated. This indicates that the Pc material is already 

ordered post-photolysis. All images were collected at 300x magnification. 

the alkoxy arms while maintaining columnar arrays of the Pc. As the Pc becomes more 

ordered the amount of birefringence (light) increases, both in amount and intensity. The 

photolyzed samples behaved quite differently than the un-photolyzed control, exhibiting 

high levels of birefringence at room temperature. The fiber samples showed very little 

increase in birefringence as the temperature was increased to 250 °C. This experiment 

suggests that the process of photolysis has in effect caused the materials to order.-^^ This 

No Photolysis Un-annealed Annealed 150 °C 

Optical micrographs of copper cinnamylo.xyethoxy Pc fibers, under 
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would be the case if the photo-dimerization reaction were proceeding up and down the 

columnar assembly forming cyclobutanes. As more and more arms on a Pc react with the 

neighboring atoms above and below, this reduces the degrees of freedom of the Pc 

molecule. As more degrees of freedom are removed and motion is restricted the Pc 

macrocycle is forced into a columnar alignment.-^^ It is interesting to see that the un-

annealed samples behaved in a similar manner to the annealed samples. A future 

experiment will be performed to see if the rate of polymerization is faster in the annealed 

films versus the un-annealed films. 

In a follow up to the fiber photolysis experiment, evidence was obtained that 

indicates the photolyzed fibers are not cross-linked. The typical method for determining 

if a polymer sample is cross-linked, is to show that it is insoluble in solvents that dissolve 

the monomer.-^*^--^' In an effort to test whether the fibers were cross-linked, the 

photolyzed fiber samples were placed in a separate scintillation vial containing CHCI3. 

In both the annealed and the un-annealed samples the fiber regions of the sample had 

completely dissolved, only some regions of film (non-fiber region) remained on the glass. 

Upon removal of the solvent a residue of green solid remained, which could be 

redissolved in CHCI3. These results from this experiment indicate that the fiber 

assemblies of copper cinnamylo.xyethoxy Pc are not cross-linked. 

5.5 NMR Experiments to Confirm Cyclobutane Formation 

Several NMR experiments were performed in an effort to obtain direct evidence 

for the generation of cyclobutanes from the photolysis of the styrene entities. The 
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experiments consisted of taking a proton NMR of the un-photolyzed sample, then 

depositing them as a solution cast film to the interior of a quartz fluorometer cell. The 

resulting thin film was then photolyzed using the same methodology employed for fibers 

and LB films. The film was then dissolved in CDCI3 and a second proton NMR was 

performed on the photolyzed material. Initial NMR experiments were performed for the 

styrylethoxy Pc 2-13A, but proved to be inconclusive since the predicted shifts (~5 3.8 

and 5 for the newly formed cyclobutanes coincided with the existing resonance 

for the other methylene groups (Appendix E). In order to overcome this problem similar 

experiments were performed on the cinnamyloxyethoxy phthalonitrile (2-32) and the 

metal-free cinnamyloxyethoxy Pc (2-14A). The cinnamyloxyethoxy "arms" contain 

methylene groups that are ether functionalities, which shifts their NMR peaks down field 

away from the cyclobutane regions. The cinnamyloxyethoxy phthalonitrile (2-32) 

e.xperiment was attempted prior to the Pc (2-14A), since the NMR spectra for Pc's tend to 

have broadened peaks due to aggregation and molecular size. The cinnamyloxyethoxy 

phthalonitrile (2-32) was cast as a thin film and photolyzed for two hours under an argon 

atmosphere. The material was then dissolved in CDCI3 and quantitatively transferred to 

an NMR tube. The un-photolyzed spectra showed a ratio of styrene peak (6.5 at 56.6) to 

aromatic peaks (38.7 at 57.5-7.1) of 0.168, which corresponds well to the theoretical 

value of 0.167 for a ratio of 2:12. A comparison of the pre-photolyzed and photolyzed 

spectra (Figure 5.9) shows a decrease in the styryl integration ratio of 0.130, which is a 

22% decrease from the un-photolyzed spectra. In addition, two new peaks are observed 

at 63.25 and 62.75 in the photolyzed 
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Figure 5.9: NMR experiment performed on photolyzed cinnamyloxyethoxy 

phthalonitrile (2-32) to evaluate cyclobutane formation. The top spectrum is for the 

un-photolyzed compound, with the styrene resonance's shown at 56.75-6.15. The 

bottom spectrum shows the same sample after 2 hours photolysis. The styrene peaks 

have decreased 22% and two new peaks (53.25 and 62.75), which corresponds to the 

calculated values for cyclobutane are visible. 
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sample, which corresponds closely to the calculated shifts of 53.33 and 52.65 for a 

cyclobutane of this type. The ratio for the 52.75 peak to the aromatic region was 

calculated to be 0.05. If the ratio of the styrene integration and new peak integration are 

added (0.18) it correlates well to the predicted ratio (0.17) for a 2:12 distribution. A 

similar experiment (Figure 5.10) was performed using the cinnamyio.xyethoxy Pc 2-14A, 

with the exception that an internal standard (CH3I and 52.08) was added to provide a 

reference point. The NMR spectra for Pc's often result in broad peaks or multiple 

splitting of peaks, due to the reduced symmetry (D^h) of the metal-free Pc's and their 

aggregation at NMR concentrations (milli-molar). The un-photolyzed sample contained 

10 |iL of methyl iodide and shows a ratio of styrene peaks (56.8-6.1) to the molarity of 

methyl iodide of 0.42, which is close to the calculated value of 0.40. The same sample of 

Pc 2-14A was then deposited as a film in a quartz cuvette and photolyzed for two hours. 

The Pc was then dissolved in CDCI3 and the NMR tube was charged with 30 of 

methyl iodide, the larger amount of methyl iodide was due to a measuring error (the 

larger quantity of the standard was not discovered until post experiment, but should not 

effect the outcome). The NMR spectrum for the photolyzed Pc 2-14A shows a decrease 

in the ratio of styrene integration to the methyl iodide integration of 25% to 0.31, which 

interestingly is close to the 22% decrease observed for the corresponding phthalonitrile 

experiment. Unfortunately, no new peaks are clearly discemable as was the case for the 

phthalonitrile experiment. The cyclobutane peak at 52.75 is most likely under the large 

methyl iodide peak and the 53.25 is most likely buried in the baseline since the peak 

should integrate to a value of only 0.24. 
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Figure 5.10: NMR experiment performed on photolyzed cinnamyloxyetho.xy 

Pc (2-14A) to evaluate cyclobutane formation. The top spectrum is for the un-

photolyzed compound, with the styrene resonance's shown at 56.75-6.15. The 

bottom spectrum shows the same sample after 2 hours photolysis. The styrene 

peaks have decreased 25%. 
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5.8 Summary of Experimental Data For Cinnamyloxyethoxy Pc 

The physical properties of the cinnamyloxyethoxy Pc (2-14), like it's design, are a 

hybrid of the benzyloxyethoxy PC (2-12) and the styrylethoxy Pc's (2-13). The copper 

cinnamyloxyethoxy Pc's UV-visible spectra shows the expected Q-band of an alkoxy 

substituted copper Pc (677 nm), as well as a strong absorbance for the P-styrene 

chromophore (251 nm). The cinnamyloxyethoxy Pc showed a decreased tendency to 

aggregate in solution compared to the benzyloxyetho.vy Pc (2-14B), that is most likely the 

result of the increased distance between the Pc macrocycle and the terminal phenyl rings. 

The Pc exhibited a distinct monolayer, a less defined bilayer and well-defined, robust 

fibers in pressure area isotherm experiments performed on a Langmuir trough. DSC and 

POM experiments indicate that the copper cinnamyloxyethoxy Pc exhibits an LC 

mesophase above 70 °C and is stable to over 300 °C. Polymerization experiments 

performed on films and fibers of the cinnamyloxyethoxy Pc shows that the materials 

achieve nearly 80% conversion of the styrene monomers within 1000 minutes of 

photolysis. The material's high reactivity (relative to the styrylethoxy Pc) is 

hypothesized to be due to the increased freedom obtained by the styrene molecules, with 

the addition of the methylene and oxygen functionality. To date, attempts to obtain 

MALDI mass spectral date on photolyzed samples of cinnamyloxyethoxy Pc have been 

unsuccessful. In the case of higher conversion ( 12.5%) the photolyzed Pc arrays are not 

soluble (most likely due to high inter-columnar interactions), which has prevented the 

preparation of MALDI samples. Samples that were soluble (<10% conversion) showed 

no sign of polymers, oligomers or even the monomer peak. This was a bit surprising 
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since un-photolyzed samples of the cinnamyloxyethoxy Pc "monomer" did yield high-

resolution MALDl mass spectra. One explanation for this is the laser intensity utilized in 

the MALDI analysis of the Pc polymer arrays is causing the Pc to form higher weight 

polymers. Previous studies by the Mass Spec Facility showed that the 337 nm emission 

of the MALDI laser is capable of photolyzing the cinnamyl monomer, if the laser power 

(attenuation) is set to 75 or lower, this is plausible since Carrie Donley has done 

experiments that shows the same Pc can be photolyzed forming lithographic like images 

with short photolysis times. POM experiments performed on photolyzed fibers of the 

copper cinnamyloxyethoxy Pc show that the molecules are ordered by the process of 

irradiation. Photolyzed fiber samples were shown to be completely soluble in CHCI3, 

unlike the multi-layer films, indicating they are not cross-linked. The solubility 

differences between the photolyzed film and the fibers could be caused by the fibers 

having a thicker layering of Pc material, which could result in a difference in the degrees 

of polymerization on the surface versus the material at the glass surface. If the material 

within the fiber were not polymerized to high conversion (long polymers) it would be 

easier for solvent molecules to penetrate and disrupt the oligomeric molecules. In the 

case of the films, the optical density permits a more uniform conversion so higher 

molecular weight materials are obtained, increasing the cooperative effects of inter-

columnar interactions. 
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CHAPTER 6 

2,3,9,10,16,17,23,24-Octa(3,4,5-T ris( Alkoxy)Styry lethoxy)-

Phthalocyanine 

6.1. Compound Overview 

The third generation of reactive Pc is a modified version of the styrylethoxy Pc 

(2-13). The modification to the original styrylethoxy Pc consisted of each terminal 

styrene group containing three alkoxy units (Figure 6.1). 



177 

OR OR 

OR RO. OR RO. 

0. 
OR RO 

OR RO 

OR RO 

N—M—N, 

OR RO 

OR RO 

OR RO 

0 0 

.OR RO, 

RO 

OR RO 

Figure 6.1; General structure for tris(alkoxy)-styrylethoxy Pc (2-15). The 

peripheral alkoxy groups will serve to decrease the onset temperature of the LC 

mesophase and prevent aggregation of the polymerized columnar assemblies, to 

preclude the possibility of cross-linking. 

The molecule was designed to increase the liquid crystallinity of the styrylethoxy Pc by 

diminishing the phenyl-phenyl interactions between columnar assemblies of Pc. It was 

theorized that with increased LC behavior, the polymerization reaction could be driven to 
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higher conversion. Several columnar assemblies have been developed in which the 

peripheral alkoxy groups have served to isolate individual columns when assembled, as 

well as increase the solubility of the materials once polymerized.^^--^^ The insulating 

effects of the alkoxy groups would serve to prevent the possibility of cross-linking. 

Initially, the pentyloxy substituted compound was chosen as the synthetic target, however 

this was changed to a methoxy substitute upon consideration of steric constraints placed 

on a columnar assembly of these materials. It was believed that the pentyloxy-substituted 

molecule would be unable to assemble due to the steric interactions between neighboring 

styryl arms. There are two competing factors to consider when choosing the ideal length 

for the terminal alkoxy chains. As the chain gets longer the desired effects of increased 

liquid crystallinity, solubility and inter-column isolation becomes more easily achieved, 

however, with increasing chain length the sterics begins to disrupt the planarity of the 

system. Percec and co-workers have demonstrated the conical and spherical shapes 

obtained for tri-alko.xy terminated G-2 dendrons based on gallic acids, they also reported 

flat fan shaped dendrons that were prepared from the mono-alkoxy terminated benzoic 

and gallic acid compounds.^^'^l Studies will be performed to molecular model the 

alkoxy substituted systems to determine the ideal chain length for the alkoxy chains. 

This chapter will discuss the synthetic approaches to this class of compounds. 

6.2. Synthetic Strategies 

The initial attempts to synthesize the tris-alko.\y-styrylethoxy arm involved the 

conversion of the commercially available gallic acid dimethyl ester (6-1) into the tris-

alkoxy gallic alcohol (6-3). This conversion was accomplished for the pentyloxy version 
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in two steps and 98% overall yield (Figure 6.2). The first step was a Williamson ether 
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Figure 6.2: Synthesis of tris-pentyloxy gallic alcohol (6-3) was achieved in two 

steps and 98% overall yield. Synthetic conditions: a. K2CO3 (6 eq.), KJ (catalytic), 

bromopentane (4 eq.) and acetonitrile. b. LAH (1 eq.) in THF. 

synthesis using 1-bromopentane and K2CO3 in acetonitrile, yielding the desired product 

upon aqueous work-up in 98% yield. The conversion on the alkoxy ester compound (6-

2) was converted to the corresponding alcohol in 99% yield using lithium aluminum 

hydride in THF. From the tri-alkoxy gallic alcohol, two synthetic routes to the desired 

tris-alkoxy styrylethoxy arm were explored (6-6). The first route (Grignard Route) 

involved conversion of the alcohol to an aldehyde (6-4) using a Swem oxidation, 

followed by attack by Grignard salt of the THP protected 3-bromopropanol to yield the 

secondary alcohol (6-5). The alcohol is then converted to a tosylate and subsequent base 

elimination forms the desired compound with the olefin exclusively trans.-^*^ This 

methodology was chosen as the first route primarily because it had been used to 

synthesize the styryl-ethanol arm (2-17) in earlier work.-^^ 
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Figure 6.3: Synthetic routes to the tris-alkoxy-styrylethanol arm (6-6) included a 

Grignard route and a Wittig/Homer-Emmons route. The Grignard route involved 

o.xidation of the alcohol to the corresponding aldehyde (6-4), followed by 

nucleophilic addition by the Grignard salt of THP protected 3-bromopropanol to 

yield a secondary alcohol (6-5). The alcohol (6-5) can be converted to a tosylate 

and treated with base to yield the alcohol (6-6). Synthetic conditions: a. oxalyl 

chloride/DMSO, triethyl amine (Swem) b. BrMgCH2CH:CH:0THP c. 

TsCl/NaOH followed by t-BuO'K' and acid work up. The Wittig/Homer-

Emmons route involved conversion of the alcohol (6-3) to the benzyl bromide (6-

7). The bromide (6-7) was converted to the appropriate ylide (6-8). The ylide 

was then treated with base and the mono-THP protected 3-hydroxy-propanal to 

yield the desired compound 6-6. Synthetic conditions: d. PBr3/K:C03/LiBr in 

THF e. trimethyl phosphite/heat f. t-BuO'K* or LDA and THPOCH2CH2COH. 

This synthetic route experienced difficulties from the outset, due to the electron rich 

nature of the phenyl ring. Attempts to synthesize the substituted gallic aldehyde (6-4) 

using Swem conditions resulted in low yields (22%) of the desired compound. The 

decreased yield of the aldehyde is the result of the loss of one of the alkoxy chains. This 

has been observed for tri-alkoxy gallic acid derivatives by Percec and co-workers, who 

have reponed that amine bases cause cleavage of the ether to form a phenol.^® A 

successful synthetic methodology was suggested by members of Dominic McGrath's 
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group to synthesize the tri-alkoxy gallic aldehyde (6-4) in 98% yield. The substituted 

gallic alcohol (6-3) was converted cleanly to the desired 

aldehyde (6-4) using Bobbitt's reagent (Figure 6.4).-'^ This 

synthetic method was not discovered until after the Grignard 

route had been abandoned for the Wittig/Homer-Emmons 

route. The first step in the Wittig/Homer-Emmons (WHE) 

route involved the conversion of the alcohol 6-3 to the 

corresponding tri-alkoxy benzyl bromide (6-7). Several 

attempts to synthesize the desired bromide using PBr3 and 

TMSBr-'^ proved unsuccessful, due to the extreme acid 

sensitivity of the alkoxy groups on the tri-alkoxy gallic alcohol (6-3). A new synthetic 

method was developed to convert the acid sensitive alcohol (6-3) to the corresponding 

bromide (6-7). This conversion was achieved using PBrs, LiBr and K:C03 in THF. The 

key was to use K2CO3 as a proton sponge and the LiBr is necessary to insure a soluble 

source of bromide ion (KBr is not soluble in THF). This method was used to synthesize 

multi-gram quantities of the bromide in 95% yields. With the gallic bromide (6-7) in 

hand a series of Wittig and Homer-Emmons reactions were performed, in an effort to 

synthesize the all trans tris-alkoxy styrylethanol (Table 6.1). 

NHAc 

0«+  BF4-

Figure 6.4: Bobbitt's 

reagent (Above) was 

used to convert the 

alcohol 6-3 to the 

aldehyde 6-4 in high 

yields. 
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Table 6.1: Summary of Wittig/Homer-Emmons Reactions 

Aldehyde Halide 
Phosphorous 

Source 
Base % Trans % Cis Yield 

Tris-pentyloxy 

benzaldehyde 
A 

Triphenyl 

Phosphine 
t-BuOK 62 38 67 

Tris-pentyloxy 

benzaldehyde 
A 

Triphenyl 

Phosphine 
LDA 66 33 65 

Tris-pentylo.xy 

benzaldehvde 
A 

Trimethyl 

Phosphite 
t-BuOK 73 27 76 

Tris-pentyloxy 

benzaldehyde 
A 

Trimethyl 

Phosphite 
LDA 75 25 73 

Tris-methoxy 

benzaldehyde 
A 

Trimethyl 

Phosphite 
LDA 90 10 79 

THP protected 

hydroxy propanal 
6-7 

Trimethyl 

Phosphite 
LDA 65 35 82 

Table 6.1: Summary of the Wittig/Homer-Emmons experiments. The % cis and trans 

were estimated from 'H NMR. Halide A is the THP protected 3-hydroxy propyl 

bromide. 

A series of reactions were performed to determine the effects of varying the ylide type 

(triphenyl phosphine or trimethyl phosphite), different bases, starting aldehyde and 

alkoxy units had on the trans/cis ratio of the resulting olefin. From the series of 

experiments it was determined that the highest fraction of the trans olefin was obtained 

using the trimethyl phosphite ylide and LDA as the base. The trimethyl phosphite is 

better able to stabilize the positive charge on the phosphorus intermediate, thereby 

allowing time for the intermediate to form the thermodynamically favored trans olefin. 

The effect of lithium ion is also well documented as it exerts a stabilizing effect on the 

intermediate compound by complexing the oxygen anion of the intermediate, resulting in 

a higher ratio of trans to cis olefin.-^^ It was interesting to see the steric effect of the 

alkoxy groups on the resulting trans/cis ratio. The larger pentyloxy substituents may 
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inhibit free rotation of the intermediate betaine, decreasing the amount of the trans olefin. 

The ratios of trans/cis were not acceptable, so this route was considered a dead end. It 

was later found that a mi.xture of the cis and trans olefin could be isomerized to the all-

trans compound by refluxing the mixture in iodine-saturated hexanes.-"^"^--^® 

A new synthetic starting molecule was chosen, since initially it was believed that 

the gallic acid based derivatives had been exhausted. A new set of synthetic routes was 

developed based on 3,4,5-trihydroxy-benzyl halides (X=Br or I), which were prepared in 

H3C0.,^^NH2 H3C0^^:^X 

T T > 1 T —• I J 
HaCO'^'^p 

OCH3 OCH3 OR 

6-10 6-11 6-12 

Figure 6.5: Synthesis of tris-alkoxy phenyl halide (6-12) from the commercially 

available trimethoxy aniline (6-10). The metho.xy groups were removed by BBrs 

in order to synthesize the pentyloxy compound (6-12). Synthetic conditions: a. 

1) HjO'/NaNO: 2) CuBr (for aryl bromide) or KI (for aryl iodide), b. 1) BBr3 

2) Bromopentane, K:C03 and KJ in MeCN. 

-50% yield from the 3,4,5-trimetho.xy aniline (6-10) using a diazonium reaction (Figure 

6.5). The first in this class of compounds, tri-methoxy phenyl bromide (6-11), was 

synthesized in 78% yield. The methoxy groups were hydrolyzed to yield the tri-hydroxy 

phenyl bromide in 81% yield utilizing BBr3 (3 eq).2'79 \ Williamson ether synthesis with 

pentyl bromide yielded the desire tri-pentyloxy phenyl bromide (6-12) in 54% overall 

yield. The first synthetic route (Figure 6.6) to the desired tris-pentyloxy styrylethanol (6-

6) involving the aryl halides, was a nucleophilic attack on the THP protected hydroxy 

butanal to form the same secondary alcohol (6-5) that was 



184 

RO Br 

OTHP 

a. 

RO OR 
OR 

6-12 

Heck Coupling 
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)C C. 

RO OH 

RO 
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Figure 6.6: Synthetic methodologies based on tri-alkoxy phenyl halides (6-12). The 

second Grignard route was unsuccessful in preparing the desired compound (), the 

reaction instead yielded unreacted staning material and the VVurtz product (biphenyl). 

A Heck coupling reaction was attempted, however Heck reactions don't work for aryl 

bromides with a para alkoxy group. Synthetic conditions: a. Mg° / THF b. THP 

protected 4-hydroxy butanal c. TBDMS protected 4-hydro.xy-1-butene, Pd(0Ac)2, 

triphenyl phosphine and triethyl amine. 

discussed previously. Attempts to form the Grignard salt (6-13) of the phenyl bromide 

(6-12) failed, due to alkylation in the para position by the Grignard salt with elimination 

of alkoxy group.^'S Synthesis of the lithium salt was attempted by re fluxing the bromide 

with lithium shot, however this reaction developed a black color with no detectable 

product. A Heck coupling was performed between the aryl bromide (6-12) and the 

TBDMS protected 4-hydroxy-1-butene using triphenyl phosphine, Pd(0Ac)2 and triethyl 

amine. The reaction was unsuccessful, prior published research by Nolan and co-workers 

has shown that aryl bromides containing a para alkoxy group are not reactive under Heck 

conditions, without complex, highly specialized phosphine ligands.-^^ Aryl iodides are 
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reported to be more reactive to Heck coupling reactions then the corresponding 

bromides.-^' The tri-pentyloxy phenyl iodide was synthesized in 51% overall yield, 

using the same method from the phenyl bromide, with the exception that KI was used 

instead of cuprous bromide. The TBDMS protected tris-pentyloxy styrylethanol was 

successfully synthesized in 45% yield using Pd(0Ac)2 and tripropyl amine at 100 °C. 

The tris-methoxy styrylethanol was synthesized by isomerization of the mixed products 

from the prior Homer-Emmons synthesis utilizing iodine in hexanes. Even though the 

two alkoxy substituted styryl ethanol arms were synthesized by different approaches, 

cither melhod would be capable of preparing any alkoxy-substituted version of the styryl 

ethanol arm. 
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CHAPTER? 

CONCLUSIONS 

7.1. Summary of Results 

The quest to develop the field of molecular electronics, nano-devices and 

molecular wires has intensified in recent years, as recent research advancements begin to 

make these devices attainable.' 18,119,282-288 order to reach this goal it is necessary to 

develop molecules that can be organized under appropriate conditions to form 

supramolecular assemblies. Once the molecules are assembled, the materials must be 

able to maintain this overall shape to be a functional device. Polymerization has been 

utilized to stabilize organic assemblies for processing.Previous work in the 

Armstrong and O'Brien group has shown that the class of Benzyloxyetho.xy Pc's (2-12) 

demonstrate a remarkable ability to self organize into well ordered films using Langmuir-

Blodgett techniques.®^>'^8-'80-l82 jj^is dissertation details the synthesis'^^ and 

characterization of a group of novel polymerizable Pc's. which have been self-organized 

and then covalently linked forming nano-objects.-^'--^^ 

The first step in developing a polymerizable Pc was choosing a reactive group 

(monomer) that doesn't disrupt the self-organization properties of the Pc. The monomer 

chosen to provide the least disruption of the original Pc structure was the trans-styrene 

fiinctionality. The P-styrene offers the advantage that it reacts readily under UV 

irradiation to form cyclobutane dimers, since it would be difficult to penetrate the Pc 

assemblies with a photo-initiator or a radical initiator. The styrene functionality also 
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exhibits a of 251-254 nm, which is situated between two UV absorbance bands for 

the Pc macrocycle (Figure 4.2). The first two polymerizable classes of Pc developed 

were the styrylethoxy Pc with the olefin installed in place of the benzyloxy entity (2-13) 

and the cinnamyloxyethoxy Pc, which inserts the olefin beuveen the phenyl ring and the 

benzyl carbon (2-14). Previous work in the Armstrong and O'Brien group suggested 

that the unique LB behavior and fiber formation of the benzyloxyethoxy Pc's (2-12) is 

the result of the balance between the K-T: interactions of the Pc core and the length of the 

liquid like alky chains,'^' with the wild card affects of the added 7r-ix interactions of the 

terminal phenyl groups. The synthesis of the new Pc classes was achieved using a novel 

synthetic route to substituted phthalonitriles that was developed as part of this work to 

avoid compatibility issues with the reactive monomer arms and purification issues with 

the phthaionitrile precursors. The new synthetic route demonstrated the ability to 

synthesize multi-gram quantities of the phthaionitrile in -65% overall yields, without the 

purification issues of the prior methods.-^^ The new reactive class of Pc molecule's 

and the cobalt and rhodium analogues of the benzyloxyethoxy Pc's were synthesized in 

30-90% yields from the corresponding phthalonitriles. UV-Visible spectroscopy 

performed on the two polymerizable Pc's (2-13 and 2-14) shows that with the exception 

of the styrene absorbance bands at -254 nm, there is little difference in the molecules 

absorbance 
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Cu Benzyloxyethoxy Pc 

Cu Styrylethoxy Pc 
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Figure 7.1: UV-Visible spectra for the copper Pc's. The three classes of Pc 

molecules exhibited similar UV-Visible spectra, with the exception of the styrene 

absorbance bands for the reactive analogues. 

over this region (Figure 7.1). Langmuir-Blodgett studies on the polymerizable Pc's 

showed that although the three classes of Pc had similarities in their pressure-area 

isotherm behavior, the materials did behave quite differently on the trough (Figure 7.2). 
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Copper Benzyloxyethoxy Pc 

—Copper Styrylethoxy Pc 

Copper Cinnamyloxyethoxy PC 

Square Area/Molecule (A^/ Molecule) 

Figure 7.2: Pressure Area isotherm comparison for the copper Pc's. The three 

classes of Pc molecules 2-12B, 2-138 and 2-14B e.xhibit similar behavior. The area 

per molecule was from the largest to the smallest: benzylo.xyethoxy Pc (2-12B) > 

cinnamylo.xyethoxy Pc (2-14B) > styrylethoxy Pc (2-13B). 

The copper analogues of the three classes of Pc all demonstrated a clear monolayer 

transition, but only the benzyloxyethoxy Pc (2-12B) showed a distinct bilayer transition. 

If the slope of monolayer transition is extrapolated to zero pressure, the square area per 

molecule can be estimated for each compound. The largest area per molecule value (110-

120 A*/molecule) is obtained, not from the larger sized cinnamyloxyethoxy Pc (2-14B), 

which measures in at -100 A'/molecule but from the original benzyloxyethoxy Pc (2-

12B). The styrylethoxy Pc e.xhibits the smallest "foot-print" on the LB trough at ~90 

A"/molecule. One possible explanation for this unusual data is the degree of tilt exhibited 
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in the columnar arrays of Pc. Earlier experimental analysis performed on the 

benzyloxyethoxy Pc suggested that the Pc aggregates exhibited a certain degree of tilt (0 

Figure 7.3: Schematic of columnar tilt "=ighboring PCs copper 

exhibited in LB films of Pc macrocycles. 
.u 1 r n .u .u atom. A competition to this complex 

The greater the value for 9 the more the ^ ^ 

Pc will be "slip stacked" and the larger - •, i • • 
, r I -11 u " formation is possible in the styrene 

the area per molecule will be. ^ •' 

containing Pc's, since a nearly 

perpendicular orientation on the water surface (0 = 0°) would allow the maximum 

overlap of the eight styrene functionalities. This would explain why the styrylethoxy Pc 

has the smallest area/molecule, since the shorter chains and lack of a second o.xygen atom 

would encourage the maximum overlap of the styrene groups, by decreasing the 

flexibility in the arms. This increased co-facial alignment could also explain the stiffness 

of the styrene films discussed in Chapter 4 because increasing the Pc-Pc interactions 

could increase the crystallinity of the Pc assemblies. In the case of the 

cinnamyloxyethoxy Pc (2-14B), there is a greater flexibility (increased free volume) in 

the alkyl spacer between the Pc macrocycle and the styrene groups, which due to the 

thennal motion, decreases the amount of TI-T: overlap between pendent styrene groups. 

This explains why the cinnamyloxyethoxy Pc exhibits an area/molecule value that is 

= 45.2°) when aligned co-facially on the 

LB trough (Figure 7.3).86 The adoption 

of this geometry was hypothesized to be 

caused by the tendency of the aza 

nitrogen to form a coordinate-covalent 
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intermediate in value, since it is a hybrid between the original benzyloxyethoxy Pc and 

the styryiethoxy Pc, it is effected by both the increased TT stacking ability and the 

flexibility of the second oxygen atom. Evidence for this theory can be seen in the POM 

and DSC data collected for the different classes of Pc. The largest LC transition was 

observed for the styryletho.xy Pc's (> 200 °C). while the more flexible Pc's showed lower 

values (65-75 °C). In fact, since the DSC data for the cinnamyloxyetho.xy Pc is nearly 

the same as the benzyloxyetho.xy Pc, it suggests that the second oxygen atom has a 

greater effect on the LC mesophase a Pc then the increased :: system. The 

polymerization experiments between the cinnamyloxyethoxy Pc and the styryiethoxy Pc 

also support the premise that the styryiethoxy Pc is more crystalline than the 

cinnamyloxyethoxy series. The fact that the rate of photolysis is faster and driven to 

higher levels of reaction in the cinnamyloxyethoxy Pc suggests a greater freedom of 

motion within the Pc periphery. I believe that the styrene functionalities are not aligned 

in the ideal geometry to photo-dimerize'^^ as they are formed on the LB trough, because 

if they were properly aligned, the photolysis of the styrene monomer would continue to 

higher conversions. The liquidity of the cinnamyloxyethoxy Pc allows for motion of the 

peripheral styrenes, so that monomer units that are not aligned will eventually reach the 

ideal alignment during the course of thermal motion. Indirect evidence for the liquidity 

of the cinnamyloxyethoxy Pc has been seen by Rebecca Zangmeister as she attempts to 

image films of the Pc by AFM. The AFM scans indicate either a disordered film or a 

"spongy" assembly. Based on the POM experiments described in Chapter 7 on 

photolyzed fibers of Pc, it most likely is not a disordered film. Currently, UV-Visible, 
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X-ray scattering and IR experiments are being conducted in Dr Armstrong's lab to 

determine the tilt angle of the Pc assemblies created by 2-13 and 2-14. 

Photolysis experiments performed on the styrylethoxy Pc has resulted in nano-rod 

objects of Pc, as shown by AFM imaging and to a lesser degree by M ALDI mass spec.-^^ 

AFM experiments indicate that a mean rod length of 72 nm (which would correspond to a 

360,000 amu polymer) is obtained for LB multi-layers photolyzed to -35% conversion 

levels. Photolysis experiments performed on the cinnamyloxyethoxy Pc have indicated 

that 2x higher level of styrene conversion can be obtained, however the increased 

conversion results in larger molecular weight polymers.-^® Attempts to characterize the 

materials obtained from the photolysis of cinnamyloxyethoxy Pc using MALDI and AFM 

have thus far been relatively unsuccessful. The photolyzed LB films of the material have 

been shown to be insoluble in CHCI3 when photolyzed to greater then 10% conversion. 

Initially it was believed the Pc assemblies were either cross-linked or the objects that 

were formed were to long and were being held together by the inter-columnar 

interactions.-^^ -phe answer to this question came when mixed samples of photolyzed 

cinnamyloxyethoxy Pc fibers and LB multilayers were photolyzed and the fibers were 

subsequently dissolved in CHCI3. POM experiments performed on the fiber/multilayer 

samples indicate that the material has polymerized, since it shows the highest degree of 

ordering at room temperature. The samples were then placed in a CHCI3 solution and 

soaked overnight, when removed from the solution all of the fibers had dissolved from 

the slide surface. The LB multi-layer regions were still intact on the glass surface and 

only clear glass was observed were the fiber structures had been (re-examined by POM). 
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The resulting solution was a pale green color and exhibited no sign of any particulate 

matter in the solution, indicating that the material is not chemically cross-linked. The 

fact that the multi-layer region did not dissolve is most likely a combination of two 

factors, the dense packing of the Pc multi-layer and the decreased optical density of the 

LB layers compared to the thick fiber assemblies. The dense packing of the LB layers 

would create the highest degree of inter-columnar interactions, creating a mechanically 

cross-linked system. The optical density of the fiber region causes the molecule to react 

from the surface inward, this would result in higher conversions on the surface with 

relatively low conversion close to the slide surface.If this is the case then the higher 

molecular weight polymers would be supported on a base of oligomers and monomers, 

which could be inter-penetrated by the solvent dissolving the rods from the surface. In 

conclusion, this dissertation reports a novel synthetic route to substituted phthalonitriles 

in higher yields then previous methods, which has been employed to synthesize a new 

class of styrene containing Pc's. The styrylethoxy Pc and cinnamyloxyethoxy Pc's 

prepared have been shown to form polymeric materials upon photolysis with 254 nm 

light, which suggests this could be a generic strategy for forming rod-like polymers of Pc. 

7.2. Future Directions 

The new synthetic method for preparing the substituted phthalonitriles, although 

an improvement over prior methods, it yields an excellent area for improvement. The 

initial goal of the Diels-Alder route was to produce a protected catechol molecule with 

the phthalonitrile functionality already in place; this would allow the one-step synthesis 
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of substituted phthalonitriles. The two most promising routes to this goal are the 

conversion of the ester functionality to a nitrile utilizing a different route (Figure 7.4) or 

to find a way to synthesize the dicyano acetylene. The conversion of the ester 

fiinctionality (7-1) to a nitrile (7-4) could be achieved by reduction to the alcohol (7-2) 

followed by oxidation to the phthal-aldehyde (7-3) using Bobbitt's reagent or a Swem 

oxidation. The final conversion of an aldehyde to a nitrile can be done directly and in 

high yields by treatment with 

various chloramines or 

hydroxyl amine and an acid or 

base.-^'"-^^ The direct 

synthesis of a nitrile could be 

achieved by performing a 

Diels-Alder reaction with an 

alkene containing two nitrile 

groups as well as two leaving 

groups (Figure 7.5).-^'*'-^5 

The aromatization and 

elimination of the leaving groups could be accomplished in one step using 2 equivalents 

of base. 

0 
ProtO-ProtO. LAH 

OH 

•OH 
ProtO' ProtO' 

7-2 
7-1 

1.H,NCI or 
H2NOH 

CN 2. H+ or OH- ProtO. ProtO. 

ProtO' CN ProtO' 

0 7-4 7.3 

Figure 7.4: Proposed synthetic route to protected 

catechol phthalonitrile. TBDMS groups could be 

used to protect the catechol, with removal in the 

presence of the alkyl arm to form the ether in one 

step. This route does not have the solubility or 

extreme pH issues that the current method has. 
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Figure 7.5: A Diels-Alder synthetic route to the protected catechol phthalonitrile, 

which allows deprotection followed by formation of the ether arms. 

Future polymerizable Pc's might include a cinnamyloxyethoxy arm that contains 

one para substituted chiral alkoxy group, this type of substitution has been shown to 

control ordering in Pc column arrays.This system may order the Pc columns, causing 

faster reaction times. 
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Appendix F: 

Overview of MALDI Mass Spectral Data of 

Photolysis Experiments of Copper Styrylethoxy Pc 

(2-138) 
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Figure F.l: Experiment n TD000205A involved the photolysis of a solution 

cast film of copper styrylethoxy Pc (2-13B). The film was photolyzed inside 

a quartz cuvette under an argon atmosphere. The photolysis was performed 

using a low-pressure mercury lamp outfitted with a 255 nm band pass filter. 

A clear progression from monomer to hexamer can be observed. 
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Figure F.2: Experiment # TD000222B was the first photolysis experiment 

performed on a Langmuir-Blodgett multi-layer. The sample showed a distinct 

set of peaks in the 50,000 - 55,000 amu range. The blown-up region shows that 

if the largest peak is considered to be a polymer Pc, the dots to the left and right 

represent the n-l (Left) and the n+I (Right) polymer weights. The distance 

between the dots is based on the scale of the baseline and the molecular weight 

of the monomeric Pc. It is interesting to note that the dots are above two peaks 

registered in the MALDI. 
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Figure F.3: This experiment was done as a control to Experiment # 

TD000222B (Figure F.2). To be sure the peaks at 50.000 - 55,000 amu's was 

not the result of anything but the photolyzed Pc's; a sample was prepared using 

the same vials and the same container of DMF. A mass spectra was obtained 

using the same matrix system and analysis of the region above 50,000 amu 

shows no peaks. 
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Figure F.4: Experiment # TD000404A shows the MALDI mass spectral data 

from a 28 layer Langmuir-BIodgett film that was photolyzed to 35% conversion. 

Although the signal to noise ratio is rather low, all of the peak values integrated 

by the instrument correspond to predicted Pc polymer peaks to within 0.1% 

error. 
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Figure F.5: Experiment # TD000824B involved the photolysis of a 28 layer 

Langmuir-Blodgett film. The significance of this experiment is the peak marked 

above has to come from the Pc sample, since no matrix was used. This sample 

was dissolved in CHCI3, transferred to the sample plate and excited directly by 

hitting the Pc band at 337 nm. 
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Figure F.6: Experiment n TD000824C was perfornied on a 28 layer 

Langmuir-Blodgett film and showed peaks of over 200,000 amu. This spectra 

was utilized to analyze the "noise" peaks and it is interesting to note that most 

of the larger baseline peaks are actually some multiple of the molecular weight 

of the Pc. One hypothesis for the difficulty in obtaining MALDI mass spectra 

on a polymer of this type is the wide polydispersity. This would result in 

polymer rods of many masses reaching the mass analyzer causing the baseline 

to rise, decreasing the signal to noise ratio. 
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