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ABSTRACT 

Amphiphiles are composed of a polar, hydrophilic headgroup and one or more 

non-polar, hydrophobic tail(s). Hydrated amphiphiles self-organize to form various liquid 

crystal phases as a function of molecular structure, temperature, concentration, and 

pressure. Self-supported arrays of self-organized, hydrated amphiphile assemblies include 

lamellar/vesicles, various normal (Qi) and inverted (Qn) cubic phases, and normal (Hi) 

and inverted (Hn) hexagonal phases. A bicontinuous cubic liquid crystalline lipid-water 

phase is one in which the lipid bilayers are arranged in periodic three-dimensional cubic 

lattice structures. Cubic liquid crystalline nanoparticles prepared from aqueous 

dispersions of cubic lipid-water phases are kinetically stable in the presence of certain 

dispersing agents. The ability to incorporate and deliver lipophilic, amphiphilic, and 

water-soluble molecules in a controlled manner and great biocompatibility of cubic 

nanoparticles make them excellent candidates for drug delivery applications. 

Stabilization of the cubic nanoparticles has been achieved through polymerization 

of the reactive lipids in cubic lipid assemblies. Several Qn-forming amphiphiles have 

been designed and synthesized. Certain compositions of these amphiphiles and water plus 

cross-linking monomers yield bicontinuous cubic phases, which can be dispersed into 

cubic nanoparticles in water using Poloxamer 407. These cubic nanoparticles were 

studied by NMR, Transmission Electron Microscopy, and Scanning Electron 

Microscopy. The polymerization of the hydrated amphiphiles in the lipid region 

successfully stabilized the cubic nanoparticles. Selective and simultaneous 

polymerizations of the reactive groups in regions of different polarity within an inverted 
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bicontinuous cubic phase were achieved via appropriate choice of initiation chemistry. 

The ability to form stable biocompatible nanoparticles with interpenetrating water 

channels of high internal surface area provides opportunities for the sequestration and 

release of relatively large molecules from these novel nanoparticles. 

Organic light-emitting diodes (LEDs) have attracted much attention because of 

their academic interests and potential utility of this technology in a wide variety of 

applications. A more efficient electroluminescent (EL) device requires balanced charge 

injection and transport of both electrons and holes. Discotic liquid crystalline LEDs are 

very effective as charge transport and energy transfer conduits, due to the high degree of 

electron communication between mesogen cores within the columnar packing. 

Phthalocyanines are well known to form columnar discotic liquid-crystalline mesophases. 

A novel oxadiazole substituted liquid crystalline phthalocyanine containing hole-

transport phthalocyanine moiety as the core and electron-transport oxadiazole moieties on 

the periphery was designed and synthesized. 
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CHAPTER 1 

INTRODUCTION 

1.1 Liquid Crystals 

1.1.1 Classification of Liquid Crystals 

In 1888, an Austrian botanist, Friedrich Reinitzer, reported a puzzling melting 

behavior for cholesterol benzoate. This compound melted over a wide temperature range 

exhibiting the fluidity of a melt but displaying the optical birefringence of a crystal 

simultaneously.^ This behavior, consistent with both liquid and solid-like properties, is 

due to the aggregation of anisotropic molecules into what is termed a phase. Today, it is 

known that many pure substances can be induced to form liquid crystal (LC) states by 

changes in their environment. Such changes in environment include temperature, 

pressure, magnetism, and electrostatic field. Furthermore, certain molecules may be 

induced to form liquid crystals by the addition of a second chemical component, e.g., a 

solvent. 

Liquid crystal molecules possess both positional and orientational order.^ 

Positional order defines the molecule location, while orientational order defines the 

molecule direction with respect to the other molecules in a solid. When a solid melts to a 

liquid, both orientational and positional order is lost entirely; the molecules assume 

random motion and tumbling. When a solid melts to a liquid crystal, however, the 

positional order may be lost although some of the orientational order remains. 



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 the effects of structural changes 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. 

Molecular materials are currently being explored for biological applications such as 

therapeutic and gene delivery,^"® membrane mimics,^ nano-sized molecular reactors and 

catalysis,''' metal nanoparticle synthesis,''"'"^ surface modifications,'^ separations,'^ model 

systems for probing signal transduction,'^"'^ template-directed synthesis of mineral^'^"^^ 

and metaP^"^^ nanocomposites,^''"^^ diagnostic sensors,as well as applications in the 

field of molecular electronics including nano-scale sensors, batteries, solar cells, field-

effect transistors, data storage, electro-luminescent devices, switches, and frequency 

doublers.''^"^^ 

Liquid crystals have been classified into two primary classes depending upon the 

influence of environmental changes on their morphologies: thermotropic and lyotropic. 

Thermotropic liquid crystals are composed of pure substances and exhibit different 

phases through variations in temperature. In some cases, when two or more different 

compounds are mixed, the phase of this system is not only dependent upon the 

temperature but also on the relative concentration of the two components. A lyotropic 

liquid crystal is one that is dependent upon the concentration of one component in 

another. A third class of liquid crystals combines the characteristics of both thermotropic 
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and lyotropic liquid crystals, which is termed amphotropic. Liquid crystal 

supramolecular assemblies are also commonly classified based on their assembly shape, 

i.e. discotic, hexagonal, cubic, lamellar, etc. 

Salf-Organizing Systems 
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/ \ 
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Figure 1.1 Schematic representations of self-organizing systems and their relationship to 
synthetic supramolecular systems (Representations are not to scale). 



23 

1.1.2 Thermotropic Liquid Crystals 

Thermotropic liquid crystals are generally composed of one substance and their 

aggregate mesophases are obtained by changes in temperature.^ These liquid crystals do 

not undergo a direct transition from solid to melt. Instead they form intermediate liquid 

crystal mesophases.Upon an increase in temperature, a thermotropic liquid crystal solid 

undergoes transitions through various smectic (molecular centers organized in layers) and 

nematic (molecular centers distributed isotropically) phases, before ending as an isotropic 

liquid melt (Figure 1.2). Each mesophase combines the order of the crystal with the 

mobility of the isotropic liquid. Long-range orientational order is retained, that is, the 

orientation of the long axis of each molecule is parallel and common to all mesophases. 
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Figure 1.2 The effect of temperature on a thermotropic liquid crystal. Upon increasing 
temperature, a thermotropic liquid crystal solid will undergo transitions to smectic and 
nematic liquid crystal mesophases, before melting completely to a liquid. The anatomy 
for a typical "rod-like" amphiphile is shown; this mesogen consists of rigid, linker, and 
end-group moieties. Adapted from Ringsdorf and co-workers. 

Thermotropic liquid crystals are classified by their overall shape: rod-like or disc

like (Figure 1.3).^^ The rod-like or calmitic mesogens are generally described as long 

(minimum length of 13-14 A), narrow, rigid rod shaped molecules, which contain a 

permanent dipolar group with a highly anisotropic structure." These molecules generally 

consist of three main functional components, including one or more rigid blocks to 
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provide order, a polar end group, and one or more bridging groups to act as a linker 

between both of the aforementioned groups. 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 initial discovery of a discotic mesogen by Chandrasekhar^'' in 1977 has led 

to the subsequent findings that many classes of organic molecules exhibit one or more 

liquid crystalline states. 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, electroluminescent and electrochromic devices, optical switches, 

solar cells, among others.^' 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.^"^'^^ 
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Phases of Thermotropic Liquid Crystals 

\J 

Rod-Like Smeetic Nematic 

Disk-Like 

fh iiii^iii ii»« 

Discotic Nematic 

Figure L3 Pictorial representation of thermotropic mesophases obtained from molecular 
geometries. Adapted from Toyne.'^ 

1.1.3 Lyotropic Liquid Crystals 

Lyotropic liquid crystals refer to the class of compounds that exhibit liquid 

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

solvent. Lyotropic mesophases can be formed in both polar and non-polar solvents. The 

phase is primarily determined by the concentration of the liquid crystal mesogens in the 

selected solvent (Figure 1.4). 58,66-68 
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Lyotropic Liquid Crystals 
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Figure 1.4 The effect of concentration on lyotropic liquid crystal mesophase formation. 
Concentration decrease from left to right. Adapted from Ringsdorf and co-workers. 

Lyotropic compounds, commonly referred to as amphiphiles (surfactants), are 

characterized by having a hydrophilic headgroup attached to at least one hydrophobic tail. 

Above a critical aggregate concentration (CAC), these molecules organize in a way as to 

minimize solvent contact of their unlike region, which results in the formation of nematic, 

micelle, or the more ordered lamellar (comparable to thermotropic smectic phases). 
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columnar, and cubic mesophases. Lyotropic liquid crystal supramolecular assemblies 

from amphiphile-water systems will be discussed in detail in the following sections. 

1.1.4 Amphotropic Liquid Crystals 

Amphotropic liquid crystal mesophases are organized by at least two different 

factors, e.g. temperature, concentration, or pressure. Many liquid crystal molecules 

follow amphotropic behavior patterns,^^'^^'^^ including some phospholipids,^® alkylated 

^f \  'y I TO 
monosaccharides, ' and amphiphilic metal salts. ' In regards to their molecular 

structure, amphotropic liquid crystals are regular amphiphiles. However, they display 

amphotropic behavior. Amphotropic liquid crystals are often lyotropic and thermotropic 

liquid crystal hybrids. That is, they incorporate the hydrophilic head group and 

hydrophobic tail of a lyotropic liquid crystal, as well as the rigid block portion (rod- or 

disc-shaped) of a thermotropic liquid crystal. The primary ability to be organized by 

several different environmental influences is due to the structural properties of individual 

58 molecules. 

1.2 Liquid Crystal Supramolecular Amphiphile Assemblies 

The self-assembly of amphiphilic molecules into complex structures is a broad 

and active area of research. Amphiphile-water systems are known to form a variety of 

different lyotropic liquid crystalline phases, such as lamellar, inverted hexangonal, and 

inverted cubic phases (Figure 1.5). The enthalpically unfavorable interfacial interaction 

between the hydrophobic tail(s) of the lipid with the polar water molecules induces the 
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former to aggregate with the hydrophobic tails of other lipids, while the hydrophilic 

headgroup remain exposed to the aqueous environment. Assembly morphology can vary 

from relatively simple micellar or vesicular structures to highly ordered, yet fluid 

condensed assemblies with specific nanometer-scale geometries known as non-lamellar 

assemblies, e.g., the inverted hexagonal (Hn) or various inverted bicontinuous cubic (Qn) 

phases. 

Micelle ym^lar Bicontinuous Cubic Inverse Hexagonal 

m 

Spontaneous Cymtura 

High Water Content Low 

Figure 1.5 Representations of some liquid crystalline phases of hydrated lipids. From left 
to right, the phase changes from micellar to lamellar to bicontinuous cubic and to inverse 
hexagonal, as the spontaneous curvature of the lipids changes from positive to negative, 
and the water content of the sample decreases. 

Amphiphile structure itself plays an important role in determining which 

lyotropic mesophase is formed. The assembly morphology is dependent upon the 
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molecular anatomy; that is, the relative proportion of hydrophobicity and hydrophilicity 

of the lipid, as well as the molecular geometry.^^"^^ The lyotropic liquid crystal phase 

behavior of amphiphiles can be described based on the packing of molecules. The 

effective area of the head group (an effective molecular cross-sectional area), with 

respect to the length of the hydrophobic tail for a given molecular volume controls the 

interfacial curvature (Figure 1.6). 

vokime, V 
area p«r 
head group, a 

Figure 1.6 The effect of molecular packing on the mesophase formed. Interfacial 
curvature is based upon the effective area of the head group {a), in relation to the volume 
occupied by the tail group. Adapted from Hamley.^ 

The effective area of the head group, a, is governed by a balance between the 

amphiphile-amphiphile hydrophobic tail interaction (which reduces a) and the tendency 

of the head groups to maximize their contact with water (which increases a). The balance 

between these forces leads to an optimal area per head group that corresponds to the 

interaction energy minimum. Rather simple geometrical arguments can be used to define 

a packing parameter, the magnitude of which controls the preferred aggregate shape. The 

surfactant packing parameter, Ns, has been found to be an excellent way to predict the 
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mesomorphic behavior of amphiphiles, based upon amphiphile structure (Figure 1.7). In 

this system, the surfactant packing parameter is defined by the ratio of the total 

amphiphile volume, V, to the product of the effective head group area, a, and the length 

of the amphiphilic tails, /, where Ns = V/(a-/). 

Mesophase Surfectefflit Parian^ Geometrical 
Paramdcr, Shape 

Spl»rictl Micelles N, < 1/3 

•i 

A 
iT »s»  

> 

•iji 

Cfiadwal Micelfes l / 3 < H < V i  

•i 

A 
iT »s»  

> 

•iji 

?BskkilL3^o«Mes, 
ffexjfcfebilajriis 

<N,<  1  

\i:J 
£hi 

bilajTsw 
1 f̂ l 

M«s<f>toses N,> 1 • b' 

Figure 1.7 The influence of the surfactant packing parameter on the mesophase formed. 
Adapted from Hamley.^ 

Spherical micelles can be considered as formed from the packing of cones (Ns < 

1/3, large head group to small tail volume), while other mesophases are constructed from 

the packing of cylinders, or truncated cylinders. Cone-shaped (Ns > 1, small head group 

to large tail volume) amphiphiles, or amphiphiles with non-uniform average cross 

sections, pack side-by-side effectively into curved layers, resulting in inverted cubic or 



hexagonal phases (Figure 1.5).^'^'^^ Cylindrically shaped amphiphiles (Ns = 1 or uniform 

in structure) favor the formation of lamellar structures, i.e., planar bilayers. 

A similar system of amphiphile mesomorphic prediction involves the use of the 

intrinsic radius of curvature, Ro, associated with each amphiphile.Phase behavior has 

been suggested to result from a tendency of an amphiphile layer to curl. This tendency to 

curl is given quantitatively by Ro, which minimizes the bending energy of an amphiphile 

monolayer. Quantitative values of Ro are determined by measurement of the free energy 

per  molecu le  when  i t  occup ies  a  g iven  molecu la r  vo lume  o f  a  g iven  shape .Curva tu re  i s  

a result of an imbalance of forces acting across an amphiphile layer. Amphiphiles with 

small absolute Ro values require less thermal energy to undergo vesicle to inverted 

hexagonal phase (La / Hn) transitions than do those with large absolute Ro values, which 

form stable La phases, even at high temperatures. Hydrated amphiphiles with 

intermediate absolute Ro values are likely to form inverted bicontinuous cubic phases (Qn) 

79 80 at moderate temperatures. ' 

1.3 Cubic Liquid Crystal Supramolecular Amphiphile Assemblies 

Bicontinuous cubic phases in membrane lipid/water systems were first reported 

o I 
by Luzzati and co-workers in the 1960s, although detailed studies of these phases did 

not begin until the mid-1980s. Since that time, these phases have been found in a wide 

range of lyotropic systems, including lipid-water systems and block copolymers. 

• R9 
Scriven first suggested that bicontinuous cubic phases have interface structures based 

upon periodic minimal surfaces and this description is now generally held to be correct. 
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A cubic liquid crystalline lipid-water phase is one in which the lipid bilayers are arranged 

in periodic three-dimensional cubic lattice structures. By contorting the bilayers into the 

shape of infinite periodic minimal swfaces (IPMS), the mean curvature at any point on 

the surface is zero. The mean curvature H is defined as \I2{KI + KI), where KJ and K2 are 

two principle curvatures. A minimal surface is a surface with i/ = 0 at all points, so that 

every point on the surface is a balanced saddle point. The three inverse bicontinuous 

phases known at present are termed double diamond (D), gyroid (G), and primitive (P), 

which correspond to the Pn3m, laSd, and Im3m space group symmetries, respectively 

(Figure 1.8). Inspection of the minimal surfaces and the complementary three-

dimensional labyrinth nets reveals the interpenetrating nature of two distinct water 

channels (Figure 1.9). The size of the aqueous channels, which is a function of the lipid 

composition and the phase, can range from ca. 4 to 20 imi in diameter, sufficiently large 

to accommodate certain water-soluble macromolecules. The amount of water 

accommodated in G, D, and P phases increases accordingly,as do the size of the 

aqueous channels. 
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a) D (b)G Id P 

Figure 1.8 Mathematical representation of the three bicontinuous cubic morphologies 
associated with lipid water systems. These minimal surfaces, D, G, and P, correspond to 
the lipid portion of the respective phases. 

% 

(8) (l>| i c )  

Figure 1.9 Representation of the three-dimensional networks complementary to the three 
bicontinuous cubic morphologies: (a) D; (b) G; (c) P. These labyrinths correspond to the 

no 
water portion of the respective cubic phases. 

Among the various lyotropic liquid crystalline phases, the lamellar phase with 

alternating stacked lipid bilayers and water is perhaps the most well known in biological 

systems. The inverted hexagonal liquid crystalline phases consist of infinite water rods 

stacked into a two-dimensional hexagonal lattice separated by lipid bilayers. Generally 

the inverted hexagonal phase is found at higher temperatures and lower water content 

than the lamellar phase, with the inverted bicontinuous cubic phases occurring at 
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intermediate temperatures and concentrations. Like lamellar and hexagonal phases, cubic 

liquid crystalline phases exhibit long-range order but have no short-range order, i.e., the 

hydrophobic chains are disordered. While lamellar and hexagonal phases are optically 

birefringent, cubic phases are optically isotropic, which makes a cubic phase gel a clear 

viscous jelly-like material (Figure 1.10). 

Figure 1.10 Photograph of a sample of bulk cubic gel. The cubic phase gel is a clear 
viscous jelly-like material that is temperature stable, and highly biocompatible.^^ 

One of the most well-characterized lipid-water systems, glycerol 

monooleate (GMO)-water, exhibits two types of bicontinuous cubic phases at water 

contents between 20% and 40% (w/w) at room temperature.^^ Increasing the water 

content results in a transition from the lamellar phase to the gyroid (G) cubic phase, then 

the double diamond (D) cubic phase. These cubic phases can co-exist in equilibrium with 
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excess water. A very detailed phase diagram of the GMO-water system was reported 

* 86 recently by Caffrey and Qiu. 

Although glycerol monooleate-water is the most frequently studied lipid-water 

system for cubic phases, other lipids such as various monoglycerides, 

phosphatidylcholines, phosphatidylethanolamines, and PEGylated phospholipids have 

been shown to form bicontinuous cubic phases as well. Most common experimental 

methods for characterization of cubic phases include X-ray diffraction, transmission and 

freeze-fracture electron microscopy, and nuclear magnetic resonance spectroscopy.^^ 

Some of the other techniques applied in the study of cubic lipid-water systems are time-

resolved fluorescence^^, neutron diffraction^®, FT-1R^\ DSC^^, resonance Raman 

93 1 • r • 94 spectroscopy , and atomic lorce microscopy . 

1.4 Cubic Liquid Crystalline Nanoparticles Stabilized via Dispersing Agents 

While cubic gels have interesting and potentially useful properties, they are 

difficult to handle and process. Dispersion into smaller structures that retain at least some 

of the properties of the bulk material would facilitate the use of cubic materials for 

various applications. The desire to create such stable dispersions has motivated the 

synthesis of cubic liquid crystalline nanoparticles, which are made from aqueous 

dispersion of cubic lipid-water phases. It is well known that lamellar phases in 

coexistence with water can be easily dispersed into stable vesicles termed liposomes. 

Dispersions of reversed amphiphilic liquid crystalline phases are less commonly found 

due to their limited stabilities in aqueous environments. Bicontinuous cubic phases do not 
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form stable aqueous dispersions since the resulting exposure of the hydrophobic domains 

to the aqueous surrounding media on the surface of the particles effectively disrupts the 

crystallinity of the inner structure.^^ However, if the unfavorable interaction between the 

hydrophobic domain and the aqueous media can be avoided without breaking the inner 

cubic structure, for example, by addition of amphiphilic dispersion agents, it is possible 

to form nanoparticles with an inner cubic liquid crystal. The correct choice of dispersing 

agent is the key, as the dispersing agent will participate in the lipid-water assembly, and 

needs to do so without disrupting the cubic liquid crystalline structure. 

The first fragmentized bilayer cubic phase structure was observed some twenty 

years ago.^^ Aqueous dispersions of cubic phases have been prepared using bile salts, 

amphiphilic proteins, and amphiphilic block copolymers as the dispersing agents. The 

cubic phase formed from a monoglycerides-water mixture was dispersed in the presence 

of micellar solutions of bile salts.Stabilization was achieved through formation of a 

lamellar envelope composed of bile salt and monoglycerides shielding the inner cubic 

structure. Separately, casein, an amphiphilic protein and a very effective emulsifier, was 

used to disperse the cubic phase of monoglycerides-water. In this strategy, the protein is 

believed to partition into the outer layer of the lipid, making it more hydrophilic and 

therefore easy to disperse.^^. 

A third strategy for dispersing cubic phases utilizes Poloxamer 407 (also called 

Pluronic F127), a nonionic triblock copolymer composed of polyethylene oxide (PEO) 

and polypropylene oxide: PEOggPPOeyPEOgg. This is by far the most widely used 

dispersing agent and is also used for the stabilization of a variety of colloids, as well as in 
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drug delivery studies. While the hydrophobic PPO block is adsorbed to, or incorporated 

in, the surface of the stabilized particle, the hydrophilic PEO blocks extend to cover the 

surface, providing steric shielding and stabilizing the colloidal particles."^'' The ternary 

system composed of pine needle oil monoglycerides (89.5 wt% glycerol monooleate)-

Poloxamer 407-water exhibits an extended inverted cubic phase field in which four 

different cubic structures were detected by X-ray diffraction.'^' 

This system was dispersed into submicron particles by first forming a coarse 

dispersion from dropping the homogeneous melt of lipids and Poloxamer 407 into water 

1 m 1 A'3 
while stirring, then feeding into a microfluidizer for further size reduction. ' A 

minimum of 4% (w/w) Poloxamer 407 was required for stable dispersion of the cubic gel. 

The cubic nature of these particles was characterized by small-angle X-ray scattering 

(SAXS) and cryo-transmission electron microscopy (cryo-TEM). Line-broadening was 

observed in the SAXS diffraction pattern for dispersed samples compared to that of the 

nondispersed cubic gel, which was concluded to be a consequence of the submicron 

particle size. Cryo-TEM images revealed mostly square cubic nanoparticles with a clear 

inner periodicity (Figure 1.11). Smaller particles were observed for samples with 

increased amount of polymer present. Handa and co-workers"^'' also reported a particle 

size decrease as the weight ratio of polymer to lipid increased up to 10%. No further size 

decrease was observed when the polymer amount was greater than 10%. A differential 

interference contrast micrograph taken with and without crossed polarizers of the cubic 

nanoparticles is shown in Figure 1.12.^^ The particles possess a distinct cubic shape 

despite their gel state and large scale relative to the cubic unit cell dimensions with edges 
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terminate along the principal directions of the unit cell. While the inner cubic 

morphology is optically isotropic, the existence of a birefringent surface structure 

suggests a non-cubic coating, probably lamellar phase, on the particles. 

Figure 1.11 Cryo-TEM micrograph of the dispersed cubic particles from cubic phase of 
monoolean-Poloxamer 407-water with 7.4% (w/w) polymer to lipid. Notice the inner 
periodicity and the faceted shape of the particles. The length of the bar in the upper left is 
lOOnm.^"^ 



Figure 1.12 Optical micrograph of cubic particles from aqueous dispersion of 
monoolean-Poloxamer 407-water system. Taken with (right) and without (left) crossed 
polarizers. Notice the cubic inner morphology and the optically birefringent (probably 
lamellar) surface coating. 

SAXS data revealed two distinct cubic phases coexisting for the inner structure of 

the cubic particles: double diamond (D), and primitive (P). The X-ray diffraction pattern 

illustrated that at low polymer content, the D cubic phase was the dominant phase, while 

the P cubic phase appeared at higher ratios of polymer:lipid.^°^ Nakano et al."^"^ suggested 

that at low polymer content Poloxamer 407 was mostly adsorbed to the surface of the 

particles, while the irmer structure had a D cubic phase consisting mostly of hydrated 

monoolean. Once the polymer completely saturates the surface, it begins to insert into the 

monoolean bilayer and forms the P cubic phase (Figure 1.13). It is known that the P 

cubic phase has less negative curvature than the D cubic phase. The D-P transition can 

be attributed to the highly hydrophilic Poloxamer 407 inducing positive curvature in the 

lipid bilayer, which favors the formation of the less negatively curved P cubic phase. 
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Figure 1.13 Schematic representation of the internal structure change of the cubic 
particles relative to the amount of Poloxamer 407 (F127) incorporated, (a) At low 
polymer content the D cubic phase (CD) is the dominant structure, (b) The P cubic phase 
(Cp) dominates at high polymer content.''''^ 

Similar behavior was observed when oleic acid, a fatty acid with the same acyl 

chain as monoolean that has a negative spontaneous curvature, was mixed in the lipid 

region of the cubic particles from monoolean-water mixture. The X-ray diffraction 

pattern revealed a transformation from bicontinuous cubic to inverted hexagonal phase 
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with increased amount of oleic acid addition. The inner microstructure of these 

d i spe r sed  pa r t i c l e s  was  a l so  examined  by  NMR re laxa t ion  measurementsThe  

NMR relaxation rates of the various monoolean carbon atoms obtained from the 

dispersed particles compared to those obtained from the corresponding nondispersed 

cubic samples indicated that the lipid organization and dynamic properties of the original 

cubic assemblies were retained. These dispersed samples were reported to be stable for 

up to six months. Nakano et al. have demonstrated the accessibility of metal ions to the 

water channels running through the cubic particles by NMR experiments with a 

paramagnetic ion as a probe. A shift was observed for the signal of the carbonyl carbon 

of the oleic-1-^^C acid mixed in the lipid assembly upon addition of europium ion (Eu^^). 

Steady-state fluorescence spectroscopy experiments suggested that there might be two 

different water compartments in the cubic particles, one open to the outer water 

environment and one closed compartment. The cubic colloidal particles were observed 

in situ by atomic force microscopy (Figure 1.14),^'^ showing a narrow size distribution of 

about 300 nm. Size distribution analysis of the same sample by quasi-elastic light 

scattering (QELS) revealed a mean particle diameter of 254 nm. The in situ observation 

technique provides the possibility of observing the liquid crystalline structure 

modifications directly while different conditions apply, such as, addition and/or release of 

solubilized molecules, temperature or concentration variations, etc. 
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Figure 1.14 Noncontact AFM image of the dispersion of cubic particles on mica; (a) 
Topographic image, (b) Internal sensor image. The particle in these images is about 300 x 
300 X 23 nm.*^^ 

Cubic nanoparticles have been made from aqueous dispersion of lipid-water 

systems other than monoolean-water. Johnsson et al."^^ reported cubic nanoparticles from 

aqueous dispersion of dioleoylphosphatidylethanolamine (DOPE)-poly(ethylene glycol) 

derivatized phospholipids (PEG-lipids)-water system with PEG-lipids as a dispersing 

agent. 

Bicontinuous cubic gels have been examined for drug delivery applications since 

the 1990's.'^'''''' The ability to incorporate and release a variety of drug additives in a 

controlled manner makes cubic gels more appealing as a universal carrier for drug 

delivery compared to liposomes and hydrogels. However, the high viscosity of cubic gels 

complicates their direct application, e.g., for injection administration. Cubic nanoparticles 
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formed from aqueous dispersion of bulk cubic gels are more suitable as sustained release 

delivery systems. The cubic lipid assembly nanostructure that can be preserved in cubic 

nanoparticles offers advantages similar to those of bulk cubic gels, but the nanoparticles 

should be much easier to handle and process. One advantage of cubic nanoparticles over 

liposomes is the high bilayer area to particle volume ratio, which may increase the 

relative payload of lipophilic and amphiphilic additives. Additives can be loaded by 

direct addition to melted lipids and/or aqueous phase before cubic phase formation, or by 

diffusion into the lipid-water structure after it is formed. Amphiphilic or lipophilic 

additives should be stable in the lipid matrix, and their releases are also controlled by the 

structure. Loading of water-soluble additives is difficult due to the open water charmels in 

cubic phases. However, Lynch et al. have demonstrated the enhanced loading of 

negatively charged water-soluble compound by the inclusion of cationic surfactants into 

119 
the liquid crystal. 

1.5 Polymerization of Liquid Crystal Assemblies 

The advent of methods to polymerize supramolecular liquid crystal assemblies, 

first in monolayers in the 1970s, followed by bilayer vesicles in the early 1980s, and 

more recently in nonlamellar phases, i.e., cubic and hexagonal phases-has led to the 

creation of new materials, the development of new methods, and a widening perspective 

on the potential applications of these novel polymeric materials. These uses include the 

controlled delivery of reagents and drugs, the preparation of biological membrane mimics, 

the separation and purification of biomolecules, the modification of surfaces, the 
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stabilization of organic zeolites, and the preparation of nanometer colloids, among others. 

In principle, the polymerization of supramolecular assemblies of amphiphiles could be 

accomplished by at least two strategies: (a) the formation of the hydrated phase from 

amphiphiles containing a reactive group, followed by either linear or cross-linking 

polymerization of all or a portion of the organic region of the phase, or (b) the 

prepolymerization of the amphiphile in isotropic organic media, followed by solvent 

removal, polymer purification, then hydration of the linear polymer to form the desired 

phase. 

1.5.1 Polymerization of Lamellar Phases 

The lamellar phase consists of extended bilayers of hydrated amphiphiles with 

periodic smectic-like order. However, for experimental convenience most polymerization 

studies have focused on lipid bilayer vesicles, also known as liposomes. A lipid vesicle is 

a nearly spherical lipid bilayer shell that encloses an aqueous volume. Lipid vesicles with 

diameters from 25 nm up to several hundred nanometers can be prepared by detergent 

dialysis of lipid/detergent mixed micelles, ultrasonication, or extrusion of extended 

113 bilayers. The exceptionally low water solubility of most lipids constrains them to the 

bilayer, where they laterally move past one another. A key characteristic of the lamellar 

l id .  0  0  
phase is the rate of lateral diffusion. The lipid diffusion coefficient, D, is ca. 10' |xm s" 

^ when the sample temperature is below the main phase transition temperature, T^, i.e., 

the transition from the solid-analogous phase (Lp) to the liquid-crystalline phase (La). 

When the temperature is greater than T^, then D is ca. 1 |j,m^ s"\ The lipid bilayer in the 
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fast diffusion regime provides an organized structure for polymerization reactions, which 

is sufficiently dynamic to permit monomers to diffuse to the growing polymer chain end. 

Electron microscopy and laser light scattering have been used to demonstrate that 

polymerization does not significantly alter the shape or diameter of bilayer vesicles. 

However, polymerization of vesicles can dramatically alter their properties. 

Polymerizable groups have been incorporated into bilayer-forming amphiphiles 

by chemical synthesis.*'^""' Subsequent formation of bilayer assemblies yields a two-

dimensional array of the polymerizable groups. The polymerizable moiety can be 

positioned anywhere along the lipid tails or linked (covalently or electrostatically) to the 

headgroup. Polymerization of the lipid tails usually leads to abolition of the bilayer Tm, 

whereas polymerization in the headgroup does not. Covalent linkage of the lipid tails 

inhibits the formation of the gauche rotamers as well as the cooperativity typically 

observed as lipid bilayers undergo this phase transition. In some instances, polymerizable 

amphiphiles clearly mimic natural lipids, e.g., phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), whereas others are more similar to synthetic surfactants, 

e.g., quaternary ammonium salts (representative examples are shown in Figure 1.15). 

Synthetic routes to polymerizable PC and quaternary ammonium lipids were reported as 

early as 1980, due in part to the commercial availability of synthetic intermediates. On 

the other hand, the lack of corresponding intermediates for PE retarded the use of 

polymerizable PE until a general chemical synthesis was reported in 1995.'^^ 
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Figure 1.15 Substitution patterns for the polymerization of hydrated reactive amphiphiles 
that feature polymerization of the lipid tails at (A) the chain terminus and (B) near the 
lipid backbone or polymerization of reactive groups (C) covalently or (D) 
electrostatically associated with the hydrophilic headgroup. 

A variety of polymerizable groups has been successfully employed including 

styryl, diacetylenyl, dienoyl, sorbyl, methacryloyl, acryloyl, and lipoyl (Figure 1.16). 

All, but the diacetylenyl group, can be polymerized in the more fluid liquid-crystalline 
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phase (La). In contrast, diacetylenic amphiphiles are only polymerized efficiently in the 

solid-analogous phase (Lp) or in other solidlike assemblies, e.g., tubules, and the 

condensed phase of Langmuir monolayers. In many instances assemblies composed of 

lipid diacetylenes could only be partially polymerized due to the topotactic nature of the 

reaction. This contrasts with the other reactive amphiphiles that may be converted to 

polymer in high yield (>90%). Photopolymerization is especially effective for 

diacetylenyl, styryl, dienoyl, and sorbyl amphiphiles, whereas thermally sensitive radical 

initiators are frequently used for the styryl, dienoyl, sorbyl, acryloyl, and methacryloyl 

compounds. Redox initiators may also be employed for these monomers. 

Dienoyl Acryloy] 

StyryE Diacetj'leny] 

Sorbyl Methacryloyl Lipoyl 

Figure 1.16 Examples of polymerizable groups that have been incorporated into 
polymerizable amphiphiles.'^ 

1.5.2 Polymerization of Nonlamellar Phases 

The initial goal of the research on lipid nonlamellar phases, including the various 

inverted bicontinuous cubic (Qn) phases and the inverted hexagonal (Hn) phase, was to 

demonstrate a general polymerization strategy for the stabilization of these three-

dimensional lyotropic liquid crystals. Their potential utility depends in part on the 

stabilization of these phases in order to expand their rather limited useful temperature and 
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concentration ranges. Generally the Hn phase is found at higher temperatures and lower 

water content than the La phase and the Qn phases occur at intermediate temperatures and 

concentrations. Srisiri et al. compared the polymerization of a reactive lipid in the La 

phase and the Hn phase.The number-average degree of polymerization of linear 

polymers obtained from the same lipid in these two phases depended strongly on the 

initiation chemistry but was insensitive to the lipid phase. Thus, the degree of 

polymerization for the chain reaction initiated by the redox couple, sodium persulfate and 

sodium bisulfite, was 250 ± 30 for the lamellar phase and 293 ± 40 for the Hn phase. The 

rates of polymerization were similar as well. The rate constants for propagation and 

termination are likely to depend on the rate of diffusion of monomeric lipid to the 

growing radical chain end. Since the lipids in both the La and the Hn phases diffuse 

rapidly, i.e., diffusion coefficients of 1 [xm^ s"' or more,^^' it appears reasonable that the 

polymerization processes in the two phases would yield similar results. Consequently, 

many of the lessons learned from the extensive polymerization studies of the La phase 

can be applied to the higher temperature nonlamellar phases. Thus, for example, 

diacetylenic lipids that only polymerize in the slow diffusion regime do not appear to be 

suitable for polymerization of nonlamellar phases. 

The design of suitable polymerizable lipids was crucial to the success of the 

research. It is desirable to be able to perform the polymerizations at a variety of 

temperatures as dictated by the phase behavior of the lipid, thereby limiting the use of 

thermal initiation chemistries and favoring photo and redox initiation. Consequently, 

reactive groups, such as diene, styrene, and acryloyl, have received the most attention to 
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date. Unlike lamellar phase polymerizations, the location of the reactive group in the lipid 

and the assembly requires careful consideration. The placement of the group on either or 

both the lipid tail(s) near the lipid backbone, i.e., the glycerol unit in the case of 

phospholipids, appeared to be the most promising because covalent linkage of lipids near 

the backbone should have less effect on the important forces that act at the headgroup and 

tails of the lipids. Furthermore, the use of a diene group conjugated with the acyl chain 

carbonyl does not interfere with the biocompatibility of the lipid-water interface. These 

factors were used in the initial design of suitable lipids for the successful polymerization 

1 99 
of nonlamellar phases. The selection of lipid structures also included consideration of 

the spontaneous radius of curvature, RQ, of the designed lipid by reference to 

nonpolymerizable lipids reported in the biophysical literature.These data were used 

to predict the mesomorphic behavior of lipids or lipid mixtures. Lipids with small 

absolute RQ values require less thermal energy to undergo La/Hn transitions, whereas 

those with large absolute RQ values form stable La phases even at high temperatures. 

Hydrated lipids with intermediate absolute RQ values are likely to form Qn phases at 

moderate temperatures. Unsaturated or chain-substituted PE lipids are well-known for 

their small RQ values, whereas compounds with intermediate values include certain 

PC/PE mixtures, //-methylatedPEs, monoacylglycerols (MAG), among others. 

1.6 Research Focus 

My research centered on the synthesis and self- assembly of cross-linked cubic 

phases from reactive lipids (Figure 1.17). The phase behavior of a series of reactive 
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125 126 monoglycerides, a group of readily synthesized lipids, has been studied. ' Each of 

these monoglycerides has two reactive groups located on the same acyl chain. Co-

polymerization with a small molecule cross-linker, leads to formation of a stable, cross-

linked lipid assembly. Stabilized bicontinuous cubic nanoparticles can be readily 

prepared via cross-linking polymerization of cubic nanoparticles prepared from reactive 

amphiphiles. These cross-linked cubic nanoparticles are expected to be as useful as the 

unpolymerized precursors, and are potentially more suitable for applications requiring 

harsh conditions. 

Figure 1.17 Structure of reactive monoglycerides for polymerization stabilized cubic 
nanoparticles. 

Another research project that I have worked on is the synthesis of novel discotic 

liquid crystalline compound containing a hole-transport phthalocyanine moiety as the 

core and electron-transport oxadiazole moieties on the periphery (Figure 1.18). The 
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balanced charge injection and transport of both electrons and holes provides the 

possibility of making a more efficient organic light-emitting diode device. 

OR 
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Figure 1.18 Structure of the oxadiazole octa-substituted liquid crystalline phthalocyanine. 
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CHAPTER 2 

POLYMERIZED BICONTINUOUS CUBIC NANOPARTICLES FROM A 

REACTIVE MONOACYLGLYCEROL 

2.1 Introduction 

As described before, the inverted bicontinuous cubic phase can be viewed as an 

intermediate phase that exists in between lamellar and inverted hexagonal phases. Lipid 

assemblies form cubic phases only within certain lipid concentration, temperature, and 

pressure ranges. The potential utility of liquid crystalline lipid assemblies depends in part 

on the stabilization of these phases in order to expand their rather limited useful 

temperature and concentration ranges. One important approach to stabilized self-

assembling materials utilizes polymerization of liquid crystalline phases composed of 

reactive lipids.During the past decade, polymerization has been utilized to modify 

11^1  97  199  19S  
the chemical and physical properties of lamellar ' and non-lamellar ' liquid 

crystalline lipid assemblies. Lee et al. described the polymerization of a preformed 

inverted cubic phase as well as inverted hexagonal phase from a pair of synthetic 

polymerizable lipids, a mono-dienoyl-substituted phosphatidylethanolamine 1 (mono-

DenPE) and a bis-dienoyl-substituted phosphatidylcholine 2 (bis-DenPC).^^^ SAXS and 

cryo-TEM data revealed that a lipid mixture of 3:1 molar ratio formed a D cubic phase at 

o 1 
temperatures above 60°C. P-NMR experiments were also consistent with a cubic phase, 

based on the observation of an isotropic signal at 60°C. 
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Redox polymerization of the cubic phase at 65°C led to broadening of the ^'P-

NMR signal, indicating that a nonlamellar phase was retained. Moreover, the signal 

persisted after cooling and extended incubation at room temperature, indicating that 

polymerization significantly stabilized the nonlamellar phase adopted by this mixture. 

Polymerizable monoglycerides have also been synthesized for studies of cubic 

lipid assemblies. Srisiri et al. have shown that when mono-dienoyl-substituted 

monoacylglycerol 3 was combined with bis-dienoyl-substituted diacylglycerol 4 in a 9:1 

molar ratio, an optically clear G cubic phase gel was formed. Investigation of the lipid 

mixture using X-ray diffraction, NMR spectroscopy using an analogue of 3 deuterated 

in the glycerol headgroup, and visualization using polarized light revealed a well defined 

cubic phase existing between 5 and 45°C. Polymerization of the reactive lipids increased 

the stability of the assembly with retention of the cubic phase. An isotropic signal was 

observed up to 70°C, whereas the unpolymerized sample was only stable at temperatures 

below 45°C. In addition, the diffusion coefficient of water within the polymerized cubic 

phase was determined by pulsed field gradient NMR spectroscopy as 1.2 ± 0.2 x 10"'" 

m^/s, an order of magnitude smaller than that of pure water (2 x 10"^ m^/s) but virtually 

identical to that in the unpolymerized cubic phase. Similar diffusion results have been 

observed for cubic phases formed by monoolean-water system.'^' 

1 
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The Upid systems described above demonstrated the possibility of using 

polymerization to stabilize cubic phases. However, these systems either require 

complicated lipid synthesis (PE-PC system) or lack the required functionality to generate 

cross-linked lipid assemblies (monoacylglycerol-diacylglycerol system), which are more 

beneficial than linear polymers for forming stable structures. To overcome these 

deficiencies, we introduced a general strategy for the assembly of cross-linked cubic 

phases from reactive lipids. Here, a polymerizable heterobifunctional monoacylglycerol 5, 

was designed and synthesized. A heterobifimctional monomer has two different 
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reactive moieties with distinct reactivities. This difference may be reflected in the rate 

and degree of polymerization as well as the type of initiators that can be usefully 

employed. The distinct location of each reactive group within the assembly inhibits 

copolymerization between the groups even if they have similar reactivities. The goal of 

this research is to stabilize cubic nanoparticles through suitable polymerization reactions, 

thereby expanding the temperature and concentration range over which they can be used. 

2.2 Results and Discussion 

The phase behavior of 3-(2,4,13-(£',£)-tetradecatrienoyl)-j'«-glycerol (5), a readily 

synthesized lipid, has been studied. Co-polymerization of the monomer with a small 

molecule cross-linker, leads to formation of a stable, cross-linked lipid assembly. The 

cross-linker also participates in the formation of cubic phases by increasing the 

hydrophobic portion of the system. This has an effect similar to having a more negative 

spontaneous curvature, which in these cases is desirable for cubic phase formation. 

Certain compositions of 5 and water plus cross-linking monomers yield a bicontinuous 

cubic phase, which can be dispersed into cubic nanoparticles in water using Poloxamer 

407. The polymerization of the hydrated 5 in the lipid region successfully stabilized the 

cubic nanoparticles. 

2.2.1 Synthesis of 3-(2,4,13-(£',JE)-tetradecatrienoyl)-5'«-glycerol (5) 

Synthesis of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5'n-glycerol 5 and its 

substituted compound 6 are shown in Scheme 2.1. This novel lipid was obtained from the 



acylation of 2,4,13-(£',£)-tetradecatrienoic acid 10 with (S)-(+)-2,2-dimethyl-l,3-

dioxalane-4-methanol using dicyclohexylcarbodiimide (DCC)/4-(dimethylamino)-

pyridine (DMAP), followed by deprotection of the isopropylidene protecting group under 

acid conditions. The 2,4,13-(£',£)-tetradecatrienoic acid 10 was accessible in three steps 

from commercially available 9-decen-l-ol, which was oxidized to the corresponding 

aldehyde 7 under Swem oxidation conditions. The Wittig-Horner reaction of this 

aldehyde with triethyl 4-phosphonocrotonate gave ethyl 2,4,13-tetradecatrienoate 8. This 

reaction yielded a mixture of isomers {E,E and E,Z), which were inseparable by 

conventional chromatography ('H-NMR determined ratio of isomers was -19:1). The 

mixture of isomers was carried into the next step, and purified then. Hydrolysis of this 

ethyl ester using potassium hydroxide (KOH)/methanol (MeOH) affords the desired acid. 

The stereochemical purity was determined by ' H-NMR spectroscopy. The product 

mixture of {E,E) and (£',Z)-isomers were separated by urea inclusion complexation 

providing the pure (£',£)-isomer 10. The structure and purity of lipid 5 was determined by 

1 1 ^ 
elemental analysis, high-resolution FAB-mass spectroscopy, H and C NMR 

spectroscopy. ^H substituted compound 6 was obtained from the acylation of 2,4,13-

(^.JB^-tetradecatrienoic acid with ^H substituted glycerol backbone (S)-(+)-2,2-dimethyl-

l,3-dioxalane-4-methanol. This compound was used in the ^H NMR study of the cubic 

nanoparticle samples. 
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Scheme 2.1 Synthesis of 3-(2,4,13-(£',£)-tetradecatrienoyl)-j'«-glycerol (5) and its 
substituted glycerol backbone compound (6). 
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2.2.2 Bicontinuous Cubic Nanoparticles of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5'«-

glycerol(5) 

The characteristic physical properties of the reversed bicontinuous cubic phase 

include a high viscosity and a clear appearance in transmitted light, whereas the sample is 

totally dark when viewed between crossed polarizers. A sample of lipid 5 with 25 wt % 

water remained opaque after incubation at room temperature for a week. This is 

indicative of an anisotropic phase, most probably a lamellar liquid crystalline phase, due 

to the fact that lipid 5 does not have adequate hydrophobic volume fraction to force the 

formation of curvature on the water-hydrocarbon interface, which is necessary for the 

1 ')'\ • • 
change from lamellar to cubic structure. A cross-linking monomer was introduced into 

the system, which would incorporate in the hydrocarbon region, to favor the formation of 

cubic phase. Increasing amounts of this cross-linking monomer, divinyl benzene, were 

added to lipid 5 and the phase behavior of the mixtures studied. Hydrated mixtures of 

lipid 5 and divinyl benzene with divinyl benzene from 5 to 15 mole percent at the 

concentration of 25 wt % water became clear after incubation at room temperature for 1 

day. The isotropic character of the sample was confirmed by examination of the sample 

through cross-polarizer. The clear cubic gel was stable up to 45 °C. 

The cubic gel was dispersed into nanoparticles by ultrasonication using 

Polaxamer 407 (PEO98PPO67PEO98) as dispersing agent. All dispersions had a water 

content of 95 wt%. The average size of the cubic nanoparticles was determined by quasi-

elastic light scattering of about 300nm. The UV spectrum of the hydrated lipid shows the 

expected dienoyl absorption peak at a X,max of 262nm (s = 2.87 x lO'^ M"' cm"'). 
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2.2.3 Polymerization of Cubic Nanoparticles from 3-(2,4,13-(£',£)-

tetradecatrienoyl)-5'«-glycerol (5) 

Cubic nanoparticles made from 3-(2,4,13-(£',£)-tetradecatrienoyl)-5«-glycerol (5) 

were polymerized by UV and redox polymerization. While the dienoyl groups can be 

polymerized via direct UV irradiation, the vinyl groups are not UV active. UV 

polymerization of the cubic nanoparticles was achieved by using 2 mol % of 4-

(dimethylamino) benzophenone as a photoinitiator. This photoinitiator generates radicals 

upon UV irradiation, which can diffuse within the hydrophobic region of the lipid layers 

and initiate the polymerization of the vinyl groups in both the lipid molecule and the 

cross-linker. A sample was irradiated at 20 °C with a high-pressure Hg/Xe lamp, 

resulting in essentially complete conversion of the dienoyl group (262nm) within 3 hours 

(Figure 2.1). 

A separate redox polymerization was performed at room temperature with a 1:1:1 

molar ratio of [monomerJ/KaSaOg/NaHSOa. This redox chemistry generates hydroxyl 

radicals, which can diffuse across the lipid layers and initiate the polymerization of both 

reactive groups regardless of the location. High conversion (95%) of the dienoyl group 

was achieved within 1 day (Figure 2.2). 
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Figure 2.1 Absorption spectra of the cubic nanoparticles before and after UV 
polymerization. Solid lines show the absorption before sample exposure to UV light from 
a high-pressure Hg/Xe lamp. Dotted lines show absorption after 3 hours UV 
polymerization. 
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Figure 2.2 Absorption spectra of the cubic nanoparticles before and after redox 
polymerization. Solid lines show the absorption before polymerization. Dotted lines show 
absorption after 1 day polymerization at room temperature with a 1:1:1 molar ratio of 
[monomerJ/KiSiOg/NaHSOs. 
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2.2.4 Characterization of Cubic Nanoparticles from 3-(2,4,13-(£',£)-

tetradecatrienoyl)-5«-glycerol (5) 

Several methods have been reported previously for characterizing the linear or 

cross-linked nature of polymers formed in bilayer lipid assemblies, as well as to 

determine the critical composition for gelation in the copolymerization of mono- and bis-

substituted lipids. The physical properties, e.g. permeability and solubility, of linearly 

polymerized bilayers are significantly different from those of cross-linked bilayers. The 

« • • 1 "XO • • • 
lateral diffusion of a small molecular probe in the lipid assembly, the chemical stability 

of a lipid vesicle in the presence of surfactant,and the solubility of the lipid 

polymer'^^''^^ may be employed to characterize the polymer. In this study, the chemical 

stability and solubility of the polymerized lipid nanoparticles were employed. 

The nature of the resulting polymers, linear or cross-linked, was studied by 

particle dissolution with the surfactant Triton X-100. Surfactant dissolution of lipid 

particles yields mixed micelles that are much smaller than the particles; therefore, the 

dissolution of particles can be detected by QELS. Previous studies have demonstrated 

that cross-linked lipid vesicles were stable in the presence of excess surfactant, whereas 

unpolymerized or linearly polymerized vesicles are dissolved.As shown in Figure 

2.3, 2-4 equivalents of Triton X-100 per lipid were sufficient to significantly decrease 

the average of mean diameters of the suspended unpolymerized particles, indicating the 

dissolution of these cubic nanoparticles. The fact that polymerized cubic nanoparticles 

remain unchanged in size upon addition of up to 12 equivalents of Triton X-100 clearly 

demonstrates the cross-linked nature of the structure in these materials. 
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Figure 2.3 Stability test of polymerized cubic nanoparticles verses surfactant (Triton X-
100). The average of mean diameters of various polymerized and unpolymerized cubic 
nanoparticles, determined by QELS is shown as a function of the molar ratio of Triton X-
100 to lipid. 

To study the structure of the cubic nanoparticle before and after polymerization, 

NMR spectra of samples formed from partially deuterated lipid 6 were obtained at 

room temperature in the presence of 7.4 wt % Poloxamer 407. Provided the local 

environment of the lipid does not change significantly upon polymerization, a cubic 

phase should theoretically exhibit a characteristic sharp singlet peak, due to its isotropic 

nature.An isotropic signal with a full-width at half-maximum of 0.5 ppm was 

obtained from a cubic phase sample prior to polymerization. UV polymerization of the 

NMR sample resulted in a progressive broadening of the original isotropic signal, an 

expected consequence of the decreased lateral diffusion of the polymerized lipids (Figure 

2.4). 



64 

T T 41) I.U .il H (I,. 

Figure 2.4 NMR spectra of cubic nanoparticles formed from partially deuterated lipid 
6 (top spectrum before polymerization, bottom spectrum after UV polymerization at the 
presence of 2 mol % of 4-(dimethylamino)benzophenone as a photoinitiator). The sharp 
D2O signal at 0.0 ppm was used as an internal reference. 

Transmission electron micrographs of polymerized cubic nanoparticles in the 

presence of 7.4 wt % Poloxamer 407 are shown in Figure 2.5. The sample was diluted to 

a water content of 99 wt %, and negative stained with phosphotungstic acid. TEM image 

revealed cubic nanoparticle with a clear inner periodicity. In the TEM the stained regions 

were ascribed to aqueous regions or channels. The apparent diameter of the channels in 

the micrograph was 3 ± 1 nm. These observations agreed with previously reported data 

on cubic phase lipid assemblies of monoolean-water systems (Figure 1.9). ' The 
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cubic colloidal particles were also observed by scanning electron microscopy, with 

particle size ranging from 200 to 400 nm (Figure 2.6). 

Figure 2.5 TEM of a portion of a cross-linked cubic nanoparticle of lipid 5. The sample 
was stained with phosphotungstic acid to enhance the contrast between the lipid and 
water domains. The scale bar is 100 nm in length. 
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Figure 2.6 SEM of cross-linked cubic nanoparticles of lipid 5. 

2.2.5 Conclusions 

In summary, we have demonstrated that stabilized bicontinuous cubic 

nanoparticles can be readily prepared via cross-linking polymerization of cubic 

nanoparticles prepared from reactive amphiphiles. The ability to form stable 

biocompatible nanoparticles with interpenetrating water channels of high internal surface 

area provides opportunities for the sequestration and release of relatively large molecules 

from these novel nanoparticles. In this regard, Jeong et al. have recently shown that 

macromolecules of ca. 3 nm in diameter can diffuse in the water channels of the 

bicontinuous cubic phase formed from a monoacylglycerol, such as monoolein as well as 

in those of a polymerizable monoacylglycerol. 
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2.3 Experimental 

2.3.1 Methods and Materials 

The 'H and NMR spectra were recorded using either a Varian Unity-300, or a 

Bruker DRX-500 MHz spectrometers in dichloromethane-c/2 with tetramethylsilane as an 

internal reference. Compounds containing the UV-sensitive groups were handled under 

yellow light. Synthetic reactions were monitored by thin layer chromatography (TLC) 

and visualized by UV-light, phosphomolybdic acid (PMA), or iodine vapor. UV/vis 

absorption spectra were recorded on a Hewlett-Packard 8452A diode array 

spectrophotometer. Quasi-elastic light scattering was performed with a BI 8000 

autocorrelator from Brookhaven Instrument Corp., and particle sizes were calculated with 

the software accompanying the instrument. Mass spectroscopy were performed by the 

Mass Spectroscopy Facility at the University of Arizona. 

All chemicals were obtained from Aldrich Chemical Corp., except for triethyl 4-

phosphonocrotonate (Lancaster Inc). Solvents were dried and distilled prior to use. 

Dichloromethane (CH2CI2) was distilled from calcium hydride prior to use. 

Tetrahydrofuran (THF) was distilled from sodium-benzophenone ketyl. Chloroform 

(CHCI3) was distilled from phosphorus pentoxide. All other reagents were used as 

received without further purification. 4-(Dimethylamino)pyridine was recrystallized from 

CHCls/ether (1:1). All other chemicals were used without further purification. The lipids 

were hydrated in Milli-Q water, Millipore Inc. All reactions were performed under an 

argon atmosphere unless otherwise indicated. 
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2.3.2 Synthesis of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5«-glycerol (5) 

2.3.2.1 9-Decen-l-al (7) 

Dimethyl sulfoxide (7.15 g, 91.5 mmol) in CH2CI2 (60 mL) was added to the 

stirred oxalyl chloride (2.0 M in CH2CI2, 5.93g, 45.7 mmol) solution in CH2CI2 (140 mL) 

at -70 °C. The reaction mixture was stirred for 5 min, 9-decen-l-ol (3) (6.50 g, 41.6 

mmol) in CH2CI2 (100 mL) was added within 5 min. The mixture was stirred for an 

additional 20 min. Triethylamine (TEA) (29 mL, 200 mmol) was added, and the reaction 

mixture was stirred for 10 min and then allowed to warm to room temperature. Water 

(200 mL) was then added and the aqueous layer was re-extracted with additional CH2CI2 

(100 mL) twice. The organic layers were combined and washed successively with dilute 

HCl (1%), brine, dilute NaHCOa (5%), and brine until they were neutral. The solution 

was dried over anhydrous MgS04. After filtration, the solvent was evaporated, giving a 

slightly yellow crude aldehyde, which was used without further purification. TLC with 

hexane/ ethyl acetate (EtOAc) (9/1) showed the major product at RF = 0.50 with trace 

impurities. NMR showed less than 5% impurity. The yield was 5.96 g (96%). 'H 

NMR (CDCI3): 6 = 9.73 (s, IH), 5.85-5.65 (m, IH), 4.97-4.85 (m, 2H), 2.40 (t, J = 7.31 

Hz, 2H), 2.06-2.00 (m, 2H), 1.60-1.30 (br, lOH) ppm. 

2.3.2.2 Ethyl 2,4,13-tetradecatrienoate (8) 

A suspension of the aldehyde 7 (5.96 g, 38.6 mmol), triethyl 4-

phosphonocrotonate (11.84 g, 42.5 mmol), Li0H-H20 (2.54 g, 57.9 mmol), and activated 

4 A molecular sieves (74 g, 1.9 g/mmol of aldehyde) in THF (200 mL) was stirred at 



room-temperature overnight under argon. The crude reaction mixture was concentrated, 

and the residue was purified by column chromatography with hexane/EtOAc (9/1). The 

yield was 6.70 g (73.4%). The ratio of (£',£)-methyl 2,4,13-tetradecatrienoate to its 

(£',Z)-isomer was determined by NMR by peaks at 7.57-7.48 {E,Z) and 7.21-7.12 {E,E) 

as 95/5. ^HNMRCCDiCb): 6 = 7.57-7.48 (m, IH), 7.21-7.12 (m, IH), 6.11-6.02 (m, 2H), 

5.84-5.68 (m, 2H), 4.93-4.82 (m, 2H), 3.62 (s, 3H), 2.12-2.05 (m, 2H), 1.99-1.92 (m, 2H), 

1.39-1.21 (br, 10H)ppm. NMR (CD2CI2): 6 = 173.00, 147.93, 146.99, 139.61, 128.46, 

118.43,114.22, 66.06, 34.14, 33.41,29.61,29.50,29.40, 29.28, 28.96,15.42. 

2.3.2.3 2,4,13-Tetradecatrienoic acid (E,E/E,Z) (9) 

An aqueous solution of KOH (1.65 g, 30 mmol) was added to the methanol 

solution (50 mL) of methyl ester 8 (3.47 g, 14.7 mmol) and heated under refluxing 

conditions for 5 h. The reaction mixture was acidified to pH 3 with IN HCl solution, 

then extracted several times with ether. The organic layers were combined and dried 

with anhydrous MgS04 and then concentrated, affording the trienoic acid (E,E/ E,Z 

mixture) 9 without further purification. The yield was 3.20 g (98.0%). 'H NMR 

(CD2CI2): 8 = 7.68-7.59 (m, IH), 7.31-7.23 (m, IH), 6.16-6.13 (m, 2H), 5.79-5.68 (m, 

2H), 4.94-4.82 (m, 2H), 2.12-2.08 (m, 2H), 1.99-1.92 (m, 2H), 1.38-1.21 (br, lOH) ppm. 

2.3.2.4 2,4,13-(£',£)-Tetradecatrienoic acid (10) 

An acid 9 methanol solution (1.64 g, 7.38 mmol, 5 mL methanol) was added into 

a well stirred urea (5.0 g, 83.4 mmol) methanolic solution (17.8 mL). The mixture was 
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then kept at -30 °C overnight. The needle crystals were filtered, washed with cold 

methanol, and then dried under vacuum. Crystals were dissolved in ether/water and 

washed with IN HCl and brine several times. The organic layers were combined and 

dried with anhydrous MgS04. Pure {E,E) isomer was obtained after evaporation of ether. 

'H NMR (CD2CI2): 5 = 7.31-7.23 (m, IH), 6.16-6.13 (m, 2H), 5.79-5.68 (m, 2H), 4.94-

4.82 (m, 2H), 2.12-2.08 (m, 2H), 1.99-1.92 (m, 2H), 1.38-1.21 (br, lOH) ppm. NMR 

(CD2CI2): 6 = 172.87, 147.90, 147.03, 139.62, 128.43, 118.31, 114.20, 34.13, 33.40, 

29.59, 29.47, 29.38, 29.26, 28.95. ESI-MS m/z: calcd MW for C14H22O2, 222.32; found, 

444.1(dimer). 

2.3.2.5 l,2-6>-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-^/i-glycerol (11) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol (2.33 g, 17.3 mmol), acid 10 

(2.55 g, 11.5 mmol), and DMAP (0.71 g, 5.74 mmol) were dissolved in 50 mL of 

chloroform. A DCC (2.64 g, 12.7 mmol) chloroform (20 mL) solution was added drop 

wise. After the reaction mixture was stirred at room temperature overnight under argon 

protection, the urea byproduct was filtered and the filtrate was concentrated. The crude 

product was purified by column chromatography using hexane/EtOAc (95/5), to give the 

protected glyceride 11 in 75% yield. 'H NMR (CD2CI2): 5 = 7.24-7.15 (m, IH), 6.13-

6.08 (m, 2H), 5.79-5.67 (m, 2H), 4.93-4.82 (m, 2H), 4.35-4.28 (m, 2H), 4.21-4.03 (m, 

3H), 2.12-2.08 (m, 2H), 1.99-1.92 (m, 2H), 1.31 (s, 6H), 1.38-1.21 (br, lOH) ppm. 

NMR (CD2CI2): 5 = 167.02, 146.06, 145.87, 139.61, 128.50, 118.70, 114.20, 109.92, 



74.08, 66.69, 64.80, 34.13, 33.33, 29.59, 29.46, 29.38, 29.26, 29.00, 26.83, 25.52. ESI-

MS m/z\ calcd MW for C20H32O4, 336.2; found, 336.7 (M+1). 

2.3.2.6 3-(2,4,13-(£',£)-Tetradecatrienoyl)-^«-glyceroI (5) 

A solution of protected glyceride 11 (1.12 g, 3.33 mmol) in 25 mL of methanol 

was cooled down by ice/water bath first, treated with 5 mL of a 1 N HCl solution drop 

wise. The solution was allowed to warm up to room temperature and stirred for 6 h, then 

diluted with 50 mL of ether. The ether solution was washed with saturated NaHCOs and 

brine. After being dried with anhydrous MgS04, the organic layer was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (1/1), 

affording the monoacylglycerol 5 in 84% yield. 'H NMR (CD2CI2): 6 = 7.24-7.15 (m, 

IH), 6.13-6.08 (m, 2H), 5.79-5.67 (m, 2H), 4.93-4.82 (m, 2H), 4.14-4.05 (m, 2H), 3.87-

3.80 (m, IH), 3.60-3.46 (m, 2H), 2.12-2.08 (m, 2H), 1.99-1.92 (m, 2H), 1.37-1.21 (br, 

lOH) ppm. NMR (CD2CI2): 8 = 167.80, 146.46, 146.22, 139.59, 128.44, 118.47, 

114.20, 70.68, 65.44, 63.67, 34.12, 33.36, 29.59, 29.47, 29.38, 29.26, 28.99. FAB-MS 

m/z\ calcd MW for C17H29O4, 297.2066; found, 297.2061. Anal. Calcd for C17H28O4: C, 

68.89; H, 9.52. Found: C, 68.73; H, 9.51. 

2.3.2.7 l,2-0-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-5«-glycerol-</5 (12) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol-c/5 (0.46 g, 3.4 mmol), acid 10 

(0.51 g, 2.3 mmol), and DMAP (0.14 g, 1.15 mmol) were dissolved in 20 mL of 

chloroform. A DCC (0.53 g, 2.54 mmol) chloroform (5 mL) solution was added drop 
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wise. After the reaction mixture was stirred at room temperature overnight under argon 

protection, the urea byproduct was filtered and the filtrate was concentrated. The crude 

product was purified by column chromatography using hexane/EtOAc (95/5), to give the 

protected <ij-glyceride 12 in 55% yield. 'H NMR (CD2CI2); 5 = 7.24-7.15 (m, IH), 6.13-

6.08 (m, 2H), 5.79-5.67 (m, 2H), 4.93-4.82 (m, 2H), 2.22-2.12 (m, 2H), 2.08-1.99 (m, 

2H), 1.31 (s, 6H), 1.38-1.21 (br, lOH) ppm. NMR (CD2CI2): 8 = 167.05, 146.06, 

145.88, 139.62, 128.50, 118.70, 114.20, 109.88, 34.13, 33.34, 29.59, 29.46, 29.38, 29.26, 

29.00, 26.83, 25.52. 

2.3.2.8 3-(2,4,13-(£',£)-Tetradecatrienoyl)-s« -glycerol-rfj (6) 

A solution of protected glyceride-Jj 12 (0.56 g, 1.66 mmol) in 20 mL of methanol 

was cooled down by ice/water bath first, treated with 4 mL of a 1 N HCl solution drop 

wise. The solution was allowed to warm up to room temperature and stirred for 6 h, then 

diluted with 50 mL of ether. The ether solution was washed with saturated NaHCOs and 

brine. After being dried with anhydrous MgS04, the organic layer was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (1/1), 

affording the c/j-monoacylglycerol 6 in 78% yield. 'H NMR (CD2CI2): 5 7.24-7.15 (m, 

IH), 6.13-6.08 (m, 2H), 5.79-5.67 (m, 2H), 4.93-4.82 (m, 2H), 4.44-3.88 (br, 2H), 2.24-

2.11 (m, 2H), 2.10-1.99 (m, 2H), 1.37-1.21 (br, lOH) ppm. NMR (CD2CI2): 5 = 

167.80, 146.35, 145.96, 139.46, 128.56, 118.74, 114.33, 69.96(m), 64.76(m), 62.96(m), 

34.14, 33.42, 29.64, 29.56, 29.42, 29.27, 29.06. FAB-MS w/z: calcd MW for C17H24D4O4, 

302.2380; found, 302.2375. 
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2.3.3 Preparation of Lipid 5 Cubic Nanoparticles 

Bicontinuous cubic nanoparticles of polymerizable lipid 5 were prepared as 

follows; Approximately 20 mg of lipid 5 was evaporated from a stock solution (10 

mg/mL in CHCI3) by freeze-drying. The lipid was then mixed with Polaxamer 407 and 

divinyl benzene, hydrated with deoxygenated MilliQ water at a concentration of 25 wt % 

water through several freeze-thaw-vortex cycles. Mixture was allowed to incubate at 

room temperature for 24 hours. Excess MilliQ water was added to the cubic gel to give 

an overall water concentration of 95 wt %, followed by 3 hours ultrasonication. 

2.3.4 Polymerization of Lipid 5 Cubic Nanoparticles 

2.3.4.1 Redox Polymerization 

The cubic nanoparticle sample was prepared as described in section 2.3.3. A 

solution of K2S208/NaHS03 (1/1) was prepared and an aliquot was added to the hydrated 

lipid to give the [M]/[I] ratio of 1. Polymerization was performed at room temperature 

under positive argon pressure. Polymerization was monitored by UV absorption 

spectroscopy. 

2.3.4.2 Direct UV Irradiation 

2 mol% of 4-(dimethylamino)benzophenone, used as a photoinitiator, was added 

into the lipid mixture at the same time of Polaxamer 407 and divinyl benzene addition. 

UV irradiation of cubic nanoparticles of lipid 5 was carried out in a quartz cuvette 
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thermostated at 20 °C, using a high-pressure Hg/Xe lamp. Polymerization was monitored 

by UV absorption spectroscopy. 

2.3.5 Surfactant Dissolution of Cubic Nanoparticles 

The cubic nanoparticles of lipid 5 were prepared as described above. After 

polymerization, the particles were characterized by QELS for a 2 mL sample with a lipid 

concentration of 300 |j,M. Aliquots of 50 mM TX-lOO solution, each 2 equiv. with respect 

to lipid, were added until the particles dissolved or 12 equiv. were added. Sample before 

polymerization was also studied by the same procedure. The light-scattering intensities 

were determined again by QELS. Measurements at each concentration of TX-lOO were 

performed at least three times each at three different angles (60°, 90° and 120°). The 

average mean diameter of particles was calculated by nonnegatively constrained least-

squares program. 

2.3.6 NMR Spectroscopy 

The sample was prepared using 20 mg of H substituted lipid 6 as described 

before. The deuterium NMR spectra were recorded on a Bruker DRX-500 spectrometer. 

The NMR signal was collected with the quadupole echo sequence with a 90° pulse length 

of 13 |a,s, interpulse delay of 60 |xs, and a relaxation delay of 0.5 Temperature was 

controlled by a heated airflow and monitored by means of a thermocouple close to the 

sample. 
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2.3.7 Electron Microscopy 

2.3.7.1 Transmission Electron Microscopy 

Samples were prepared as described before. All samples were polymerized and 

diluted to a water content of 99 wt%. The samples were negative stained with 2 wt% 

phosphotungstic acid pH 7.0 for 2 hours to enhance the contrast between the lipid and 

water domains. The sample solution was placed on a thin carbon substrate, previously 

evaporated on mica, by floating the carbon film off of the mica onto a drop of the sample. 

Sample was placed onto a 300 mesh copper EM-grid, wicked lightly and allowed to air 

dry. The sample was observed on a Philips 420 transmission electron microscope at 100-

120 kv. 

2.3.7.2 Scanning Electron Microscopy 

Samples were prepared as described before. All samples were polymerized and 

diluted to a water content of 99 vA%, then applied to coverslip attached to a specimen 

mount with an adhesive transfer tab from Electron Microscopy Sciences (Ft. Washington, 

PA) and allowed to air dry. The samples were coated with 30nm of gold and observed in 

an ElectroScan E3 at 20 kv accelerating voltage. 
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CHAPTER 3 

POLYMERIZATION STUDY OF BICONTINUOUS CUBIC NANOP ARTICLES 

FROM A NOVEL HETEROBIFUNCTIONAL LIPID 

3.1 Introduction 

The cross-linking polymerization of amphiphiles in monolayers, bilayers 

(lamellar), and nonlamellar phases, e.g., bicontinuous cubic and the inverted hexagonal 

phases, is an effective method to modify their properties.Linear and cross-linked 

amphiphilic assemblies exhibit significant differences in physical properties, e.g., 

permeability, chemical stability, solubility, lateral diffusion of components, among others. 

Unlike monomers in isotropic media, the motions of hydrated amphiphilic monomers in 

assemblies are limited by the two-dimensional fluidity of at least tens of thousands of 

amphiphiles. The hydrophilic headgroups are exposed to water, and the hydrophobic tails 

are aggregated to minimize water contact. In certain hydrated lipid phases the 

amphiphiles rapidly diffuse within the assembly, which affords ample opportunity for 

monomers to react with the propagating chain end.''"^'*^^ In these cases the assembly is 

highly ordered yet sufficiently dynamic for efficient chain polymerizations. The 

reactivity of polymerizable amphiphiles in supramolecular assemblies, such as lipid 

bilayers, is dependent on the mode of initiation, the polymerizable group, and the position 

of the reactive group in the amphiphile. Lyotropic mesophases offer the possibility of 

selective initiation of polymerization by careful attention to the solubility of the initiating 

species.It is also known that polymerizations of certain amphiphilic monomers. 
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e.g. sorbyl, acryloyl, and methacryloyl derivatives, in hydrated lamellar phases can yield 

relatively large polymers. 

Heterobifunctional polymerizable lipids are amphiphiles with two different 

reactive functionalities (Figure This difference may be reflected in the rate and 

degree of polymerization as well as the type of initiators that can be usefully employed. 

The distinct location of each reactive group within the assembly inhibits 

copolymerization between the groups even if they have similar reactivities. 

Polymerization in these lipid assemblies proceeds in a linear or cross-linked manner 

depending on the number of polymerizable groups per amphiphile.^^^''"*^"^^^ Lipids that 

contain a single reactive moiety in either of the hydrophobic chains or are associated with 

the hydrophilic headgroup yield linear polymers. Polymerization of lipids with reactive 

groups in each hydrophobic chain yields cross-linked polymers, which can be 

distinguished by their physical properties, e.g., general insolubility in organic solvents 

including hexafluoro-2-propanol (HFIP), chemical stability toward added surfactant, 

among others. 
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Figure 3.1 Schematic representation of homobifunctional lipid (bis-dienoyl-substituted 
diacylglycerol 4 shown as an example) and heterobifunctional lipid (3-(2,4,13-(£,£)-
tetradecatrienoyl)->s'?j-glycerol 5). X and Y in the lipid tails represent different functional 
groups (here represents dienoyl and vinyl groups respectively). 

A heterobifunctional single chain amphiphile that contained a diacetylene and an 

acetylene group was reported by Nezu and Lando. Langmuir-Blodgett (LB) techniques 

yielded multilayers of the heterobifunctional fatty acid. The fatty acid could be 

polymerized in the condensed phase by y-ray irradiation to yield polydiacetylene; 

however, the isolated acetylene did not polymerize under these conditions. Singh et al. 

reported the synthesis of a heterobifunctional phospholipid with a diacetylene and either a 

vinyl or methacryloyl in each lipid tail.'^'' The polymerization of these heterobifunctional 

phospholipids was performed by first UV then y-ray irradiation in a sequential fashion. 

The nature, degree of polymerization, and extent of polymerization of each individual 

group was not reported. 
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It is especially interesting to consider the polymerization characteristics of an 

amphiphilic monomer with two reactive groups in a single chain. The behavior of such 

monomers might shed light on the competitive pathways for polymer chain growth for 

reactive groups located in different regions of organized assemblies. Moreover, there is 

the intriguing possibility of selective control of the polymerization process in lyotropic 

mesophases. Here we examine this question through the polymerization of a novel 

heterobifunctional lipid, 3-(2,4,13-(£',£^-tetradecatrienoyl)->s'«-glycerol (5), which 

contains two polymerizable groups in the same lipid chain. In lipid 5 a dienoyl group is 

conjugated with the ester carbonyl of the fatty acid chain, and a vinyl group is located 

near the acyl chain terminus. The location of the reactive groups in regions of different 

polarity within an inverted bicontinuous cubic phase permits either simultaneous or 

selective and sequential polymerization, depending on the choice of initiation chemistry. 

3.2 Results and Discussion 

The two polymerizable groups on lipid 5 are located in different regions of 

polarity within a contorted bilayer, thereby permitting either simultaneous or selective 

sequential polymerizations depending on the initiation chemistry (Scheme 3.1). Cubic 

nanoparticle samples were prepared as described before. All samples were prepared with 

10 mol% of divinyl benzene and a water content of 95 wt%. The polymerizations were 

performed under positive Ar(g) with use of the selected initiators and conditions given in 

the Experimental Section. In all polymerizations, no change in cubic nanoparticle size 

was observed, indicating that only intra-particle polymerization took place. 



80 

VOH Water 

Hydrocarbon 

KzSzOg/NaHSOs 
or UV irradiation 

Filtered UV 
irradiation 

Scheme 3.1 Selective and simultaneous polymerizations via appropriate choice of 
initiation chemistry. 

3.2.1 Selective Polymerizations 

Theoretically the dienoyl group could be polymerized through the 1,2-, 3,4-, 

and/or 1,4-addition mechanism. 'H NMR and UV spectroscopy were employed to 

elucidate the structure of the polymers and to provide information on the probable 

polymerization mechanism for each mode of initiation chemistry used here. 
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The 'H NMR spectrum of lipid 5 showed protons of the dienoyl group at 7.19-

7.28 (IH), 6.16-6.22 (2H), and 5.73-5.89 (IH) ppm. The tail end vinyl proton resonances 

occurred at 5.73-5.89 (IH) and 4.88-5.04 (2H) ppm. Methylene protons on the glycerol 

headgroup yield multiplet peaks at 4.10-4.22 (2H), 3.86-3.94 (IH), and 3.52-3.68 (2H) 

ppm. Methylene protons next to the dienoyl and vinyl groups are observed at 2.09-2.20 

(2H) and 1.94-2.06 (2H) ppm respectively, and the rest of the methylene protons on the 

hydrophobic chain are at 1.20-2.48 ppm. 

3.2.1.1 Selective Polymerization of the Dienoyl Moiety 

The dienoyl group of lipid 5 was selectively polymerized by photoirradiation with 

filtered UV light from a high-pressure Hg/Xe lamp using a cutoff filter that blocks UV 

light with wavelength above 300 nm. The dienoyl absorption peak at 262 nm decreased 

80% during the first hour, complete conversion was accomplished with 3 hours 

irradiation (Figure 3.2). Analysis of the ^H NMR spectrum of the polymer confirmed the 

polymerization was selective for the dienoyl group. The intensity of the dienoyl proton 

peaks at 6.16-6.22 ppm (2H) and 7.24-7.32ppm (IH) decreased to nearly 0, while that of 

vinyl proton peaks at 4.88-5.04 ppm (2H) stays unchanged. This corresponds to a loss of 

more than 95% of the dienoyl groups. Polymerization of the tail end vinyl group was not 

observed, since the integral ratio between en protons at 4.88-5.04 ppm and methylene 

protons of the headgroup at 3.86-3.94 ppm remained unchanged during the 

polymerization. The complete disappearance of the methylene protons next to the dienoyl 

group at 2.09-2.20 (2H), along with the intensity of protons at 1.94-2.06 ppm increasing 
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from 2 protons to 4 protons, also confirmed that the tail end vinyl group was not 

polymerized, while the dienoyl group was completely gone. The polymer also showed 

new proton resonances from 5.50 to 5.70 ppm. Previous studies by Tsuchida et al. of 

polymers formed from dienoyl-substituted PC ascribed a similar signal to the isolated 

double bond formed from a 1,4-addition mechanism.On the basis of the UV and 'H 

NMR analysis of the selectively polymerized sample, the polymerization of the dienoyl 

group proceeded through a 1,4-addition mechanism. The fact that the resulting polymer 

was soluble in organic solvents clearly represents the linear nature of the polymer. This is 

also an indication that the cross-linker, divinyl benzene, was not polymerized. 
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Figure 3.2 Percent conversion of the dienoyl moiety of lipid 5 as a function of time for 
UV polymerization with a high-pressure Hg/Xe lamp. 
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3.2.1.2 Selective Polymerization of the Vinyl Moiety 

Selective polymerization of the vinyl group of lipid 5 was achieved with 

thermally generated radicals from AIBN. The polymerization was carried out at 45 °C 

with [M]/[I] equal to 5. The absorption of the dienoyl group at 262 nm remained 

unchanged over the course of the 24 h reaction. Analysis of the 'H NMR spectrum of the 

polymer confirmed the polymerization was selective for the vinyl group. The intensity of 

the vinyl proton peaks at 4.88-5.04 ppm (2H) and 5.73-5.89 ppm (IH) decreased about 

20%, while that of dienoyl proton peaks at 6.16-6.22 ppm (2H) and 7.24-7.32 ppm (IH) 

stay unchanged. Complete disappearance of the vinyl protons was not observed via 'H 

NMR, due to the fact that the resulting polymer was not soluble in organic solvents after 

24-hour polymerization. The cross-linked nature of the polymer suggests that the cross-

linker, divinyl benzene, was polymerized along with the vinyl group. 

The vinyl group is located at the end of the lipid chain in the hydrophobic region 

of the contorted bilayer, a suitable environment for polymerization with a hydrophobic 

initiator. In contrast, the dienoyl group is at the top of the chain, which, being near the 

lipid water interface, could not be polymerized by the hydrophobic initiator, AIBN. The 

fact that the hydrophobic cross-linker polymerized along with the vinyl group at the end 

of the lipid chain but stay untouched while selectively polymerizing the dienoyl group 

suggested that it is located near the chain terminus deep in the hydrophobic region of the 

contorted bilayer. This provides further support for the hypothesis that the position of the 

polymerizable group governs the type of initiation that can be usefully employed. 
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3.2.2 Simultaneous Polymerizations 

Simultaneous polymerization of both reactive groups was achieved by either 

redox polymerization or direct UV photoirradiation without filter. The term 

"simultaneous" means reaction of vinyl and dienoyl groups in the bicontinuous cubic 

lipid assemblies were concurrent, but does not necessarily imply that a given lipid 

possesses two propagating species at the same time. 

3.2.2.1 Redox Polymerization 

The polymerization was carried out at room temperature with a 1:1:1 molar ratio 

of [monomerJ/KiSiOg/NaHSOa. This redox system generates hydroxyl radicals, which 

can diffuse across the lipid layer and initiate the polymerization of both reactive groups 

regardless of their locations in the lipid layer. High conversion (95%) of the dienoyl 

group was achieved in 1 day (Figure 3.3). The resulting polymer was insoluble in 

organic solvents clearly representing the cross-linking nature of the polymer. 



85 

0.9 

0.8 

0.7 

0.6 
(i> u c 
(0 SI I-

0.5 

_ 0.4 

o 0.3 < 
0.2 

190 240 290 340 390 440 490 

Wavelength (nm) 

Figure 3.3 The absorption spectra of cubic nanoparticle sample of lipid 5 before and after 
redox polymerization. Solid lines show the absorption before polymerization. Dotted 
lines show absorption after 1 day polymerization at room temperature with a 1:1:1 molar 
ratio of [monomerJ/KaSiOg/NaHSOs. 

3.2.2.2 Direct UV Polymerization 

UV polymerization of the cubic nanoparticles was achieved by using 2 mol% of 

4-(dimethylamino)benzophenone as a photoinitiator. Cubic nanoparticles of 5 were 

irradiated at room temperature with a high-pressure Hg/Xe lamp, resulting in essentially 

complete conversion of the dienoyl group within 3 h (Figure 3.4). 
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Figure 3.4 The absorption spectra of cubic nanoparticles of lipid 5 before and after UV 
polymerization with 2 mol% of 4-(dimethylamino)benzophenone as a photoinitiator. 
Regular lines show the absorption before sample exposure to UV light from a high-
pressure Hg/Xe lamp. Dotted lines show absorption after 3 hours UV polymerization. 

3.2.3 Cubic Nanoparticle Stability Tests 

The polymerization of lipid 5 in bicontinuous cubic nanoparticles could yield 

either linear ladder-like or cross-linked polymers as represented in Scheme 3.2. If the 

reaction paths of both reactive groups are independent of each other, then a cross-linked 

bilayer will be formed. However, if the polymerization of the reactive groups occurred 

preferentially with an adjoining group in a repeating unit of the polymer formed, then a 

ladder-like polymer without cross-linking will be obtained. In this context, the term 

ladder-like means that the polymers are formed by a correlated polymerization of the 

dienoyl and vinyl groups, i.e., both groups in one lipid molecule preferentially react with 
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the dienoyl and vinyl groups, respectively, in the same neighbor lipid. Stupp et al 

reported that polymerization of rodlike mesogens with acryloyl and cyano groups 

separated by 13 atoms afforded cross-linking polymer/'^^'^'^^ Also, formation of linear-

ladder polymers has been reported in the polymerization of hydrated bilayers formed by 

l-palmitoyl-2-(2,4,12,14-tetraenehexadecanoyl) phosphatidylcholine, where the two 

diene groups were separated by only six methylenes.Redox polymerization of 

phosphatidylcholines with spacer methylenes of 7, 9, and 11 yielded cross-linking 

• t "^7 
polymers, while UV irradiation afforded only linear polymers. Further stabilization of 

the lipid assemblies could be achieved by polymerization in the presence of a cross-linker. 

Ladder Polymer 

Cross-linked Polymer 

Scheme 3.2 Schematic representation of ladder polymer and cross-linked polymer 
formation. 
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3.2.3.1 Surfactant Solubilization 

Sisson et al. have demonstrated that cross-linked lipid bilayers are stable in the 

presence of excess surfactant, whereas unpolymerized or linearly polymerized vesicles 

are dissolved by surfactant/The increased stability of vesicles to solubilization by 

surfactants is attributed to the covalent linkages in the polymeric lipid assemblies. The 

mechanism of surfactant lysis involves incorporation of surfactant into the lipid bilayer. 

Eventually this leads to the disruption of the lipid assembly, giving mixed micelles of 

surfactant and lipid. Since the size of lipid nanoparticles, which range in diameter from 

300 to 400 nm, is much larger than that of micelles, which are about 5-20 nm, QELS can 

be used to detect the solubilization process. The disruption of the lipid nanoparticles 

should be indicated by a sharp decrease in light scattering intensity. Polymerized cubic 

nanoparticles of 5 obtained from both selective and simultaneous polymerizations, as 

well as the unpolymerized sample were characterized by surfactant lysis. The 

unpolymerized lipid nanoparticles were solubilized by surfactant to yield mixed micelles 

of surfactant and lipid. Upon addition of Triton X-100 to the unpolymerized sample, a 

sharp decrease in the normalized light scattering intensity and calculated average mean 

diameter of the suspended particles was observed (Figure 3.5). Cross-linked 

nanoparticles are stable upon surfactant solubilization. The normalized light scattering 

intensity of the cross-linked sample was therefore nearly independent of the amount of 

surfactant added. As shown in Figure 3.5, each mode of simultaneous polymerization of 

lipid 5 (redox and UV) gave poly-nanoparticles that were stable in the presence of Triton 

X-100. Average size of the particles remained in the 300-400 nm range. Selective 
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polymerization of the vinyl group along with the cross-linker, divinyl benzene, also gave 

cross-linked polymerized nanoparticles, showing no significant change in particle 

average size. Selective polymerization of the dienoyl group afforded linear polymers. 

These particles were stable upon addition of small amounts of surfactant. When increased 

amounts of Triton X-100 were added, the partially stabilized particles were eventually 

solubilized. 
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Figure 3.5 Stability test of unpolymerized, selective and simultaneously polymerized 
cubic nanoparticles in the presence of surfactant (Triton X-100). The average of mean 
diameters of various polymerized and unpolymerized cubic nanoparticles, determined by 
QELS is shown as a function of the molar ratio of Triton X-100 to lipid. 

3.2.3.2 Polymer Solubility Test 

Further evidence for the cross-linking of the polymerized lipid nanoparticles of 5 

was obtained from polymer solubility tests. Unpolymerized monomer is soluble in 
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organic solvents, while fully cross-linked polymer is not. The weight percent solubility of 

these polymers was determined by removal of the water in the cubic noanoparticle 

samples using freeze-drying followed by dissolving the resulting polymeric residue in 

organic solvents, e.g. chloroform and hexafluoroisopropanol (HFIP). Previous studies 

showed that HFIP is an excellent solvent for polymerized zwitterionic PC lipids. 

Lipid 5 was soluble in most organic solvents, 99 wt% soluble in HFIP. Both simultaneous 

and selective polymerization of the vinyl group afforded mostly insoluble polymers, 

thereby indicating lipid nanoparticle polymers were mostly cross-linked (Table 3.1). 

Selective polymerization of the dienoyl group gave mostly soluble polymers, which 

agreed with the previous conclusion of its linear nature from the surfactant solubilization 

study. 

Polymerization Method Weight Percent Solubility 

Simultaneous polymerization (UV) 30 

Simultaneous polymerization (Redox) 24 

Selective polymerization (Vinyl) 34 

Selective polymerization (Dienoyl) 88 

Unpolymerized lipid 99 

Table 3.1 Weight percent solubility of polymerized lipids in HFIP. 
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3.2.4 Conclusions 

The polymerization of the heterobifunctional lipid 5 that contains polymerizable 

vinyl and dienoyl groups in the same acyl chain was dependent on the mode of initiation, 

the polymerizable group, and the position of the reactive group in the amphiphiles. 

Moreover, since the two reactive groups of lipid 5 are in regions of different polarity, it 

was readily possible to perform either selective or simultaneous polymerizations by 

appropriate choices of initiation chemistry. Both reactive groups were simultaneously 

polymerized via either redox polymerization or UV irradiation at the presence of a 

photoinitiator. The polymerizations of dienoyl group proceeded through the 1,4-addition 

mechanism. The polymerized particles obtained from either simultaneous or selective 

polymerization of the vinyl moiety along with the cross-linker were cross-linked, as they 

were not disrupted by Triton X-100, and the dried polymers were insoluble in organic 

solvents. Selective polymerization of the dienoyl moiety afforded linear polymer, 

indicating the cross-linker did not participate in the polymerization. 

3.3 Experimental 

3.3.1 Methods and Materials 

The 'H and NMR spectra were recorded using either a Varian Unity-300, or a 

Bruker DRX-500 MHz spectrometers in dichloromethane-J2 with tetramethylsilane as an 

internal reference. Compounds containing the UV-sensitive groups were handled under 

yellow light. Synthetic reactions were monitored by TLC and visualized by UV-light, 

phosphomolybdic acid, or iodine vapor. UV-vis absorption spectra were recorded on a 
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Hewlett-Packard 8452A diode array spectrophotometer. Quasi-elastic light scattering was 

performed with a BI 8000 autocorrelator from Brookhaven Instrument Corp., and particle 

sizes were calculated with the software accompanying the instrument. 

All chemicals were obtained from Aldrich Chemical Corp., except for triethyl 4-

phosphonocrotonate (Lancaster Inc). Solvents were dried and distilled prior to use. 

Dichloromethane was distilled from calcium hydride prior to use. Tetrahydrofuran was 

distilled from sodium-benzophenone ketyl. Chloroform was distilled from phosphorus 

pentoxide. All other reagents were used as received without further purification. 4-

(Dimethylamino)pyridine was recrystallized from CHCla/ether (1:1). All other chemicals 

were used without further purification. The lipids were hydrated in Milli-Q water, 

Millipore Inc. All reactions were performed under an argon atmosphere unless otherwise 

indicated. 

3.3.2 Polymerization of Cubic nanoparticles 

3.3.2.1 Simultaneous Polymerization 

3.3.2.1.1 Redox Polymerization 

Bicontinuous cubic nanoparticles of polymerizable lipid were prepared as follows: 

Approximately 20 mg of lipid 5 was evaporated from a stock solution (10 mg/mL in 

CHCI3) by freeze-drying. The lipid was then mixed with Polaxamer 407 and divinyl 

benzene, hydrated with deoxygenated MilliQ water at a concentration of 25 wt % water 

through several freeze-thaw-vortex cycles. The mixture was allowed to incubate at room 

temperature for 24 hours. Excess MilliQ water was added to the cubic gel to give an 
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overall water concentration of 95 wt %. Bicontinuous cubic nanoparticles were prepared 

by ultrasonication. A solution of K2S208/NaHS03 (1/1) was prepared and an aliquot was 

added to the hydrated lipid to give the [M]/[I] ratio of 1. Polymerization was performed at 

room temperature under positive argon pressure. Polymerization was monitored by UV 

absorption spectroscopy. 

3.3.2.1.2 UV Irradiation 

UV irradiation of cubic nanoparticles of lipid 5 was carried out in a quartz cuvette 

thermostatted at 20 °C, using a high-pressure Hg/Xe lamp with no filter. 2 mol% of 4-

(dimethylamino)benzophenone was used as a photoinitiator. Polymerization was 

monitored by UV absorption spectroscopy. 

3.3.2.2 Selective Polymerization 

3.3.2.2.1 UV Irradiation 

Cubic nanoparticles of 5 were irradiated in a quartz cuvette thermostated at 20 °C, 

placed 10 cm from a high-pressure Hg/Xe light source. A Corning CS-056 cutoff filter 

(cut off UV light above 300 nm) was placed between the sample and light source. 

Polymerization was monitored by UV absorption spectroscopy and 'H NMR. 

3.3.2.2.2 AIBN Radical Polymerization 

An AIBN solution (1-1.5 mg/mL in CHCI3) was prepared. An aUquot was added 

to the dry lipid 5 to give the [M]/[I] ratio of 5, and CHCI3 was removed under vacuum. 
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Cubic nanoparticles were as described before. The sample was then placed in an ampule 

sealed with a septum and flushed with argon for 0.5 h. Polymerization was performed at 

45 °C in the absence of Ught. 

3.3.3 Surfactant Dissolution of Lipid Nanoparticles 

The cubic nanoparticles were prepared as described above. After polymerization, 

the particles were characterized by QELS for a 2 mL sample with a lipid concentration of 

300 )aM. Aliquots of 50 mM TX-lOO solution, each 2 equivalent with respect to lipid, 

were added until the nanoparticles dissolved, or 12 equiv. were added. The light-

scattering intensities were determined again by QELS. Measurements at each 

concentration of TX-lOO were performed three times each at 60°, 90°, and 120° to the 

incident light. The average mean diameter of particles was calculated by normegatively 

constrained least-squares program. 

3.3.4 Weight Percent Solubility 

Only samples with greater than 90% monomer conversion, as determined by UV-

vis spectroscopy, were used in the solubility studies. Samples were lyophilized after 

polymerization. The lipid was weighed and HFIP added to a concentration of 2 mg/mL. 

The samples were shaken for 2 min and allowed to stand for at least 4 h. The solution 

was filtered through an Acrodisc CR PTFE filter with 0.2 )^m pore size. The solvent was 

removed by lyophilization overnight, leaving the soluble polymer. The weight of the 

polymer was used to calculate the percent solubility. 
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CHAPTER 4 

POLYMERIZED BICONTINUOUS CUBIC NANOP ARTICLES FROM 

REACTIVE MONOACYLGLYCEROLS WITH VARIOUS CHAIN LENGTHS 

AND FUNCTIONAL GROUPS 

4.1 Introduction 

Polymerization of monomeric ampliiphiles in an assembly can proceed to yield a 

linear or cross-linked material depending on the number and location of polymerizable 

groups per monomer. Polymerization of bilayers composed of lipids containing a single 

reactive moiety in either of the hydrophobic tails or associated with the hydrophilic 

headgroup (monosubstituted lipids) has been shown to yield linear polymers.''^ 

Polymerization of lipids with reactive groups in each hydrophobic tail generally yields 

cross-linked polymers. For example, Stupp and co-workers reported obtaining a cross-

linked material in the polymerization of rodlike mesogens with acryloyl and cyano 

groups separated by 13 atoms.On the other hand, linear-ladder polymers appear to 

be formed in the polymerization of hydrated bilayers of l-palmitoyl-2-(2,4,12,14-

tetraenehexadecanoyl) phosphatidylcholine, where the two diene groups were separated 

by only six methylene groups.The preferred ladder-like mode of polymerization 

was attributed at least in part to the relatively short spacer link between two reactive 

moieties. At some separation distance, the congruence of the preferred reactivity of the 

two groups will diminish to the point that the polymerization of both groups will be 

uncorrelated, resulting in the formation of cross-linked polymers instead of ladder-like 
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polymers. Several factors could influence the preferred course of polymerizations in 

organized media, such as thermotropic and lyotropic liquid crystals. These include the 

relative reactivity of the monomers, the percent conversion of the monomers, the distance 

between the reactive groups, and the flexibility of the spacer group that separates the 

monomers, among others. 

It has been demonstrated in Chapter 2 that bicontinuous cubic phase nanoparticles 

can be readily prepared from a monoglyceride with a 14 carbon chain length. In this 

chapter, the phase behavior of a series of reactive monoglycerides (Figure 4.1) with 

various chain lengths and functional groups will be described. Each of these 

monoglycerides has two reactive groups located on the same acyl chain. Co-

polymerization of the monoglycerides with a small molecule cross-linker leads to 

formation of stable, cross-linked lipid assemblies. The cross-linker also participates in the 

formation of cubic phases by increasing the hydrophobic portion of the system. Cubic 

phase gels were formed when these lipids were hydrated in the presence of 10 to 15 mole 

percent of cross-linker (divinyl-benzene). The cubic gel was later dispersed into 

nanoparticles using Poloxamer 407 as a stabilizing agent. Polymerization gave cross-

linked lipid assemblies that were stable upon addition of organic solvents and surfactants. 

Cubic nanoparticles were characterized by NMR spectroscopy, TEM, and SEM. 
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Figure 4.1 Structure of reactive monoglycerides for polymerization stabilized cubic 
nanoparticles. 

4.2 Results and Discussion 

The key consideration in the design of a heterobifunctional lipid is the choice and 

location of the polymerizable groups in the lipid molecule. Reactive lipids may have 

polymerizable moieties located in the hydrophilic headgroup, near the lipid backbone, or 

in the hydrophobic lipid tail. The heterobifunctional lipids described here contain two 

polymerizable groups in the acyl chain of the lipid (Figure 4.1). One of the groups, i.e., 

dienoyl, is attached to the primary oxygen of the glycerol backbone of the lipid, and the 

other is an acryloyl or diene functional group located at the chain terminus. These lipids 

can be polymerized in a bilayer by either radical initiation or direct photoactivation. The 

dienoyl group located near the lipid backbone can be polymerized by polar initiators, 
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whereas the acryloyl or diene groups located in the interior of the bilayer can be 

selectively polymerized by hydrophobic initiators. The reactive groups were selected to 

yield one series of monomeric lipids with groups having similar reactivity, i.e., 

Dienoyl/Diene, and a second series where the reactivity of the groups differ significantly, 

i.e., Acryl/Dienoyl. These variations in molecular structure may result in differences in 

the rate and degree of polymerization. 

4.2.1 Lipid Synthesis 

Synthesis of 3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-5'«-glycerol 14 was 

accomplished as shown in Scheme 4.1 as an illustration. This new lipid was obtained 

from the acylation of 1 l-acryloxy-2,4-(£',£)-undecadienoic acid 21 with (S)-(+)-2,2-

dimethyl-l,3-dioxalane-4-methanol using DCC/DMAP, followed by deprotection of the 

isopropylidene protecting group under acidic conditions. The ll-acryloxy-2,4-(£',£)-

undecadienoic acid 21 was accessible in five steps from commercially available heptane-

1,7-diol, which was monoprotected with acetyl chloride to give 7-(acetyloxy)heptan-l-ol 

17. Swem oxidation of the monoprotected diol 17 gave the corresponding aldehyde 7-

(acetyloxy)heptan-l-al 18. The Wittig-Horner olefination of this aldehyde with triethyl 4-

phosphonocrotonate gave ethyl 1 l-acetyloxy-2,4-undecadienoate. This reaction yielded a 

mixture of isomers {E,E and E,Z), which were inseparable by conventional 

chromatography. The stereochemical purity, as determined by 'H-NMR spectroscopy, 

was 19:1 {E,E:E,Z). The product mixture of {E,E) and (£',2)-isomers were purified by 

urea inclusion complexation providing the pure (£',£)-isomer 19. The hydrolysis of the 
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ethyl ester and the acetyl protecting group was accomplished with KOH in MeOH to 

afford the hydroxy dienoic acid 20. Compound 20 was then reacted with acryloyl 

chloride to form the desired acid 21. The structure and purity of lipid 14 was determined 

1 1 3  by elemental analysis, high-resolution FAB-mass spectroscopy, H and C NMR 

spectroscopy. The other three lipids, 3-(10-acryloxy-2,4-(£',£)-decadienoyl)-^/7-glycerol 

13, 3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-5«-glycerol 15, and 'i-(2,A,\2,\A-{E,E,E,E)-

hexadecatetraenoyl)->s'«-glycerol 16 were synthesized by acylation of the corresponding 

acids 10-acryloxy-2,4-(£',£)-decadienoic acid, 12-acryloxy-2,4-(£',£)-dodecadienoic acid, 

and 2,4,12,14-(£',£',£',£)-hexadecatetraenoic acid with (S)-(+)-2,2-dimethyl-l,3-

dioxalane-4-methanol using DCC/DMAP, followed by deprotection of the isopropylidene 

protecting group under acidic conditions. These three acids were synthesized according to 

137 142 2 literature procedures. ' H substituted glycerol headgroup derivatives of lipid 14 and 

16 were also synthesized for use in the NMR studies. 
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Scheme 4.1 Synthesis of 3-(ll-acryloxy-2,4-(£,£)-undecadienoyl)-5'«-glycerol (14) and 
its substituted headgroup derivative 3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-5'«-
glycerol-ti?j (24). 



4.2.2 Bicontinuous Cubic Nanoparticles 

An inverted bicontinuous cubic phase gel is a clear viscous material, but the 

sample is totally dark when viewed between crossed polarizers. All samples prepared 

from lipids 13 to 16 with 25 wt % water remained opaque after incubation at room 

temperature for a week, indicating a non-cubic anisotropic phase formation. Due to the 

fact that these lipids do not have adequate hydrophobic volume fraction to force the 

formation of curvature on the water-hydrocarbon interface, a cross-linking monomer was 

introduced into the system. It was intended that the cross-linker would incorporate into 

the hydrocarbon region and favor a change from lamellar to cubic phase. The phase 

behavior of the lipid-water mixtures was studied with increasing amounts of divinyl 

benzene. Hydrated mixtures of lipid 13 and divinyl benzene (with divinyl benzene 

content ranging from 5 to 20 mole percent) at the concentration of 25 wt % water became 

clear after incubation at room temperature for 1 day. The isotropic character of the 

sample was confirmed by examination of the sample through cross-polarizer. The clear 

cubic gel was stable up to 50°C. Lipid 14 formed a bicontinuous cubic lipid gel with 5 to 

15 mole percent of divinyl benzene, while cubic gel samples prepared from lipid 15 and 

16 could only accomodate 5 to 10 mole percent of divinyl benzene. These results suggest 

that lipids with longer hydrophobic chains require lower concentration of small 

molecules to create the cubic phase. 

The cubic gel was dispersed into nanoparticles by ultrasonication using 

Polaxamer 407 (PEOgsPPOeyPEOgg) as dispersing agent. All dispersions had a water 
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content of 95 wt%. The average size of the cubic nanoparticles as determined by quasi-

elastic light scattering, was ranged from 300 to 400nm. 

4.2.3 Polymerization of Cubic Nanoparticles 

Cubic nanoparticles made from all four lipids were polymerized by UV and redox 

polymerization. Each of the lipids was mixed with 10 mol% of divinyl benzene, hydrated, 

and then dispersed to give cubic nanoparticles with an average mean diameter of 300 to 

400nm determined by quasi-elastic light scattering. The polymerization was performed 

under positive Ar(g) pressure with use of different initiation conditions described in the 

Experimental Section. During each polymerization, the average nanoparticle size did not 

change, indicating that only intravesicle polymerization took place. The percent 

conversion of the monomer was determined by absorption spectroscopy, by monitoring 

the decrease in monomer absorbance at various time intervals for both the dienoyl and 

diene functionalities. 

4.2.3.1 UV Polymerization 

UV polymerization of the cubic nanoparticles was achieved by using 2 mol % of 

4-(dimethylamino)benzophenone as a photoinitiator. Samples were irradiated at 20 °C 

with a high-pressure Hg/Xe lamp. In nanoparticle samples prepared from lipid 14, which 

contain both acryloyl and dienoyl groups with a chain length of hydrophobic tail of 15, 

the percent conversion of the dienoyl group was greater than 95% as determined by UV-

vis spectroscopy within 3 hours polymerization (Figure 4.2). However, the extent of 
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conversion for the acryloyl group could not be determined due to the overlap of the 

absorption with that of the isolated double bond of the poly(dienoyl) (Figure 4.3). It is 

reasonable to assume that the conversion was at least 95%, since acryloyl is a more 

reactive group than dienoyl. Samples prepared from lipids 13 and 15 containing acryloyl 

and dienoyl groups with chain length 14 and 16 respectively showed similar results 

(Figure 4.4). 
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Figure 4.2 Percent conversion of the dienoyl moiety of lipid 14 as a function of time for 
UV polymerization with a high-pressure Hg/Xe lamp. 
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Figure 4.3 Absorption spectra of the cubic nanoparticles prepared from lipid 14 before 
and after UV polymerization. Dienoyl absorption peak at 262 nm decreased to less than 5 
% within 3 hours polymerization, while acryloyl absorption peak at 195 nm decreased to 
only 80 %. 



105 

0.9 

0.7 
0) 
u 
c 
n n 
L- 0.5 
o 
(0 

< 

0.3 

29a jjaa 24a 44a 

Wavelength (nm) 

0.9 

0.8 

0.7 

0.6 
o u c 
n 
U „ 0.5 

I 0.4 

^ 0.3 

0.2 

190 290 240 340 390 440 490 

Wavelength (nm) 

Figure 4.4 Absorption spectra of the cubic nanoparticles prepared from lipid 13 (top) 
and 15 (bottom) before and after UV polymerization. Solid lines show the absorption 
before sample exposure to UV light from a high-pressure Hg/Xe lamp. Dotted lines show 
absorption after 3 hours UV polymerization. 
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Results from nanoparticle samples prepared with lipid 16, which contain both 

diene and dienoyl groups with a chain length of 16, is shown in Figure 4.5. The percent 

conversion of the dienoyl group was greater than 95% as determined by UV-vis 

spectroscopy within 3 hours polymerization while the diene group was about 70% 

(Figure 4.6). High conversion of the diene group (90%) was observed with longer 

polymerization time (6 hours). 

100 

90 

80 

o 70 

® 60 

0 50 

1 40 

I 30 Q. 
20 

10 

0 

0 50 100 150 200 250 300 350 
Time (min) 

Figure 4.5 Percent conversion of the dienoyl and diene moieties of lipid 16 as a function 
of time for UV polymerization with a high-pressure Hg/Xe lamp. 

4.2.3.2 Redox Polymerization 

Redox polymerization was performed at room temperature with a 1:1:1 molar 

ratio of [monomer]/K2S208/NaHS03. This redox chemistry generates hydroxyl radicals, 

that can diffuse across the lipid layers and initiate the polymerization of both reactive 

groups regardless of the location. Sample prepared from lipid 16 containing diene and 

o 
o 

O Diene Percent Conversion 

• Dienoyl Percent Conversion 
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dienoyl group polymerized under the described condition showed high conversion of 

both groups, 95% for dienoyl and 80% for diene respectively (Figure 4.6). High 

conversion (80%) of the dienoyl group that absorbs at 262 nm was achieved within 1 day 

for all three samples prepared from acryloyl and dienoyl containing lipids 13,14 (Figure 

4.7), and 15 (Figure 4.8). The percent conversion of the acryloyl group that absorbs at 

195 nm could not be determined due to the same reason for the UV polymerization. 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

240 290 340 

Wavelength (nm) 

390 440 190 490 

Figure 4.6 Absorption spectra of the cubic nanoparticles prepared from lipid 16 before 
and after UV polymerization. Dienoyl absorption peak at 262 nm decreased to less than 
5% within 3 hours polymerization, while diene absorption peak at 228 rmi decreased to 
90% with 6 hours. 
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Figure 4.7 Absorption spectra of the cubic nanoparticles prepared from lipid 13 (a), 14 
(b), before and after redox polymerization. Solid lines show the absorption before 
polymerization. Dotted lines show absorption after 1 day polymerization at room 
temperature with a 1:1:1 molar ratio of [monomer]/K2S208/NaHS03. 
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Figure 4.8 Absorption spectra of the cubic nanoparticles prepared from lipid 15 (a), and 
16 (b) before and after redox polymerization. Solid lines show the absorption before 
polymerization. Dotted lines show absorption after 1 day polymerization at room 
temperature with a 1:1:1 molar ratio of [monomer]/K2S208/NaHS03. 
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4.2.4 Characterization of Cubic Nanoparticles 

The chemical stability of all four polymerized lipid nanoparticle samples was 

9 2 tested by surfactant dissolution. H NMR experiments were performed on H substituted 

head group version of lipid 14 and 16. All samples were studied by TEM and SEM 

experiments. 

4.2.4.1 Surfactant Dissolution of Lipid Nanoparticles 

The nature of the resulting polymers, linear or cross-linked, was studied by 

particle dissolution with the surfactant Triton X-100. Surfactant dissolution of lipid 

particles yields mixed micelles that are much smaller than the particles; therefore, the 

d i s s o l u t i o n  o f  p a r t i c l e s  c a n  b e  d e t e c t e d  b y  Q E L S .  A s  s h o w n  i n  F i g u r e  4 . 9  a n d  4 . 1 0 ,  2 - 4  

equivalents of Triton X-100 per lipid were sufficient to significantly decrease the average 

mean diameters of the suspended unpolymerized particles prepared from lipid 13,14, and 

15, clearly indicating the dissolution of these cubic nanoparticles. Polymerized cubic 

nanoparticles from the same lipids demonstrated enhanced stability, with their average 

size remaining unchanged upon addition of up to 12 equivalents of Triton X-100. Both 

UV and redox polymerization of the dienoyl and acryloyl groups resulted in cross-linked 

polymer. The same result was observed with the nanoparticle samples prepared from 

diene and dienoyl containing lipid 16 (Figure 4.10). 
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Figure 4.9 Stability test of polymerized cubic nanoparticles 13 (a), 14 (b), verses 
surfactant (Triton X-100). The average of mean diameters of various polymerized and 
unpolymerized cubic nanoparticles, determined by QELS is shown as a function of the 
molar ratio of Triton X-100 to lipid. From top to bottom, left to right: results from 
samples prepared with lipid. 
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Figure 4.10 Stability test of polymerized cubic nanoparticles 15 (a), 16 (b), verses 
surfactant (Triton X-100). The average of mean diameters of various polymerized and 
unpolymerized cubic nanoparticles, determined by QELS is shown as a function of the 
molar ratio of Triton X-100 to lipid. From top to bottom, left to right: results from 
samples prepared with lipid. 
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4.2.4.2 Electron Microscopy 

Transmission electron micrographs of cubic nanoparticles in the presence of 7.4 

wt % Poloxamer 407 are shown in Figure 4.11 and 4.12. The samples were diluted to a 

water content of 99 wt %, and negative stained with phosphotungstic acid. TEM image 

revealed cubic nanoparticle with a clear inner periodicity, which agreed with previously 

1 1 

reported data on cubic phase lipid assemblies. ' In the TEM, the stained regions were 

ascribed to aqueous regions or channels. The apparent diameter of the channels in the 

micrograph was 3 ± 1 nm. The cubic colloidal particles were also observed by scarming 

electron microscopy, with particle size varying from 200 to 400 rmi (Figure 4.13 and 

4.14), consistent with QELS measurements. 
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iiSI 

b) 

Figure 4.11 TEM micrographs of a portion of cross-linked cubic nanoparticles prepared 
with lipid 13 (a) and 14 (b). The sample was stained with phosphotungstic acid to 
enhance the contrast between the lipid and water domains. The scale bar is 100 nm in 
length. 
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b) 

Figure 4.12 TEM micrographs of a portion of cross-linked cubic nanoparticles prepared 
with lipid 15 (a) and 16 (b). The sample was stained with phosphotungstic acid to 
enhance the contrast between the lipid and water domains. The scale bar is 100 nm in 
length. 
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Figure 4.13 SEM micrographs of cross-linked cubic nanoparticles prepared with lipid 13 
(a) and 14 (b). 
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Figure 4.14 SEM micrographs of cross-linked cubic nanoparticles prepared with lipid 15 
(a) and 16 (b). 
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4.2.4.3 NMR Spectroscopy 

To study the structure of the cubic nanoparticle before and after polymerization, 

NMR spectra of samples formed from partially deuterated lipids 24 and 32 were 

obtained at room temperature in the presence of 7.4 wt % Poloxamer 407. Provided that 

the local environment of the lipid does not change significantly upon polymerization, a 

cubic phase should theoretically exhibit a characteristic sharp singlet peak, due to its 

isotropic nature.An isotropic signal with a full-width at half-maximum of 0.5 ppm 

was obtained from cubic phase samples prepared by lipid 24 and 32 prior to 

polymerization. UV polymerization of the NMR samples resulted in a progressive 

broadening of the original isotropic signal, an expected consequence of the decreased 

lateral diffusion of the polymerized lipids (Figure 4.15). This provides strong evidence 

that the cubic structure is preserved upon polymerization. 
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Figure 4.15 H NMR spectra of cubic nanoparticles formed from partially deuterated 
lipid 24 (a) and 29 (b) (in each figure, top spectrum before polymerization, bottom 
spectrum after UV polymerization at the presence of 2 mol % of 4-
(dimethylamino)benzophenone as a photoinitiator). The sharp D2O signal at 0.0 ppm was 
used as an internal reference. 
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4.2.5 Conclusions and Outlook 

We have demonstrated that stabilized bicontinuous cubic nanoparticles can be 

readily prepared via cross-linking polymerization of cubic nanoparticles prepared from 

reactive amphiphiles containing various polymerization groups and acyl chain lengths. 

Lipids with longer chain length require smaller portion of hydrophobic molecule addition 

for cubic phase formation. 10 mol% of divinyl benzene was sufficient to crosslink the 

lipid assemblies, regardless of the reactivity of polymerizable groups in the lipid chain. 

These cross-linked cubic nanoparticles are expected to be as useful as the unpolymerized 

precursors, and are potentially more suitable for applications requiring harsh conditions. 

The ability to form stable biocompatible nanoparticles with interpenetrating water 

channels of high internal surface area provides opportunities for the sequestration and 

release of relatively large molecules from these novel nanoparticles. Polymerization 

stabilized bicontinuous cubic nanoparticles make them potential candidates to serve as 

biocompatible platiforms for such applications. One possible approach for such 

application is to synthesize functionalized lipids by incorporating functional moieties 

onto the lipid glycerol headgroup via a hydrophilic linkage. In this manner, the 

membrane surface of the lipid layers in the bicontinuous cubic nanoparticles could be 

modified by incorporation of such functionalized lipids. Such functionalized lipid 

surfaces would be useful for many possible applications in biological and material 

sciences, e.g., catalysis, separation, surface modification, sensors, among others. The 

combination of both functional and polymerizable groups in an appropriately designed 

lipid could ensure the motion of functional moieties tethered to the fluid lipid layers. 
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Lipid assemblies can be stabilized via cross-linking polymerization after binding large 

molecules, e.g., proteins or peptides. In this regard, Jeong et al. have reported the 

synthesis of a polymerizable metal-ion-chelating phosphatidylethanolamine lipid for fluid 

bilayer structures such as liposomes.'" It has also been shown that macromolecules of ca. 

3 nm in diameter can diffuse in the water channels of the bicontinuous cubic phase 

formed from a monoacylglycerol, such as monoolein as well as in those of a 

139 polymerizable monoacylglycerol. 

4.3 Experimental 

4.3.1 Methods and Materials 

The 'H and NMR spectra were recorded using either a Varian Unity-300 or a 

Bruker DRX-500 MHz spectrometers in dichloromethane-^/2 with tetramethylsilane as an 

internal reference. Compounds containing the UV-sensitive groups were handled under 

yellow light. Synthetic reactions were monitored by TLC and visualized by UV-light, 

phosphomolybdic acid, or iodine vapor. UV-vis absorption spectra were recorded on a 

Hewlett-Packard 8452A diode array spectrophotometer. Quasi-elastic light scattering was 

performed with a BI 8000 autocorrelator from Brookhaven Instrument Corp., and particle 

sizes were calculated with the software accompanying the instrument. High-resolution 

mass spectroscopy was performed by the Mass Spectroscopy Facility at the University of 

Arizona. 

All chemicals were obtained from Aldrich Chemical Corp., except for triethyl 4-

phosphonocrotonate (Lancaster Inc). 4-(Dimethylamino)pyridine was recrystallized from 
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CHCls/ether (1:1). Solvents were dried and distilled prior to use. Dichloromethane was 

distilled from calcium hydride prior to use. Tetrahydrofuran was distilled from sodium-

benzophenone ketyl. Chloroform was distilled from phosphorus pentoxide. All other 

reagents were used as received without further purification. The lipids were hydrated in 

Milli-Q water, Millipore Inc. All reactions were performed under an argon atmosphere 

unless otherwise indicated. 

4.3.2 Lipid Synthesis 

4.3.2.1 7-(Acetyloxy)heptan-l-oI (17) 

Acetyl chloride (3.6 mL, 0.05 mol) in THF (100 mL) was added dropwise to a 

solution of 1,7-heptanediol (13.2 g, 0.1 mol) and pyridine (4.1 mL, 0.05 mol) in THF 

(250 mL) at 0 °C under argon. The reaction mixture was warmed slowly to room 

temperature and stirred overnight under a positive argon atmosphere. The mixture was 

filtered, and the solvent was removed by rotary evaporation. The crude product was 

dissolved in CH2CI2 and cooled to -30 °C for 3 h. The unreacted diol was recrystallized 

and removed by vacuum filtration. After evaporation of CH2CI2, the crude ester was 

purified by column chromatography using hexane/EtOAc (8/2), affording the 7-

(acetyloxy)heptan-l-ol (6.3 g, 72%). NMR (CDCI3): 5 = 4.00 (t, 6.74 Hz, 2H), 

3.57 (t, 6.60 Hz, 2H), 1.99 (s, IH, -OH; 3H, CH3-), 1.64-1.45 (m, 4H,), 1.34-1.29 (m, 

6H) ppm. NMR (CDCI3): 5 = 171.25, 64.50, 62.72, 32.51, 28.92, 28.42, 25.77, 25.53, 

20.91 ppm. FAB-HRMS m/z: calcd for C9H19O3, 175.1334; found, 175.1332. 
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4.3.2.2 7-(Acetyloxy)heptan-l-al (18) 

Dimethyl sulfoxide (5.6 mL, 78.4 mmol) in CH2CI2 (60 mL) was added to the 

stirred oxalyl chloride (2.0 M in CH2CI2, 19.6 mL, 39.2 mmol) solution in CH2CI2 (140 

mL) at -70 °C. The reaction mixture was stirred for 5 min, and the 7-(acetyloxy) heptan-

l-ol (6.2 g, 35.6 mmol) in CH2CI2 (100 mL) was added within 5 min. The mixture was 

stirred for an additional 30 min. TEA (24.8 mL, 178 mmol) was added, and the reaction 

mixture was stirred for 10 min and then allowed to warm to room temperature. Water 

(200 mL) was then added and the aqueous layer was re-extracted with additional CH2CI2 

(60 mL) twice. The organic layers were combined and washed with dilute HCl (2%), 

brine, dilute Na2C03 (5%), and brine until neutral. The solution was dried over anhydrous 

MgS04. After filtration, the solvent was evaporated, giving a slightly yellow crude 

aldehyde, which was used without further purification. TLC with hexane/EtOAc (8/2) 

showed the major product at Rf= 0.60 with trace impurities. 'H NMR showed less than 

5% impurity. The yield was 6.07 g (99%). NMR (CDCI3): 6 = 9.75 (s, IH), 4.03 (t, J 

= 6.74 Hz), 2.41 (dt, J= 7.31, 1.82 Hz, 2H), 2.02 (s, 3H), 1.78-1.60 (m, 4H), 1.34 (m, 

4H) ppm. '^C NMR (CDCI3): 6 = 202.57, 171.20, 64.36, 43.75, 28.74, 28.38, 25.70, 

21.89,20.99 ppm. FAB-HRMS m/z; calcd for C9H17O3,173.1178; found, 173.1179. 

4.3.2.3 Ethyl ll-acetyloxy-(£'^-2,4-undecadienoate (19) 

A suspension of the aldehyde 18 (5.96 g, 34.6 mmol), triethyl 4-

phosphonocrotonate (9.5 g, 38.0 mmol), Li0H-H20 (1.6 g, 38.0 mmol), and activated 4 A 
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molecular sieves (10 g, 0.3 g/mmol of aldehyde) in THF (200 mL) was stirred at room-

temperature overnight under argon. The crude reaction mixture was filtered through a 

short plug of silica gel, eluting with Hexane/EtOAc (1/1). The mixture was concentrated, 

and the residue was purified by column chromatography with hexane/EtOAc (9/1). The 

yield was 7.0 g (75%). The ratio of (£,£')-2,4-dienoyl ester to its {E,Z) isomer was 

determined by NMR for peaks at 7.65-7.52 {E,Z) and 7.28-7.18 (E,E) (92/8). 

A well-stirred solution of urea (13.8 g, 230.8 mmol) in methanol (70 mL) was 

treated with the above ester isomer mixture (7.0 g, 26.0 mmol). The solution was kept at 

0 °C overnight. The crystals of 19 were filtered, washed with cold methanol, and then 

dried under vacuum. These crystals were dissolved in water and extracted several times 

with ether. The organic layer was combined and dried with anhydrous MgS04. After 

evaporation of ether, pure iE,E) isomer 19 was obtained. 'H NMR (CD2CI2); 5 = 7.28-

7.18 (m, IH), 6.23-6.09 (m, 2H), 5.80-5.75 (d, 15.31 Hz), 4.15 (q, J = 7.20 Hz, 2H), 

4.02 (t, J= 6.72 Hz), 2.17 (dt, 2H, J= 7.20, 6.60 Hz), 2.00 (s, 3H), 1.65-1.56 (m, 2H), 

1.45-1.32 (m, 9H), 1.26 (t, 3H, J=7.20 Hz) ppm. NMR (CDCI3): 8 = 171.24, 167.31, 

145.16, 144.94, 128.70, 119.60, 64.72, 60.43, 33.22, 29.14, 28.95, 28.90, 26.08, 21.11, 

14.47 ppm. FAB-HRMS m/z: calcd for C15H25O4, 269.1753; found, 269.1754. 

4.3.2.4 ll-(Hydroxy)-2,4-undecadienoic acid (20) 

An aqueous solution of 1 N KOH (50 mL, 50 mmol) was added to the methanol 

solution (50 mL) of ethyl ester 19 (3.29 g, 12.25 mmol) and heated under refluxing 
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conditions for 1 h. After the solution was acidified to pH 3 with dilute HCl solution, it 

was extracted several times with CHCI3. The organic layer was dried with anhydrous 

MgS04 and then concentrated, affording the pure dienoic acid 20 without further 

purification. The yield was 2.40 g (99%). NMR (CD2CI2): 5 = 8.00 (s, IH), 7.28-7.19 

(m, IH), 6.33-6.14 (m, 2H), 5.80 (d, J= 15.38 Hz, IH), 3.51 (t, J= 6.56 Hz, 2H), 2.18 

(dt, 2H, /= 7.20, 6.60 Hz), 1.54-1.24 (m, 8H) ppm. "C NMR (CD2CI2): 8 = 172.00, 

147.79, 146.74, 128.52, 118.31, 63.10, 33.33, 33.06, 29.32, 28.95, 25.92 ppm. FAB-

HRMS OT/Z: calcd for C11H19O3, 199.1334; found, 199.1338. 

4.3.2.5 ll-Acryloxy-2,4-undecadienoic acid (21) 

Acryloyl chloride (0.53 mL, 6.5 mmol) in THF (30 mL) was added drop wise to a 

solution of 1 l-hydroxy-2,4-undecadienoic acid 20 (0.99 g, 5.0 mmol) with pyridine (0.61 

mL, 7.5 mmol) and one crystal of 2,6-di-/er^butyl-4-methylphenol in THF (50 mL) at 0 

^ C. The solution was allowed to warm to room temperature and stirred for another 2 h. 

The pyridinium chloride was removed by vacuum filtration and the mixture was 

concentrated by rotary evaporation. The crude acid was purified by column 

chromatography using CHCb/MeOH (95/5), affording ll-acryloxy-2,4-undecadienoic 

acid 21. The yield was 1.01 g (80%). 'H NMR (CD2CI2): 8 - 7.40-7.30 (m, IH), 6.40-

6.06 (m, 4H), 5.84-5.76 (m, 2H), 4.15 (t, J= 6.72 Hz, 2H), 2.28-2.18 (m, 2H), 1.73-1.61 

(m, 2H), 1.53-1.23 (m, 6H) ppm. NMR (CD2CI2): 5 = 172.84, 166.47, 147.72, 
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146.56, 130.49, 129.00, 128.57, 118.65, 64.87, 33.27, 29.13, 28.88, 28.85, 26.08 ppm. 

FAB-HRMS mlz\ calcd for C14H21O4, 253.1440; found, 253.1433. 

4.3.2.6 l,2-0-isopropylidene-3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-

^M-glycerol (22) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol (2.33 g, 17.3 mmol), acid 21 

(2.90 g, 11.5 mmol), and DMAP (0.71 g, 5.74 mmol) were dissolved in 50 mL of 

chloroform. A DCC (2.64 g, 12.7 mmol) chloroform (20 mL) solution was added drop 

wise. After the reaction mixture was stirred at room temperature overnight under argon 

protection, the urea was filtered and the filtrate was concentrated. The crude product was 

purified by column chromatography using hexane/EtOAc (95/5), to give the protected 

glyceride 22 in 75% yield. NMR (CD2CI2): 5 = 7.31-7.23 (m, IH), 6.39-6.06 (m, 2H), 

5.83-5.78 (m, 2H), 4.93-4.82(m, 2H), 4.35-4.29 (m, IH), 4.28-4.03 (m, 5H), 3.76-3.71 (m, 

IH), 2.23-2.16 (m, 2H), 1.72-1.62 (m, 2H), 1.52-1.24 (br, 12H) ppm. '^C NMR (CD2CI2): 

6= 166.99, 166.39, 145.97, 145.55, 130.42, 129.02, 128.63, 118.82, 109.92, 74.08, 66.67, 

64.82, 64.71, 33.23, 29.13, 28.90, 26.85, 26.10, 25.54 ppm. FAB-HRMS m/z\ calcd for 

C20H31O6, 367.2121; found, 367.2128. 

4.3.2.7 3-(ll-Acryloxy-2,4-(£',£)-undecadienoyl)-s'«-glycerol (14) 

A solution of protected glyceride 22 (1.22 g, 3.33 mmol) in 25 mL of methanol 

was cooled down by ice/water bath first, then treated with 5 mL of a 1 N HCl solution 

added drop wise. The solution was allowed to warm up to room temperature and stirred 
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for 6 h, diluted with 50 mL of ether. The ether solution was washed with saturated 

NaHCOa and brine. After being dried with anhydrous MgS04, the organic layer was 

concentrated. The crude product was purified by column chromatography using 

hexane/EtOAc (1/1), affording the monoacylglycerol 14 in 84% yield. NMR 

(CD2CI2): 5 = 7.33-7.24 (m, IH), 6.39-6.06 (m, 4H), 5.84-5.79 (m, 2H), 4.24-4.10 (m, 

4H), 3.96-3.88 (m, IH), 3.69-3.54 (m, 2H), 2.81 (s, IH), 2.39 (s, IH), 2.22-2.15 (m, 2H), 

1.70-1.61 (m, 2H), 1.50-1.34 (br, 6H) ppm. NMR (CD2CI2): 5 = 167.73, 166.46, 

146.34, 145.89, 130.47, 128.98, 128.57, 118.60, 70.68, 65.47, 64.86, 63.67, 33.23, 29.11, 

28.86, 26.07. FAB-HRMS m/z: calcd for C17H27O6, 327.1808; found, 327.1805. Anal. 

Calcd for CnHzeOe: C, 62.56; H, 8.03. Found: C, 62.87; H, 8.03. 

4.3.2.8 l,2-0-isopropylidene-3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-

A'M-glycerol-rfj (23) 

(S)-(+)-2,2 -Dimethyl-l,3-dioxalane-4-methanol-t/5 (0.46 g, 3.4 mmol), acid 21 

(0.58 g, 2.3 mmol), and DMAP (0.14 g, 1.15 mmol) were dissolved in 20 mL of 

chloroform. A DCC (0.53 g, 2.54 mmol) chloroform (5 mL) solution was added drop 

wise. After the reaction mixture was stirred at room temperature overnight vmder argon, 

the urea was filtered and the filtrate was concentrated. The crude product was purified by 

column chromatography using hexane/EtOAc (95/5), to give the protected i/5-gIyceride 

23 in 58% yield. NMR (CD2CI2): 8 = 7.30-7.21 (m, IH), 6.39-6.06 (m, 4H), 5.82-5.76 

(m, 2H), 4.15-4.08 (m, 2H), 2.20-2.16 (m, 2H), 1.70-1.60 (m, 2H), 1.50-1.24 (br, 12H) 

ppm. NMR (CD2CI2): 6 = 167.02, 166.41, 145.98, 145.58, 130.45, 129.01, 128.61, 
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118.81, 109.89, 64.83, 33.22, 29.12, 28.88, 26.83, 26.07, 25.51 ppm. FAB-HRMS m/z: 

calcd for C20H26D5O6, 376.2434; found, 376.2426. 

4.3.2.9 3-(ll-Acryloxy-2,4-(£',£)-undecadienoyl)-s«-glycerol-</5 (24) 

A solution of protected glyceride-i/j 23 (0.49 g, 1.33 mmol) in 20 mL of methanol 

was cooled down by ice/water bath first, then treated with 4 mL of a 1 N HCl solution 

added drop wise. The solution was allowed to warm up to room temperature and stirred 

for 6 h, diluted with 50 mL of ether. The ether solution was washed with saturated 

NaHCOs and brine. After being dried with anhydrous MgS04, the organic layer was 

concentrated. The crude product was purified by column chromatography using 

hexane/EtOAc (1/1), affording the c/5-monoacylglycerol 24 in 78% yield. 'H NMR 

(CD2CI2): 6 = 7.33-7.24 (m, IH), 6.39-6.06 (m, 4H), 5.83-5.78 (m, 2H), 4.14-4.09 (m, 

2H), 2.61 (s, IH), 2.19-2.15 (m, 2H), 1.68-1.61 (m, 2H), 1.54-1.21 (br, 6H) ppm. 

NMR (CD2CI2): 6 = 167.77, 166.47, 146.37, 145.94, 130.50, 128.99, 128.57, 118.58, 

64.85, 33.23, 30.04, 29.10, 28.85, 26.05 ppm. FAB-HRMS m/z: calcd MW for 

C17H22D5O6, 332.2121; found, 332.2125. 

4.3.2.10 l,2-0-isopropylidene-3-(10-acryloxy-2,4-(£',£)-decadienoyl)-

sn-glycerol (25) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol (0.92 g, 7.0 mmol), 10-acryloxy-

2,4-(£',£)-decadienoic acid (1.10 g, 4.6 mmol), and DMAP (0.28 g, 2.3 mmol) were 

dissolved in 25 mL of chloroform. A DCC (1.07 g, 5.1 mmol) chloroform (10 mL) 
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solution was added drop wise. After the reaction mixture was stirred at room temperature 

overnight under argon, the urea was filtered and the filtrate was concentrated. The crude 

product was purified by column chromatography using hexane/EtOAc (95/5), to give the 

protected glyceride 25 in 69% yield. NMR (CD2CI2): 5 = 7.30-7.20 (m, IH), 6.39-

6.06 (m, 4H), 5.83-5.77 (m, 2H), 4.32-4.03 (m, 7H), 3.76-3.71 (m, IH), 2.23-2.15 (m, 

2H), 1.72-1.62 (m, 2H), 1.54-1.35 (br, 10H)ppm. NMR (CD2CI2): 8 = 167.71, 166.47, 

146.27, 145.58, 130.59, 128.91, 128.67, 118.69, 74.08, 66.68, 64.87, 64.82, 33.15, 28.71, 

28.57, 25.80 ppm. FAB-HRMS m/z\ calcd for C19H29O6, 353.1964; found, 353.1972. 

4.3.2.11 3-(10-Acryloxy-2,4-(£',£)-decadienoyl)-s«-glycerol (13) 

A solution of protected glyceride 25 (0.58 g, 1.65 mmol) in 15 mL of methanol 

was cooled down by ice/water bath first, then treated with 4 mL of a 1 N HCl solution 

added drop wise. The solution was allowed to warm up to room temperature and stirred 

for 6 h, diluted with 50 mL of ether. The ether solution was washed with saturated 

NaHCOa and brine. After being dried with anhydrous MgS04, the organic layer was 

concentrated. The crude product was purified by column chromatography using 

hexane/EtOAc (1/1), affording the monoacylglycerol 13 in 87% yield. 'H NMR 

(CD2CI2): 8 = 7.33-7.23 (m, IH), 6.39-6.06 (m, 4H), 5.84-5.79 (m, 2H), 4.23-4.14 (m, 

4H), 3.97-3.87 (m, IH), 3.70-3.54 (m, 2H), 3.10 (s, IH), 2.85 (s, IH), 2.23-2.15 (m, 2H), 

1.72-1.62 (m, 2H), 1.54-1.35 (br, 4H) ppm. '^C NMR (CD2CI2): 8 = 167.71, 166.47, 

146.27, 145.58, 130.59, 128.91, 128.67, 118.69, 70.63, 65.43, 64.66, 33.15, 28.71, 28.57, 

25.80 ppm. FAB-HRMS m/z\ calcd for C16H25O6, 313.1651; found, 313.1657. 
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4.3.2.12 l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-

sn-glycerol (26) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol (1.16 g, 8.6 mmol), 12-acryloxy-

2,4-(£',£)-dodecadienoic acid (1.52 g, 5.8 mmol), and DMAP (0.36 g, 2.87 mmol) were 

dissolved in 20 mL of chloroform. A DCC (1.33 g, 6.4 mmol) chloroform (10 mL) 

solution was added drop wise. After the reaction mixture was stirred at room temperature 

overnight under argon protection, the urea was filtered and the filtrate was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (95/5), 

to give the protected glyceride 26 in 69% yield. 'H NMR (CD2CI2): 6 = 7.30-7.20 (m, 

IH), 6.39-6.06 (m, 4H), 5.83-5.77 (m, 2H), 4.32-4.03 (m, 7H), 3.76-3.71 (m, IH), 2.23-

2.15 (m, 2H), 1.72-1.62 (m, 2H), 1.54-1.35 (br, 14H) ppm. NMR (CD2CI2): 6 = 

167.01, 166.40, 146.02, 145.74, 130.41, 129.01, 128.54, 118.73, 109.92, 74.08, 66.68, 

64.87, 64.82, 33.30, 30.05, 29.37, 28.92, 26.83, 26.17, 25.52 ppm. FAB-HRMS m/z: 

calcd for C21H33O6, 381.2277; found, 381.2277. 

4.3.2.13 3-(12-Acryloxy-2,4-(£',£)-dodecadienoyl)-^«-glycerol (15) 

A solution of protected glyceride 26 (1.50 g, 4.0 mmol) in 25 mL of methanol was 

cooled down by ice/water bath first, then treated with 5 mL of a 1 N HCl solution added 

drop wise. The solution was allowed to warm up to room temperature and stirred for 6 h, 

diluted with 50 mL of ether. The ether solution was washed with saturated NaHCOa and 

brine. After being dried with anhydrous MgS04, the organic layer was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (1/1), 
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affording the monoacylglycerol 15 in 78% yield. 'H NMR (CD2CI2): 6 = 7.32-7.22 (m, 

IH), 6.39-6.06 (m, 4H), 5.83-5.77 (m, 2H), 4.32-4.03 (m, 4H), 3.76-3.71 (m, IH), 2.62 (s, 

IH), 2.23-2.15 (m, 3H), 1.72-1.62 (m, 2H), 1.54-1.35 (br, 8H) ppm. NMR (CD2CI2): 

6 = 167.01, 166.40, 146.02, 145.74, 130.41, 129.01, 128.54, 118.73, 74.08, 66.68, 64.87, 

64.82, 33.30, 30.05, 29.37, 28.92, 26.83, 26.17, 25.52 ppm. FAB-HRMS m/z: calcd for 

C18H29O6, 341.1964; found, 341.1974. 

4.3.2.14 l,2-(?-isopropylidene-3-(2,4,12,14-(£',£)-hexadecatetraenoyl)-

5M-glycerol (27) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol (2.03 g, 15.0 mmol), 2,4,12,14-

(£•,£•,£',£)-hexadecatetraenoic acid (2.48 g, 10.0 mmol), and DMAP (0.62 g, 5.0 mmol) 

were dissolved in 50 mL of chloroform. A DCC (2.30 g, 11.0 mmol) chloroform (20 mL) 

solution was added drop wise. After the reaction mixture was stirred at room temperature 

overnight under argon protection, the urea was filtered and the filtrate was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (95/5), 

to give the protected glyceride 27 in 76% yield. 'H NMR (CD2CI2): 5 = 7.34-7.25 (m, 

IH), 6.19-6.16 (m, 2H), 6.01-5.91 (m, 2H), 5.81 (d, J= 15.33 Hz, IH), 5.59-5.49 (m, 2H), 

4.32-4.03 (m, 2H), 3.94-3.85 (m, IH), 3.70-3.54 (m, 2H), 2.17-2.01 (m, 4H), 1.71 (d, J = 

6.55 Hz, 3H), 1.38-1.29 (br, 14H) ppm. NMR (CD2CI2): 5 = 167.78, 146.46, 146.21, 

132.37, 132.04, 130.65, 128.47, 126.99, 118.45, 109.90, 70.69, 65.47, 63.64, 33.34, 32.82, 

29.68, 29.36, 29.28, 28.94, 26.07, 18.09 ppm. 
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4.3.2.15 3-(2,4,12,14-(£',£',£',£)-Hexadecatetraenoyl)-s«-glycerol (16) 

A solution of protected glyceride 27 (2.72 g, 7.5 mmol) in 40 mL of methanol was 

cooled down by ice/water bath first, then treated with 10 mL of a 1 N HCl solution added 

drop wise. The solution was allowed to warm up to room temperature and stirred for 6 h, 

diluted with 100 mL of ether. The ether solution was washed with saturated NaHCOs 

and brine. After being dried with anhydrous MgS04, the organic layer was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (1/1), 

affording the monoacylglycerol 16 in 72% yield. 'H NMR (CD2CI2): 5 = 7.34-7.25 (m, 

IH), 6.19-6.16 (m, 2H), 6.01-5.91 (m, 2H), 5.81 (d, J= 15.33 Hz, IH), 5.59-5.49 (m, 2H), 

4.32-4.03 (m, 2H), 3.94-3.85 (m, IH), 3.70-3.54 (m, 2H), 2.58 (s, IH), 2.17-2.01 (m, 5H), 

1.71 (d, J= 6.55 Hz, 3H), 1.38-1.29 (br, 8H) ppm. NMR (CD2CI2): 5 - 167.78, 

146.46, 146.21, 132.37, 132.04, 130.65, 128.47, 126.99, 118.45, 70.69, 65.47, 63.64, 

33.34, 32.82, 29.68, 29.36, 29.28, 28.94, 18.09 ppm. FAB-HRMS m/z\ calcd for 

C19H31O4, 323.2222; found, 323.2222. 

4.3.2.16 l,2-0-isopropyIidene-3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-

.s«-glycerol-</5 (28) 

(S)-(+)-2,2-Dimethyl-l,3-dioxalane-4-methanol-£/5 (0.21 g, 1.5 mmol), 2,4,12,14-

(£•,£•,£',£)-hexadecatetraenoic acid (0.25 g, 1.0 mmol), and DMAP (0.062 g, 0.50 mmol) 

were dissolved in 15 mL of chloroform. A DCC (0.23 g, 1.1 mmol) chloroform (5 ml.) 

solution was added drop wise. After the reaction mixture was stirred at room temperature 

overnight under argon protection, the urea was filtered and the filtrate was concentrated. 
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The crude product was purified by column chromatography using hexane/EtOAc (95/5), 

to give the protected glyceride 28 in 66% yield. NMR (CD2CI2): 6 = 7.34-7.25 (m, 

IH), 6.19-6.16 (m, 2H), 6.01-5.91 (m, 2H), 5.80 (d, J= 15.33 Hz, IH), 5.59-5.49 (m, 2H), 

2.17-2.01 (m, 4H), 1.71 (d, J = 6.55 Hz, 3H), 1.38-1.29 (br, 14H) ppm. '^C NMR 

(CD2CI2): 6 = 167.06, 146.06, 145.84, 132.38, 132.06, 130.65, 128.52, 126.98, 118.71, 

109.89, 33.32, 32.82, 29.68, 29.36, 29.28, 28.96, 26.83, 25.51, 18.09 ppm. FAB-HRMS 

m/z\ calcd for C22H30D5O4, 368.2849; found, 368.2848. 

4.3.2.17 3-(2,4,12,14-(£',£',£',£)-Hexadecatetraenoyl)-5/i-gIycerol-</5 (29) 

A solution of protected glyceride 28 (0.22 g, 0.65 mmol) in 15 mL of methanol 

was cooled down by ice/water bath first, treated with 3 mL of a 1 N HCl solution drop 

wise. The solution was allowed to warm up to room temperature and stirred for 6 h, 

diluted with 50 mL of ether. The ether solution was washed with saturated NaHCOs and 

brine. After being dried with anhydrous MgS04, the organic layer was concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (1/1), 

affording the monoacylglycerol 29 in 81% yield. 'H NMR (CD2CI2): 5 = 7.34-7.25 (m, 

IH), 6.19-6.16 (m, 2H), 6.01-5.91 (m, 2H), 5.79 (d, J= 15.33 Hz, IH), 5.59-5.49 (m, 2H), 

2.58 (s, IH), 2.17-2.01 (m, 5H), 1.71 (d, J= 6.55 Hz, 3H), 1.38-1.29 (br, 8H) ppm. 

NMR (CD2CI2): 6 = 167.80, 146.46, 146.20, 132.36, 132.04, 130.64, 128.46, 126.99, 

118.46, 33.33, 32.81, 29.67, 29.35, 29.28, 28.94, 18.09 ppm. FAB-HRMS m/z'. calcd for 

C19H26D5O4, 328.2536; found, 328.2530. 
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4.3.3 Preparation of Cubic Nanoparticles 

Bicontinuous cubic nanoparticles of polymerizable lipid were prepared as follows: 

Approximately 20 mg of lipid was evaporated from a stock solution (10 mg/mL in CHCI3) 

by freeze-drying. The lipid was then mixed with Polaxamer 407 and divinyl benzene, 

hydrated with deoxygenated MilliQ water at a concentration of 25 vv^t % water through 

several freeze-thaw-vortex cycles. Mixture was allowed to incubate at room temperature 

for 24 hours. Excess MilliQ water was added to the cubic gel to give an overall water 

concentration of 95 wt %, followed by 3 hours ultrasonication. 

4.3.4 Polymerization of Cubic Nanoparticles 

4.3.4.1 Redox Polymerization 

Cubic nanoparticle sample was prepared as described brfore. A solution of 

KiSaOg/NaHSOa (1/1) was prepared and an aliquot was added to the hydrated lipid to 

give the [M]/[I] ratio of 1. Polymerization was performed at room temperature under 

positive argon pressure. Polymerization was monitored by UV absorption spectroscopy. 

4.3.4.2 Direct UV Irradiation 

2 mol% of 4-(dimethylamino)benzophenone, used as a photoinitiator, was added 

into the lipid mixture at the same time of Polaxamer 407 and divinyl benzene addition. 

UV irradiation of cubic nanoparticles was carried out in a quartz cuvette thermostated at 

20 °C, using a high-pressure Hg/Xe lamp. Polymerization was monitored by UV 

absorption spectroscopy. 
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4.3.5 Surfactant Dissolution of Cubic Nanoparticles 

The cubic nanoparticles were prepared as described above. After polymerization, 

the particles were characterized by QELS for a 2 mL sample with a lipid concentration of 

300 |a,M. Aliquots of 50 mM TX-lOO solution, each 2 equiv. with respect to lipid, were 

added until the particles dissolved or 12 equivalent were added. Sample before 

polymerization was also studied by the same procedure. The light-scattering intensities 

were determined again by QELS. Measurements at each concentration of TX-lOO were 

performed at least three times each at three different angles (60°, 90° and 120°). The 

average mean diameter of particles was calculated by nonnegatively constrained least-

squares program. 

4.3.6 NMR Spectroscopy 

Sample was prepared using 20 mg of substituted lipids 24 and 32 as described 

before. The deuterium NMR spectra were recorded on a Bruker DRX-500 spectrometer. 

The NMR signal was collected with the quadupole echo sequence with a 90° pulse length 

of 13 [xs, interpulse delay of 60 |a,s, and a relaxation delay of 0.5 Temperature was 

controlled by a heated airflow and monitored by means of a thermocouple close to the 

sample. 
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4.3.7 Electron Microscopy 

4.3.7.1 Transmission Electron Microscopy 

Samples were prepared as described before. All samples were polymerized and 

diluted to a water content of 99 wt%. The samples were negative stained with 2 wt% 

phosphotungstic acid pH 7.0 for 2 hours to enhance the contrast between the lipid and 

water domains. The sample solution was placed on a thin carbon substrate, previously 

evaporated on mica, by floating the carbon film off of the mica onto a drop of the sample. 

Sample was placed onto a 300 mesh copper EM-grid, wicked lightly and allowed to air 

dry. The sample was observed on a Philips 420 transmission electron microscope at 100-

120 kv. 

4.3.7.2 Scanning Electron Microscopy 

Samples were prepared as described before. All samples were polymerized and 

diluted to a water content of 99 wt%, then applied to coverslip attached to a specimen 

mount with an adhesive transfer tab from Electron Microscopy Sciences (Ft. Washington, 

PA) and allowed to air dry. The samples were coated with 30nm of gold and observed in 

an ElectroScan E3 at 20 kv accelerating voltage. 
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CHAPTER 5 

SYNTHESIS OF OXADIAZOLE OCTA-SUBSTITUTED PHTHALOCYANINE 

5.1 Introduction 

The discovery of electrically conducting organic crystals and polymers has 

widened the range of potential optoelectric materials/^^"'®^ provided these exhibit 

sufficiently high charge carrier mobilities and are easy to make and process. Organic 

semiconducting materials with high carrier mobilities are desirable for various electronic 

applications including light-emitting diodes (LEDs), solar cells, and field-effect 

transistors. Organic LEDs have attracted much attention because of their academic 

interest and the potential utility of this technology in a wide variety of applications, such 

as flat-panel displays. The light emission from an organic LED can come from the 

radiative decay of singlet excitons resulting from the recombination of electrons and 

holes injected from the cathodic and anodic electrodes. It has been difficult to get high 

electron mobility in organic LED thin films.As a result there are comparatively few 

electron-transporting, compared to hole-transporting materials. A more efficient 

electroluminescent (EL) device requires balanced charge injection and transport of both 

electrons and holes. Several approaches have been applied to maintain the balanced 

charge injection and transport of both electrons and holes in organic LEDs. One of them 

is to fabricate a multilayered LED device, comprised of an emissive layer and separate 

layers to facilitate electron and hole transport.^^^''^^ An alternative approach is to use 

polymer blends with oxadiazole derivatives, such as 2-(4-biphenylyl)-5-(4-tert-
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butylphenyl)-l,3,4-oxadiazIe (PBD)/^^ Oxadiazole derivatives are among the most 

widely employed electron conducting and hole blocking (ECHB) materials in organic 

LEDs. The oxadiazle ring is electron deficient, resulting in poor hole transport but good 

electron transport properties. Polymer blends from PBD and numerous 

electroluminescent polymers have been reported.One problem with the polymer 

blend is that PBD showed some incompatibilities with polymers, which may lead to 

phase separation or crystallization, especially at high temperatures. One approach was to 

synthesize polymeric analogs of PBD with the oxadiazole unit in either the main or the 

side chain.Another approach was to synthesize branched molecules with multiple 

oxadiazole units, such as dendrimeric^^^ and starburst'^^ structures. These materials have 

high glass-transition temperatures and form stable glasses, which minimize problems 

associated with crystallization. 

In general, crystalline molecular organic materials exhibit better transport 

properties than their polymeric counterparts. Organic single crystals have high charge 

carrier mobilities but are usually impractical,'^^ whereas polymers may be readily 

processed in general but, have lower mobilities.'^"' Liquid crystals exhibit mobilities 

approaching those of single crystals and are suitable for some applications.'^^ 

Oxadiazole-based liquid crystalline materials have been reported to exhibit high electron 

transport capability with a blue emission.'^® Discotic liquid crystalline LEDs can be more 

effective as charge transport and energy transfer conduits, due to the high degree of 

electron communication between mesogen cores within the columnar packing. 

Compounds that form columnar discotic liquid crystalline mesophases may offer the 
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possibility of increased carrier (hole and electron) mobility relative to amorphous 

materials, as a result of good intermolecular orbital overlap within the stacks. The 

oxadiazole moiety has been used as the discotic core of species forming columnar 

mesophases.Several studies have focused on starburst type tris(oxadiazole) derivatives 

1 79 1 7S 
with benzene cores; these materials have been reported to form amorphous films, ' or 

nematic liquid crystals,rather than columnar mesophases. Synthesis of other 

oxadiazole derivatives forming columnar discotic liquid-crystalline mesophases has also 

been reported. 

Phthalocyanines are well known to form columnar discotic liquid-crystalline 

mesophases. Here, a novel oxadiazole substituted liquid crystalline phthalocyanine 

containing hole-transport phthalocyanine moiety as the core and electron-transport 

oxadiazole moiety on the arms was designed and synthesized (Figure 5.1). 
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R - C10H21 

30 

Figure 5.1 Structure of the oxadiazole octa-substituted phthalocyanine 30. 
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5.2 Results and Discussion 

5.2.1 Synthesis 

Synthesis of the oxadiazole octa-substituted phthalocyanine 30 is shown in 

Scheme 5.1. 3,4,5-Trisdecyloxy-benzoic acid hydrazide 31 was synthesized previously 

by Yadong Zhang via the procedure shown in the synthetic scheme. Hydrazide 31 was 

coupled with the commercially available 4-bromomethyl benzoyl bromide to give 

compound 32. Ring closure of compound 32 by heating to reflux in POCI3 afforded 2-(4-

bromomethylphenyl)-5-(3,4,5-trisdecyloxyphenyl)-l,3,4-oxadiazole 33. The coupling 

reaction of 2-mercaptoethanol with l,2-dichloro-4,5-dicyanobenzene under basic 

condition afforded compound 34, l,2-bis(hydroxyethylmercapto)-4,5-dicyano-benzene. 

The oxadiazole bis-substituted phthalonitrile 35 was afforded by Williamson Ether 

Synthesis of compound 33 and 34 using NaH as the base. This reaction generated a 

mixture of bis and mono-substituted phthalonitriles, which was later purified by column 

chromatography. The low yield (21%) of product for this reaction was attributed to the 

steric hinderance caused by the decyloxy groups on the oxadiazole moiety. Two ether 

bonds must be formed to afford the desired phthalonitrile. The formation of the first ether 

linkage introduces one oxadiazole moiety along with three decyloxy groups. The addition 

of the second oxadiazole arm was particularly difficult because the remaining hydroxy 

reaction point was presumably shielded by the decyloxy groups. Various solvents and 

reaction times were applied with no significant increase in the yield observed. Heating of 

the reaction mixture increased the reaction rate. However, more side products were also 

formed, resulting no improvement of the yield. The compounds were characterized via 
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elemental analysis, high-resolution FAB-mass spectroscopy, and NMR 

spectroscopy. 

The octa-substituted phthalocyanine 30 was prepared from the corresponding 

phthalonitrile by heating to reflux in 1-pentanol with zinc acetate and DBU. Attempts to 

purify the product using column chromatography failed due to decomposition of the 

product during chromatography. Phthalocyanine 30 has a Rf value of 0.60 in 

CH2Cl2/MeOH (99/1). Elution of the reaction mixture using the same solvent system 

resulted in a very thin green band eluting from the column at the begirming. Continued 

elution resulted in a greatly broadened green band that barely moving on the column. A 

mixed solvent with increased polarity (CHiCla/MeOH 9/1) was used to wash off this 

green band. NMR of the eluted compound showed no signal for the methylene groups 

next to the oxygen and sulfur atoms in the arms. While phthalocyanine molecule 30 was 

observed at 6811.4270 by MALDI-HRMS in the product mixture without purification, no 

peaks were observed in this area after purification. Preparative thin layer chromatography 

was employed to purify phthalocyanine 30. When developed with CHiCli/MeOH (99/1), 

first a green thin line moved up fast from the starting line applied with product mixture. 

This thin line stopped at 2 cm with a significant broadening observed. Continued 

developing with the same solvent mixture didn't resuh in any movement. Further 

development with an increased polarity solvent mixture (CH2Cl2/MeOH 99/1) brought up 

a second line from the bottom, which joined the first line. The UV-vis spectrum of the 

product mixture showed characteristic phthalocyanine absorption at 680.0 nm, 652.0 nm, 

and 616.0 nm, along with the oxadiazole absorption in 300 nm region. 
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Scheme 5.1 Synthesis of the oxadiazole octa-substituted phthalocyanine 30. 
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Phthalocyanine 30 was also found to be UV degradable. Decomposition of 30 was 

observed both in solution and on silica gel (TLC plate). A CD2CI2 solution of the 

phthalocyanine mixture was prepared for UV decomposition study. NMR spectrum of 

the product mixture showed signals of protons on methylene groups next to the bridge 

oxygen (4.21 and 3.85 ppm) and sulfur (2.80-2.70 ppm) in the arms. 30 min exposure to 

the UV light from a high-pressure Hg/Xe lamp resulted in complete disappearance of 

these signals. The characteristic green phthalocyanine color also disappeared. MALDI-

MS had the molecular ion peak at 6811.4270 before UV exposure, while no peak was 

observed for this mass in the sample after UV exposure. The laser used in MALDI-MS 

experiments has a wavelength of 337 nm, at which wavelength the oxadiazole moiety is 

strongly absorbing. Molecule fragmentation at the bond in between the oxadiazole rings 

and the bridge O was observed. Fragment peaks of the oxadiazole arm along with the 

remaining molecule, hepta-, hexa-, penta-, and tetra-substituted phthalocyanines, were 

observed. The product mixture was also spotted on TLC plate and exposed to UV light 

for different lengths of time. A large green spot at Rf = 0.60 (CHiCb/MeOH 99/1) 

corresponding to the phthalocyanine molecule was observed in the product mixture. 

Exposure to UV light resulted in the decrease of intensity of the product spot, and 

appearace of new spots. The product green spot disappeared completely after 30 min 

exposure to UV light. 
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5.2.2 Conclusions and Outlook 

The UV decomposition of the phthalocyanine molecule was unexpected in this 

study. No literature results have shown photo cleavage in this type of linkage to the 

oxadiazole moiety. Further research of the subject will be needed in order to understand it 

better, in order to design and systhesize stable oxadiazole substituted phthalocyanines. 

One possible approach is to increase the length of the spacer in between the oxadiazole 

and bridge oxygen removing a benzylic ether moiety, which could be more susceptible to 

cleavage than aliphatic ethers. Further experiments are required to determine whether the 

oxadiazole octa-substituted phthalocyanines form clolumnar discotic liquid-crystalline 

mesophases, and to explore their potential utility in a variety of organic electronic 

applications. 

5.3 Experimental 

5.3.1 Methods and Materials 

The and NMR spectra were recorded using a Varian Unity-300 MHz 

spectrometers in dichloromethane-c/2 or chloroform-c/ with tetramethylsilane as an 

internal reference. Compounds containing the UV-sensitive groups were handled under 

yellow light. Synthetic reactions were monitored by TLC and visualized by UV light, 

phosphomolybdic acid, or iodine vapor. UV-vis absorption spectra were recorded on a 

Hewlett-Packard 8452A diode array spectrophotometer. Mass spectroscopy was 

performed by the Mass Spectroscopy Facility at the University of Arizona. 
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All chemicals were obtained from Aldrich Chemical Corp. Solvents were dried 

and distilled prior to use. Dichloromethane was distilled from calcium hydride prior to 

use. Tetrahydrofliran was distilled from sodium-benzophenone ketyl. Chloroform was 

distilled from phosphorus pentoxide. All other reagents were used as received without 

further purification. All reactions were performed under an argon atmosphere unless 

otherwise indicated. 

5.3.2 Synthesis 

5.3.2.1 4-Bromomethyl-benzoic acid N'-(3,4,5-tris-decyloxybenzoyl)-hydrazide (32) 

To a solution of 4-bromomethyl benzoyl bromide (4.8 g, 16.52 mmol) in 

anhydrous THF (100 mL) was added 3,4,5-trisdecyloxy-benzoic acid hydrazide 31 (10.0 

g, 16.52 mmol) at 0 °C. The reaction mixture was kept at 0 °C for 6 h under Ar. After the 

solvent was evaporated under reduced pressure, the crude product was redissolved in 

dichloromethane and washed with water. The crude compound was purified by column 

chromatography using hexane/EtOAc (4/1), affording product as a white solid (10.0 g, 

76%). NMR (CDCI3): 6 = 9.85 (s, IH), 9.66 (s, IH), 7.80 (d, J= 8.10 Hz, 2H), 7.40 

(d, J= 8.40 Hz, 2H), 7.05 (s, 2H), 4.45 (s, 2H), 3.96-3.90 (m, 6H), 1.75-1.72 (m, 6H), 

1.41-1.24 (m, 42H), 0.86 (t, J = 6.60 Hz, 9H) ppm. '^C NMR (CDCI3): 5 = 165.04, 

164.22, 153.21, 142.10, 141.87, 131.08, 129.32, 127,82, 125.72, 105.72, 73.51, 69.22, 

32.03, 31.92, 30.34, 29.74, 29.65, 29.60, 29.40, 29.37, 26.08, 22.68, 14.10 ppm. FAB-

HRMS mlz\ calcd for C45H74N205Br, 801.4781; found: 801.4742. Anal. Calcd for 

C45H73BrN205: C, 67.39; H, 9.17; N, 3.49. Found: C, 68.81; H, 9.09; N, 3.81. 
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5.3.2.2 2-(4-Bromomethylphenyl)-5-(3,4,5-trisdecyloxyphenyl)-l,3,4-oxadiazole (33) 

Starting material 32 (10.0 g, 12.67 mmol) was added to 100 mL POCI3. The 

reaction mixture was heated to 80 °C, and kept at this temperature for 14 h. After cooling, 

POCI3 was removed under reduced pressure. The crude product was purified by column 

chromatography using hexane/EtOAc (9/1), afforded compound 33 as a white solid (7.67 

g, 78%). NMR (CDCI3): 5 = 8.09 (d, J - 8.40 Hz, 2H), 7.54 (d, J= 8.40 Hz, 2H), 7.29 

(s, 2H, Ar H), 4.52 (s, 2H, CUjBv), 4.08-4.02 (m, 6H), 1.85-1.72 (m, 6H), 1.48-1.26 (m, 

42H), 0.86 (t, J= 6.60 Hz, 9H) ppm. NMR (CDCI3): 5 = 164.84, 163.88, 153.60, 

141.49, 141.35, 129.70, 127.31, 123,87, 118.31, 105.47, 73.62, 69.39, 32.26, 31.92, 

31.90, 30.32, 29.71, 29.65, 29.62, 29.57, 29.39, 29.34, 29.31, 26.07, 22.67, 14.10 ppm. 

FAB-HRMS m/z: Calcd for C45H72BrN204, 783.4675; found: 783.4678. Anal. Calcd for 

C45H7iBrN204: C, 68.94; H, 9.13; N, 3.57. Found: C, 69.03; H, 9.25; N, 3.77. 

5.3.2.3 l,2-Bis(hydroxyethylmercapto)-4,5-dicyanobenzene (34) 

To a 100 mL DMF solution of l,2-dichloro-4,5-dicyanobenzene (10.0 g, 50.7 

mmol) and 2-mercaptoethanol (9.0 g, 112 mmol), K2CO3 (21.0 g, 152 mmol) was added 

portionwise over 2 h with efficient stirring. Dry DMF was bubbled with Ar(g) for 15 min 

to remove the dissolved oxygen. The reaction mixture was stirred under argon at room 

temperature for 16 h, filtered, and the filtrate was concentrated. 100 mL dichloromethane 

was added to the oily mixture, filtered, and concentrated. Compound 37 was 

recrystallized from hot methanol as a pale yellow solid (10.8 g, 76%). Compound 34 is 

soluble in DMSO, DMF, and hot methanol. ^H NMR (DMSO-c/g): 5 = 7.92 (s, 2H), 5.09 
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(t, J= 5.40 Hz, 2H), 3.64 (t, J= 6.00 Hz, 4H), 3.21 (t, 6.30 Hz, 4H) ppm. NMR 

(DMSO-ds): 5  =  143 .15 ,  1 2 8 .41 ,  116 .15 ,  109 .95 ,  59 .18 ,  34 .41  ppm.  FAB-HRMS m/z: 

calcd for C12H12N2O2S2, 280.0340; found: 280.0325. 

5.3.2.4 4,5-Bis(3,4,5-trisdecyloxyphenyl-l,3?4-oxadiazole-4-benzylethylmercapto)-

phthalonitrile (35) 

To a 50 mL THF solution of starting material 34 (0.86 g, 3.06 mmol) at 0 °C was 

slowly added NaH (0.58 g, 24.5 mmol). The mixture was stirred at 0 °C for 1 h before 

addition of compound 33 (4.8 g, 6.1 mmol). The resulting solution was stirred at room 

temperature for 12 h, then quenched with saturated NH4CI solution. The mixture was 

extracted with CHCI3, washed with water and brine, dried over MgS04 and concentrated. 

The crude product was purified by column chromatography using hexane/EtOAc (9/1), 

affording the desired phthalonitrile as a white solid (1.08 g, 21%). 'H NMR (CDCI3); 8 = 

8 . 0 2  ( d ,  J =  8 . 4 0  H z ,  4 H ) ,  7 . 4 5  { d , J =  8 . 4 0  H z ,  4 H ) ,  7 . 2 4  ( s ,  4 H ) ,  7 . 0 6  ( s ,  2 H ) ,  4 . 2 0  ( t ,  J  

= 6.00 Hz, 4H), 4.12-4.00 (m, 12H), 3.83 (s, 4H), 2.80 (t, J= 6.30 Hz, 4H), 1.87-1.70 (m, 

12H), 1.48-1.28 (m, 84H), 0.84 (t, J = 6.60 Hz, 18H) ppm. NMR (CDCI3): 5 = 

164.84, 163.88, 153.60, 141.49, 141.35, 129.70, 127.31, 123,87, 118.31, 105.47, 73.62, 

69.39, 32.26, 31.92, 31.90, 30.32, 29.71, 29.65, 29.62, 29.57, 29.39, 29.34, 29.31, 26.07, 

22.67, 14.10 ppm. MALDI-HRMS mlz'. calcd for C102H152N6O10S2, 1686.4647; found: 

1686.4103. 
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5,3.2.5 2,3,9,10,16,17,23,24-Octa(3,4,5-trisdecyloxyphenyl-l,3?4-oxadiazole-4-

benzylethylmercapto)-phthalocyanato Zinc (II) (30) 

A 10 mL round bottom flask containing a magnetic stirrer charged with 5 mL of 

1-pentanol, substituted phthalonitrile 35 (0.31 g, 0.18 mmol), zinc (II) acetate bishydrate 

(0.010 g, 0.046 mmol) and DBU (0.42 g, 0.28 mmol) was heated to reflux for 22 hours 

under Ar. Compound 30 was afforded as a green mixture with impurities. Further 

purification failed due to decomposition on column, and exposure to UV light. UV-Vis 

(CHCI3): 680.0 nm, 652.0 nm, 616.0 nm. MALDI-HRMS m/z: calcd for 

C408H608N24O40S8Zn, 6811.3988; found: 6811.4270. 



150 

APPENDIX 

PAGE 

Figure A-1. 'H-NMR of 9-decen-l-al (7) 152 

Figure A-2. 'H-NMR of ethyl 2,4,13-tetradecatrienoate (8) 153 

Figure A-3. ^^C-NMR of ethyl 2,4,13 -tetradecatrienoate (8) 154 

Figure A-4. 'H-NMR of 2,4,13-tetradecatrienoic acid (E,E/E,Z) (9) 155 

Figure A-5. ^H-NMR of 2,4,13-(£,£)-tetradecatrienoic acid (10) 156 

Figure A-6. ^^C-NMR of 2,4,13-(£',£)-tetradecatrienoic acid (10) 157 

Figure A-7. ESI-MS of 2,4,13-(£',£)-tetradecatrienoic acid (10) 158 

Figure A-8. ^H-NMR of l,2-0-isopropylidene-3-(2,4,13-(£',£)-

tetradecatrienoyl)-^'«-glycerol (11) 159 

Figure A-9. '^C-NMR of l,2-0-isopropylidene-3-(2,4,13-(£',£')-

tetradecatrienoyl)-5«-glycerol (11) 160 

Figure A-10. ESI-MS of l,2-0-isopropylidene-3-(2,4,13-(£',£)-

tetradecatrienoyl)-5'/2-glycerol (11) 161 

Figure A-11. 'H-NMR of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5«-glycerol (5) 162 

Figure A-12. '^C-NMR of 3-(2,4,13-(£',£)-tetradecatrienoyl)-™-glycerol (5) 163 

Figure A-13. FAB-MS of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5'«-glycerol (5) 164 

Figure A-14. 'H-NMR of l,2-0-isopropylidene-3-(2,4,13-(£',£)-

tetradecatrienoyl)-5'«-glycerol-£/5 (12) 165 

Figure A-15. '^C-NMR of l,2-(9-isopropylidene-3-(2,4,13-(£',£')-

tetradecatrienoyl)-j'n-glycerol-J5 (12) 166 

Figure A-16. ^H-NMR of 3-(2,4,13-(£',£)-tetradecatrienoyl)-j'«-glyceroI-J5 (6).... 167 

Figure A-17. ^^C-NMR of 3-(2,4,13-(£',£)-tetradecatrienoyl)-i'«-glycerol-(i5 (6)... 168 



151 

APPENDIX-co«ft'« ued 

PAGE 

Figure A-18. FAB-MS of 3-(2,4,13-(£',£)-tetradecatrienoyl)-5«-gIycerol-c/j (6).... 169 

Figure A-19. 'H-NMR of 7-(acetyloxy)heptan-l-ol (17) 170 

Figure A-20. '^C-NMR of 7-(acetyloxy)heptan-l-ol (17) 171 

Figure A-21. FAB-MS of 7-(acetyloxy)heptan-1 -ol (17) 172 

Figure A-22. 'H-NMR of 7-(acetyloxy)heptan-l-al(18) 173 

Figure A-23. '^C-NMR of 7-(acetyloxy)heptan-1 -al (18) 174 

Figure A-24. FAB-MS of 7-(acetyloxy)heptati-l -al (18) 175 

Figure A-25. 'H-NMR of ethyl 1 l-acetyloxy-(£',£)-2,4-undecadienoate (19) 176 

Figure A-26. '^C-NMR of ethyl 1 l-acetyloxy-(£',£)-2,4-undecadienoate (19) 177 

Figure A-27. FAB-MS of ethyl 1 l-acetyloxy-(£,£)-2,4-undecadienoate (19) 178 

Figure A-28. 'H-NMR of 11 -(hydroxy)-2,4-undecadienoic acid (20) 179 

Figure A-29. ^^C-NMR of 1 l-(hydroxy)-2,4-undecadienoic acid (20) 180 

Figure A-30. FAB-MS of 11 -(hydroxy)-2,4-undecadienoic acid (20) 181 

Figure A-31. 'H-NMR of 1 l-acryloxy-2,4-undecadienoic acid (21) 182 

Figure A-32. '^C-NMR of 1 l-acryloxy-2,4-undecadienoic acid (21) 183 

Figure A-33. FAB-MS of 1 l-acryloxy-2,4-undecadienoic acid (21) 184 

Figure A-34. 'H-NMR of 1,2-0-isopropylidene-3-(l 1 -acryloxy-2,4-(£',£)-

undecadienoyl)-5«-glycerol (22) 185 

Figure A-35. ^^C-NMR of l,2-0-isopropylidene-3-(l l-acryloxy-2,4-(£,£)-

undecadienoyl)-^;7-glycerol (22) 186 



152 

APPENDIX-co«ri« ued 

PAGE 

Figure A-36. FAB-MS of 1,2-0-isopropylidene-3-(l 1 -acryloxy-2,4-(£,£^-

undecadienoyl)-5??-glycerol (22) 187 

Figure A-37. ^H-NMR of 3-(l l-acryloxy-2,4-(£,£)-undecadienoyl)-^n-

glycerol (14) 188 

Figure A-38. ^^C-NMR of 3-(l l-acryloxy-2,4-(£',£)-undecadienoyl)-^n-

glycerol(14) 189 

Figure A-39. FAB-MS of 3-(l 1 -acryloxy-2,4-(£',£)-undecadienoyl)-™-

glycerol(14) 190 

Figure A-40. ^H-NMR of 1,2-0-isopropylidene-3-(l 1 -acryloxy-2,4-(£',£)-

undecadienoyl)-5«-glycerol-J5 (23) 191 

Figure A-41. '^C-NMR of 1,2-(9-isopropylidene-3-(l 1 -acryloxy-2,4-(£',£)-

undecadienoyl)-^n-glycerol-t/5 (23) 192 

Figure A-42. FAB-MS of 1,2-C>-isopropylidene-3-(l 1 -acryloxy-2,4-(£^,£)-

undecadienoyl)->s'«-gIycerol-c/5 (23) 193 

Figure A-43. 'H-NMR of 3-(l l-acryloxy-2,4-(£',£)-undecadienoyl)-j•^-

glycerol-(i5 (24) 194 

Figure A-44. '^C-NMR of 3-(l 1 -acryloxy-2,4-(£',£)-undecadienoyl)-5«-

glycerol-c/j (24) 195 

Figure A-45. FAB-MS of 3-(l l-acryloxy-2,4-(£',£)-undecadienoyl)-j•«-

glycerol-£/J (24) 196 

Figure A-46. ^H-NMR of l,2-(9-isopropyIidene-3-(10-acryloxy-2,4-(£',£)-

decadienoyl)-5'n-glycerol (25) 197 

Figure A-47. ^^C-NMR of l,2-(9-isopropylidene-3-(10-acryloxy-2,4-(£',£)-

decadienoyl)-OT-glycerol (25) 198 

Figure A-48. FAB-MS of l,2-0-isopropylidene-3-(10-acryloxy-2,4-(£',£)-

decadienoyl)-5'«-glycerol (25) 199 



153 

APPENDIX-cowri/i ued 

PAGE 

Figure A-49. ^H-NMR of 3-(10-acryloxy-2,4-(£',£)-decadienoyl)-

5'«-glycerol (13) 200 

Figure A-50. ^^C-NMR of 3-(l0-acryloxy-2,4-(£,£)-decadienoyl)-

^n-glycerol (13) 201 

Figure A-51. FAB-MS of 3-(10-acryloxy-2,4-(£',£)-decadienoyl)-

^•M-glycerol (13) 202 

Figure A-52. 'H-NMR of l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£',£)-

dodecadienoyl)-5';7-glycerol (26) 203 

Figure A-53. ^^C-NMR of l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£^,£)-

dodecadienoyl)-^«-glycerol (26) 204 

Figure A-54. FAB-MS of l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£',£^-

dodecadienoyl)-5'«-glycerol (26) 205 

Figure A-55. 'H-NMR of 3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-

OT-glycerol (15) 206 

Figure A-56. '^C-NMR of 3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-

^n-glycerol (15) 207 

Figure A-57. FAB-MS of 3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-

•yn-glycerol (15) 208 

Figure A-58. 'H-NMR of l,2-0-isopropylidene-3-(2,4,12,14-(£',£,£•,£)-

hexadecatetraenoyl)-5?7-glycerol (27) 209 

Figure A-59. ^^C-NMR of l,2-(9-isopropylidene-3-(2,4,12,14-(£',£,£,^-

hexadecatetraenoyl)-j'«-glycerol (27) 210 

Figure A-60. FAB-MS of l,2-0-isopropyIidene-3-(2,4,12,14-(£',£',£•,£)-

hexadecatetraenoyl)-5n-glycerol (27) 211 

Figure A-61. 'H-NMR of 3-(2,4,12,14-(£', £^-hexadecatetraenoyl)-

j-n-glycerol (16) 212 



154 

APPENDIX-co«ri/i ued 

PAGE 

Figure A-62. ^^C-NMR of 3-(2,4,12,14-(£,£',£',£)-hexadecatetraenoyl)-

^n-glycerol (16) 213 

Figure A-63. FAB-MS of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-

5•«-glycerol (16) 214 

Figure A-64. 'H-NMR of 1,2-(9-isopropylidene-3-(2,4,12,14-(£',£,£•,£)-

hexadecatetraenoyl)-^«-glycerol-^5 (28) 215 

Figure A-65. ^^C-NMR of l,2-(9-isopropylidene-3-(2,4,12,14-(£', 

hexadecatetraenoyl)-5«-glycerol-(i5 (28) 216 

Figure A-66. FAB-MS of l,2-0-isopropylidene-3-(2,4,12,14-(£',£•,£,£)-

hexadecatetraenoyl)-5'«-glycerol-c/5 (28) 217 

Figure A-67. 'H-NMR of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-

j'«-glycerol-J5 (29) 218 

Figure A-68. '^C-NMR of 3-(2,4,12,14-(£',£)-hexadecatetraenoyl)-

5«-glycerol-<i5 (29) 219 

Figure A-69. FAB-MS of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-

5«-glycerol-J5 (29) 220 

Figure A-70. 'H-NMR of 4-bromomethyl-benzoic acid N'-(3,4,5-tris-

decyloxybenzoyl)-hydrazide (32) 221 

Figure A-71. ^^C-NMR of 4-bromomethyl-benzoic acid N'-(3,4,5-tris-

decyloxybenzoyl)-hydrazide (32) 222 

Figure A-72. FAB-MS of 4-bromomethyl-benzoic acid N'-(3,4,5-tris-

decyloxybenzoyl)-hydrazide (32) 223 

Figure A-73. ^H-NMR of 2-(4-bromomethylphenyl)-5-(3,4,5-

trisdecyloxyphenyl)-1,3,4-oxadiazole (33) 224 

Figure A-74. ^^C-NMR of 2-(4-bromomethylphenyl)-5-(3,4,5-

trisdecyloxyphenyl)-1,3,4-oxadiazole (33) 225 



155 

APPENDIX-co/iri««e</ 

PAGE 

Figure A-75. FAB-MS of 2-(4-bromomethylphenyl)-5-(3,4,5-

trisdecyloxyphenyI)-l,3,4-oxadiazoIe (33) 226 

Figure A-76. ^H-NMR of 1,2-bis(hydroxyethylmercapto)-4,5-

dicyanobenzene (34) 227 

Figure A-77. '^C-NMR of 1,2-bis(hydroxyethylmercapto)-4,5-

dicyanobenzene (34) 228 

Figure A-78. FAB-MS of l,2-bis(hydroxyethylmercapto)-4,5-

dicyanobenzene (34) 229 

Figure A-79. ^H-NMR of 4,5-bis(3,4,5-trisdecyloxyphenyl-l ,3,4-oxadiazole-

4-benzylethylmercapto)-phthalonitrile (35) 230 

Figure A-80. '^C-NMR of 4,5-bis(3,4,5-trisdecyloxyphenyl-l,3,4-oxadiazole-

4-benzylethylmercapto)-phthalonitrile (35) 231 

Figure A-81. FAB-MS of 4,5-bis(3,4,5-trisdecyloxyphenyl-l,3,4-oxadiazole-

4-benzylethylmercapto)-phthalonitrile (35) 232 

Figure A-82. MALDI-MS of 2,3,9,10,16,17,23,24-octa(3,4,5-

trisdecyloxyphenyl-l,3,4-oxadiazol-4-benzylethylmercapto)-
phthalocyanato Zinc (II) (30) 233 
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Figure A-4. 'H-NMR of 2,4,13-tetradecatrienoic acid {E,E/E,Z) (9) 
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Figure A-7. ESI-MS of 2,4,13-(£",£)-tetradecatrienoic acid (10) 

to 



163 

o 
0) 
0 
'S) 

1 

o 
CJ 0) 

o lU 

-f-» 

of 

1 :  

<u 
s 

T3 »^ 
Q. 
O u 
Oh 0 75 
1 

O I (N 

0 
Pi 

:z: 
1 

00 
I 

< 
1) 

s 
M 

'iu 



Figure A-9. '^C-NMR of l,2-0-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-TO-glycerol (11) 
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ESI-MS of I,2-C>-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-OT-glycerol (11) 



Figure A-11. 'H-NMR of 3-(2,4,13-(£',£}-tetradecatrienoyl)-5'n-glycerol (5) 
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Figure A-12. ^^C-NMR of 3-(2,4,13-(£',i?)-tetradecatrienoyl)-i'n-glycerol (5) 
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Figure A-13. FAB-MS of 3-(2,4,13-(£',£)-tetradecatrienoyl)-j-n-glycerol (5) 
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Figure A-14. 'H-NMR of l,2-C)-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-i'n-glycerol-c?5 (12) 



Figure A-15. '^C-NMR of l,2-0-isopropylidene-3-(2,4,13-(£',£)-tetradecatrienoyl)-j 'n-glycerol-£/5 (12) 
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Figure A-16. 'H-NMR of 3-(2,4,13-(£',£)-tetradecatrienoyl)-OT-glycerol-ii5 (6) 
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Figure A-17. -NMR of 3-(2,4,13-(£:,£0-tetradecatrienoyl)-5'n-glycerol-£/5 (6) 
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Figure A-18. FAB-MS of 3-(2,4,13-(£',£)-tetradecatrienoyl)-i'n-glycerol-£/5 (6) _ 
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Figure A-19. 'H-NA4R of 7-(acetyloxy)heptan-l-ol (17) 
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Figure A-20. C-NMR of 7-(acetyloxy)heptan-l-oI (17) 
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Figure A-21. FAB-MS of 7-(acetyloxy)heptan-l-ol (17) 
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Figure A-22. 'H-NMR of 7-(acetyloxy)heptan-l-al (18) 
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Figure A-24. FAB-MS of 7-(acetyloxy)heptaii-l -al (18) -J 
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Figure A-25. 'H-NMR of ethyl 1 l-acetyloxy-(£',£)-2,4-undecadienoate (19) 
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Figure A-26. "C-NMR of ethyl ll-acetyloxy-(£',£)-2,4-undecadienoate (19) 
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Figure A-27. FAB-MS of ethyl ll-acetyloxy-(£',£)-2,4-undecadienoate (19) ^ 
O O  
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Figure A-28. 'H-NMR of ll-(hydroxy)-2,4-undecadienoic acid (20) 



Figure A-29. ^^C-NMR of ll-(hydroxy)-2,4-undecadienoic acid (20) 
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Figure A-30. FAB-MS of ll-(hydroxy)-2,4-undecadienoic acid (20) 
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Figure A-32. "C-NMR of 1 l-acryloxy-2,4-undecadienoic acid (21) 
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Figure A-33. FAB-MS of 1 l-acry]oxy-2,4-undecadienoic acid (21) 
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Figure A-34. 'H-NMR of l,2-0-isopropylidene-3-(l l-acryloxy-2,4-(£,£)-undecadienoyl)-5n-glycerol (22) 
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Figure A-35. ''C-NMR of l,2-0-isopropylidene-3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-^n-glycerol (22) 
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Fi-ure A-36. FAB-MS of l,2-<9-isopropylidene-3-(ll-acryloxy-2,4-(£,£)-undecadienoyl)-J/i-glycerol (22) 
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Figure A-38. '^C-NMR of 3-(ll-acryloxy-2,4 -(£,£0-undecadienoyl)-5n-glycerol (14) 
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Fi^^ure A-39- FAB-MS of 3 -(l l-acryloxy-2,4-(£:,£}-undecadienoyl)-jn-glycerol (14) 
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Figure A-41, '^C-NMR of l,2-C»-isopropy]idene-3-(ll-acry]oxy-2,4-(£',£')-undecadienoyl)-CT-glycerol-^/5 (23) 
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Ficrure A-42. FAB-MS of l,2-0-isopropylidene-3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-OT-glycerol-if5 (23) 
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Figure A-43. ^H-NMR of 3-(ll-acryloxy-2,4-(£',£)-undecadienoyl)-5n-glycerol-d5 (24) 
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Figure A-44 
'^C-NMR of 3-(l l-acryloxy-2,4-(£:,£)-undecadienoyl)-5n-glycerol-t/5 (24) 
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Figure A-45. FAB-MS of 3-(l l-acryloxy-2,4-(£',£)-undecadienoyl)-5'n-glycerol-d5 (24) 
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Figure A-46. 'H-NMR of l,2-0-isopropylidene-3-(10-acryIoxy-2,4-(£',£)-decaciienoyl)-OT-g]ycerol (25) 
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Picture A-47. ^^C-NMR of l,2-0-isopropylidene-3-(10-acryloxy-2,4-(£.£)-decadienoyl)-i«-glycerol (25) 
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Figure A-49. 'H-NMR of 3-(10-acryloxy-2,4-(£',£)-decadienoyl)-^?i-glycerol (13) to 
o 
-1̂  



Figure A-50. '^C-NMR of 3-(10-acryloxy-2,4-(£,£:)-decadienoyl)-^«-glycerol (13) 
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Figure A-51. FAB-MS of 3-(10-aciyloxy-2,4-(£',£)-decadienoyl)-i'n-glycerol (13) ^ 
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Figure A-52. 'H-NMR of l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£',£}-dodecadienoyl)-i'«-glycero] (26) 
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Figure A-53. '^C-NMR of l,2 -0-isopropylidene-3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-5«-glycerol (26) 
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Figure A-54, FAB-MS of l,2-0-isopropylidene-3-(12-acryloxy-2,4-(£',£)-dodecadienoyI)--yn-glycerol (26) 
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Figure A-55. 'H-NMR of 3-(12-acryloxy-2,4-(£',£)-dodecadienoyl)-A'n-gIyceroI (15) 
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Figure A-56. ^^C-NMR of 3-(12- a c r y l o x y-2,4-(£',£)-dodecadienoyl)-m-glycerol (15) 
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Figure A-57. FAB-MS of 3-(12-acryloxy-2,4-(£,£}-dodecadienoyI)-i'n-glycerol (15) ^ 
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Figure A-58. H-NMR of l,2-0-isopropylidene-3-(2,4,12,14-(£',£',£',£}-hexadecatetraenoyl)-j?n-g]ycerol (27) 
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Figure A-59. ''C-NMR of 1,2-0-isopropylidene-3-(2,4,12,14-(£,£'.£,^-hexadecatetraenoyl)-5n-glycerol (27) 
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Figure A-60. ESI-MS of l,2-0-isopropylidene-3-(2,4,12,14-(£,£',£',£)-hexadecatetraenoyl)-5«-gIyceroI (27) 



Figure A-61. ^H-NMR of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-j'«-g]yceroJ (16) 
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Fi'^ure A-62. '^C-NMR of 3-(2,4,12,14-(£,£',£',£)-hexadecatetraenoyl) 
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Figure A-63. FAB-MS of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyI)-^/2-gIycerol (16) K) 
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Figure A-65. '^C-NMR of 1,2-6>-isopropylidene-3-(2,4,12,14-(£',£',£',r)-hexadecatetraenoyl)-J«-glycerol-<i5 (28) 
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Figure A-67. ^H-NMR of 3~(2,4J2,14-(E,£,E,F)-hexadecatetraenoyl)-sn-glycerol-ds (29) 



Figure A-68. '^C-NMR of 3-(2,4,12,14-(£',£',£',£)-hexadecatetraenoyl)-j'«-glycerol-^/5 (29) 
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Figure A-69. FAB-MS of 3-(2,4,12,14-(£,£,£,^-hexadecatetraenoyl)-^n-glycerol-J5 (29) to 
to 
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Figure A-70. 'H-NMR of 4-broniomethyl-benzoic acid N'-(3,4,5-tris-decyloxybenzoyl)-hydrazide (32) 
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Fio-ure A-71. '^C-NMR of 4-bromomethyl-beiizoic acid N'-(3,4,5-tris-decyloxybenzoyl)-hydrazide (32) 
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Figure A-72. FAB-MS of 4-bromomethyl-benzoic acid N-(3,4,5-tris-decyloxybenzoy])-hydrazide (32) 
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Figure A-73. 'H-NMR of 2-(4-bromomethylphenyl)-5-(3,4,5-trisdecyloxyphenyl)-l,3,4-oxadiazoie (33) 
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Fisure A-74. 
-NMR of 2-(4-bromomethylphenyl)-5-(3.4,5-trisdecyloxyphenyl)-l,3,4-oxadiazole (33) to 
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FAB-MS of 2-(4-bromomethylphenyl)-5-(3,4,5-trisdecy]oxyphenyl)-l,3,4-oxadiazo]e (33) 



Figure A-76. 'H-NMR of l,2-bis(hydroxyethylmercapto)-4,5-dicyanobenzene (34) 
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Fi<^ure A-77. '^C-NMR of l,2-bis(hydroxyethylinercapto)-4,5-dicyanobenzene (34) 
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Figure A-78. FAB-MS of l,2-bis(hydroxyethylinercapto)-4,5-dicyanobenzene (34) 
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C10H21O 

CinH2iO 

180 

Figure A-80. "C-NMR of 4 
k5-bis(3,4,5-tnsdecyloxyphenyl-l,3,4-oxadiazole-4-benzylethylmercapto)-phthalonitnle(35) K) 



U! 
Cfq' 
c 
ft 
> 

/ 2 1 6 4 b 1 
7  4  3 . 5 3 5 7  

9 2 3 7 7 4 2 

6 2 
2 6 
4 8 

6 
7 0 8 
7 2 4 

0 3 3 
9 0 5 
8 5 1 
1 0 3 
8 7 9 
5 4 9 

n 

'a 

X) 
ar 
tr 
E. 
o 
B. 
E 
fT 

OJ 
ivi 

o 

9ZZ 



3 
TO 
c 
fl 
> 

oo 
lo 

0 
•—I 

k 
LO 
O ai *-h O 
to o o 
UJ 
]o 

H 
p o o 

o 
ON o 
k—« 

lo H* LTI 

o 
S-

B 
en 
•I n 

2 7 5 

CO 

1 8 6 0 
3 5 2 1 . 9 2 8 8 
3 5 1 1 2 6 6 4 
4 5 2 3 1 6 8 1 
5 2 8 5 . 4 2 6 5 
6 0 4 8 • 7 6 0 2 
6 8 1 1 4 2 7 0 
7 7 5 1 3 0 1 5 

L£Z 



238 

REFERENCES 

(1) Reinitzer, F. Monatsh. Chem. 1888, 9, 421-430. 

(2) Hamley, I. W. Introduction to Soft Matter; Polymers, Colloids, Amphiphiles, and 
Liquid Crystals', John Wiley and Sons: New York, 2000. 

(3) Collings, P. J. Liquid Crystals: Nature's Delicate State of Matter, Princeton 

University Press: Princeton, NJ, 1990. 

(4) Toyne, K. J. Thermotropic Liquid Crystals', John Wiley & Sons: New York, 1987. 

(5) Tyminski, P. N.; Latimer, L. H.; O'Brien, D. F. Biochemistry 1988, 27, 2696-2705. 

(6) Koltover, I.; Salditt, T.; Radler, J. O.; Safinya, C. R. Science 1998, 281, 78-81. 

(7) Wu, J.; Lizarzaburu, M. E.; Kurth, M. J.; Liu, L.; Wege, H.; Zern, M. A.; Nantz, 

M. H. Bioconjugate Chem. 2001,12, 251-257. 

(8) Choi, J. S.; Lee, E. J.; Jang, H. S.; Park, J. S. Bionconjugate Chem. 2001,12, 108-

113. 

(9) Deamer, D. W. Light Transducing Membranes. Structure, Function, and 
Evolution-, Academic Press: New York, 1978. 

(10) Gin, D. L.; Gu, W. Adv. Mater. 2001,13, 1407-1409. 

(11) Puvvada, S.; Baral, S.; Chow, G.-M.; Qadri, S. B.; Ratna, B. R. J. Am. Chem. Soc. 
1994,775,2135-2136. 

(12) Chow, G.-M.; Markowitz, M. A.; Rayne, R.; Dunn, D. N.; Singh, A. Jounal of 
Colloid and Interface Science 1996,183, 135-142. 

(13) Singh, A.; Markowitz, M. A.; Chow, G.-M. NanostructuredMaterials 1995, 5, 
141-153. 

(14) Meldrum, F. C.; Heywood, B. R.; Mann, S. Journal of Colloid and Interface 
Science 1993,161, 66-71. 

(15) Ross, E. E.; Bondurant, B.; Spratt, T.; Conboy, J.; O'Brien, D. F.; Saavedra, S. S. 

Langmuir 2001, 77, 2305-2307. 

(16) Moss, R. A.; Fujita, T.; Ganguli, S. Langmuir 1990, 6, 1197-1202. 



239 

(17) Xiao, Y.; Gao, X.; Xie, G.; Zhang, Y. Bioelectrochem. Bioenerg. 1996, 39, 125-

129. 

(18) Bockris, J. O. M.; Diniz, F. B. J. Electrochem. Soc. 1988,135, 1947-1948. 

(19) Kunitake, T. New J. Chem. 1987,11, 141-144. 

(20) Donners, J. J. M.; Nolte, R. J. M.; Sommerijk, N. A. J. M. J. Am. Chem. Soc. 2002, 

124, 9700-9701. 

(21) Lochhead, M. J.; Letellier, S. R.; Vogel, V. J. Phys. Chem. B 1997,101, 10821-

10827. 

(22) Lin, H.-P.; Mou, C.-Y. Acc. Chem. Res. 2002, 35, 299-325. 

(23) Marty, J.-D.; Mauzac, M.; Foumier, C.; Rico-Lattes, I.; Lattes, A. Liquid Crystals 
2002, 29, 529-536. 

(24) Cruise, N.; Jansson, K.; Holmberg, K. Journal of Colloid and Interface Science 
2001, 241, 527-529. 

(25) Archibald, D. D.; Mann, S. Nature 1993, 364, 430-433. 

(26) Bartlett, P. N.; Gollas, B.; Guerin, S.; Marwan, J. Phys. Chem. Chem. Phys. 2002, 

4, 3835-3842. 

(27) Caruso, R. A.; Antonietti, M. Adv. Funct. Mater. 2002,12, 307-312. 

(28) Huang, L.; Wang, H.; Wang, Z.; Mitra, A.; Yan, Y. Mat. Res. Soc. Symp. Proc. 
2002, 676-677. 

(29) Ferrar, W. T.; O'Brien, D. F.; Wahrshawsky, A.; Voycheck, C. L. J. Am. Chem. 
Soc. 1988, no, 288-296. 

(30) Markowitz, M. A.; Chow, G.-M.; Singh, A. Langmuir 1994,10, 4095-4102. 

(31) Markowitz, M. A.; Barah, S.; Brandow, S.; Singh, A. Thin Solid Films 1993,224, 
158-162. 

(32) Schnur, J. M.; Price, R.; Schoen, P.; Yager, P.; Calvert, J. M.; Georger, J.; Singh, 

A. Thin Solid Films 1987,152, 242-247. 

(33) Markowitz, M. A.; Schnur, J. M.; Singh, A. Chem. Phys. Lipids 1992, 62, 67-69. 

(34) Fendler, J. H.; Meldrum, F. C. Adv. Mater. 1995, 7, 607-632. 



240 

Schnur, J. M. Science 1993, 262, 1669-1676. 

Spector, M. S.; Price, R.; Schnur, J. M. Adv. Mater. 1999,11, 337-340. 

Burkett, S. L.; Mann, S. Chem. Commun. 1996, 321-322. 

Gray, D. H.; Gin, D. L. Chem. Mater. 1998,10, 1827-1832. 

Gin, D. L.; Gray, D. H.; Smith, R. C. Synlett 1999,10, 1509-1522. 

Charych, D.; Cheng, Q.; Riechert, A.; Kuziemko, G.; Stroh, M.; Nagy, J. O.; 

Spevak, W.; Stevens, R. C. Chem. Biol. 1996, 3, 113-120. 

Charych, D.; Nagy, J. O.; Spevak, W.; Bednarski, M. D. Science 1993, 261, 585-

588. 

Okada, S.; Jelinek, R.; Charych, D. Angew. Chem. Int. Ed. Engl. 1999, 38, 655-

659. 

Okada, S.; Peng, S.; Spevak, W.; Charych, D. Acc. Chem. Res. 1998, 31, 229-239. 

Reichert, A.; Nagy, J. O.; Spevak, W.; Charych, D. J. Am. Chem. Soc. 1995,117, 
829-830. 

Spevak, W.; Nagy, J. O.; Charych, D. Adv. Mater. 1995, 7, 85-89. 

Shirota, Y. J. Mater. Chem. 2000,10, 1-26. 

Kaifer, A. Acc. Chem. Res. 1999, 32, 62-71. 

Sastre, A.; Gouloumis, A.; Vazquez, P.; Torres, T.; Doan, V.; Schwartz, B.; Wudl, 

F.; Echegoyen, L.; Rivera, J. Org. Lett. 1999,1, 1807-1810. 

Fox, M. A. Acc. Chem. Res. 1999, 32, 201-207. 

Hanack, M.; Heckmann, H.; Polley, R. Methods of Organic Chemistry, Georg 

Thieme Verlag: Stuttgart, 1998; Vol. E-9. 

Gu, D. H.; Chn, Q. Y.; Tang, X. D.; Gan, F. X.; Shen, S. Y.; Lui, K.; Xu, H. J. 

Optics Communications 1995, 121, 289-290. 

Geddes, N.; Sambles, J.; Martin, A. Adv. Mat. for Optics and Electronics 1995, 5, 

305-320. 

Garner, F.Acc. Chem. Res. 1999, 32, 209-215. 



241 

(54) Perry, J. W.; Mansour, K.; Lee, L Y. S.; Wu, X. L.; Bedworth, P. V.; Chen, C. T.; 

Ng, D.; Marder, S. R.; Miles, P.; Wada, T.; Tian, M.; Sasabe, H. Science 1996, 
273, 1533-1536. 

(55) Reed, M. A. Proc. of the IEEE 1999, 87, 652-658. 

(56) Chandrasekhar, S.; Prasad, S. K. Contemporary Physics 1999, 40, 237-245. 

(57) Kelker, H.; Hatz, R. Handbook of Liquid Crystals', Verlag Chemie: Weinheim, 

1980. 

(58) Ringsdorf, H.; Schlarb, B.; Venzmer, J. Angew. Chem. Int. Ed. Engl. 1988, 27, 

113-158. 

(59) Gray, G. W. Molecular Geometry and the Properties of Non-amphiphilic Liquid 
Crystals-, Academic Press: New York, 1976. 

(60) Chandrasekhar, S.; Shadashiva, B.; Suresh, K. Pramana 1977, 9, 471-480. 

(61) Sheats, J. R.; Chang, Y. L.; Roitman, D. B.; Stocking, A. Acc. Chem. Res. 1999, 
32, 193-200. 

(62) Guillon, D.; Skoulios, A.; Piechocki, C.; Simon, J.; Weber, P. Mol. Cryst Liq. 
Cryst. 1983,100, 275-284. 

(63) Kohne, B.; Praefcke, K. Angew. Chem. Int. ed. Engl. 1984, 23, 82-83. 

(64) Hoger, S.; Enkelmann, V.; Bonrad, K.; Tschierske, C. Angew. Chem. Int. ed. Engl. 
2000, 39, 2268-2270. 

(65) Barbera, J.; Rakitin, O.; Ros, M. B.; Torroba, T. Angew. Chem. Int. ed. Engl. 1998, 
37, 296-299. 

(66) Gray, G. W.; Winsor, P. A. Liquid Crystals and Plastic Crystals. Vol I II; Ellis 

Horwood: Chichester, 1974. 

(67) Tiddy,G. J. T. 1980,57, 1. 

(68) Forrest, B. J.; Reeves, L. W. Chem. Rev. 1981, 81, 1. 

(69) Finkelmann, H.; Schafheutle, M. A. ColloidPolym. Sci. 1986, 264, 786-793. 

(70) Jeffrey, G. A. Acc. Chem. Res. 1986,19,168-184. 

(71) Marcus, M. A.; Finn, P. L. Mol Cryst. Liq. Cryst. Lett. Sect. 2 1985, 159-160. 



242 

Bruce, D. W.; Dunmar, D. A.; Lalinde, E.; Maitlis, P. M.; Styring, M. P. Nature 
(London) 1986, 323, 791-798. 

Israelachvili, J. N. Physics of Amphiphiles: Micelles, Vesicles, and 
Microemulsions; North-Holland Physics Publishing: Amsterdam, 1985. 

Israelachvili, J. N.; Marcelja, S.; Horn, R. G. Quart. Rev. Biophys. 1980,13, 121-

127. 

Evans, D. F.; Ninham, B. W. J. Phys. Chem. 1986, 90, 226-231. 

CuUis, P. R.; Hope, M. J.; de Kruijff, B.; Verkleij, A. J.; Tilcock, C. P. S.; CRC 

Press: Boca Raton, FL, 1985; Vol. 1. 

Gruner, S. M. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 3665-3669. 

Kirk, G. L.; Gruner, S. M.; Stein, D. L. Biochemistry 1984, 23, 3764-3770. 

Siegel, D. P.; Banschbach, J. L. Biochemistry 1990, 29, 5975-5981. 

Gruner, S. M.; Tate, M. W.; Kirk, G. L.; So, P. T. C.; Turner, D. C.; Keane, D. T.; 

Tilcock, C. P. S.; Cullis, P. R. Biochemistry 1988, 27, 2853-2866. 

Luzzati, v.; Tardieu, A.; Gulik-kryzwicki, T.; Rivas, E.; Reiss-Husson, F. Nature 
1968, 220, 485-490. 

Scriven, L. E. Nature 1976, 263, 123-125. 

Benedicto, A. D.; O'Brien, D. F. Macromolecules 1997, 30, 3395-3402. 

Schoen, A. H. NASA Tech. Note 1970, D-5541, 1-98. 

Hyde, S. T.; Ericsson, B.; Andersson, S.; Larsson, K. Z. Kristallogr. 1984,168, 
213-219. 

Qiu, H.; Caffrey, M. Biomaterials 2000, 21, 223-234. 

Spicer, P. T.; Hayden, K. L.; Lynch, M. L.; Ofori-Boateng, A.; Burns, J. L. 

Langmuir laai, 17, 5748-5756. 

Lindblom, G.; Rilfors, L. Biochim. Biophys. Acta 1989, 988, 221-256. 

Johansson, L. B.-A.; Lindblom, G. J. Chem. Phys. 1983, 78, 1519-1522. 

Czeslik, C.; Winter, R.; Rapp, G.; Bartels, K. Biophys. J. 1995, 68, 1423-1429. 



243 

(91) Nilsson, A.; Holmgren, A.; Lindblom, G. Biochemistry 1991, 30, 2126-2133. 

(92) Chung, H.; Caffrey, M. Biophys. J. 1995, 69,1951-1963. 

(93) Razumas, V.; Talaikyte, Z.; Barauskas, J.; Larsson, K.; Miezis, Y.; Nylander, T. 

Chem. Phys. Lipids 1996, 84, 155-164. 

(94) Neto, C.; Aloisi, G.; Baglioni, P.; Larsson, K. J. Phys. Chem. B 1999,103, 3896-

3899. 

(95) Larsson, K. J. Phys. Chem. 1989, 98, 8453-8467. 

(96) Patton, J. S.; Carrey, M. C. Science 1979, 204, 145-148. 

(97) Lindstrom, M.; Ljusberg-Wahren, H.; Larsson, K.; Borgstrom, B. Lipids 1981,16, 
749-754. 

(98) Gustafsson, J.; Nylander, T.; Almgren, M.; Ljusberg-Wahren, H. J. Colloid 
Interface Sci. 1999, 211, 326-335. 

(99) Bucheim, W.; Larsson, K. J. Colloid Interface Sci. 1987,117, 582-583. 

(100) Alexandridis, P. Curr. Opin. Colloid Interface Sci. 1997,1, 490-501. 

(101) Landh, T. J. Phys. Chem. 1994, 98, 8453-8467. 

(102) Gustafsson, J.; Ljusberg-Wahren, H.; Almgren, M.; Larsson, K. Langmuir 1996, 
72,4611-4613. 

(103) Gustafsson, J.; Ljusberg-Wahren, H.; Almgren, M.; Larsson, K. Langmuir 1997, 
13, 6964-6971. 

(104) Nakano, M.; Sugita, A.; Matsuoka, H.; Handa, T. Langmuir 2001,17, 3917-3922. 

(105) Stroem, P.; Anderson, D. M. Langmuir 1992, 8, 691-709. 

(106) Nakano, M.; Teshigawara, T.; Sugita, A.; Leesajakul, W.; Taniguchi, A.; Kamo, 

T.; Matsuoka, H.; Handa, T. Langmuir 2002,18, 9283-9288. 

(107) Monduzzi, M.; Ljusberg-Wahren, H.; Larsson, K. Langmuir 2000,16, 7355-7358. 

(108) Zhang, L. Q.; Um, J. Y.; Chung, H.; Kwon, 1. C.; Li, G. Z.; Jeong, S. Y. J. 
Dispersion Sci. Technol. 2003, 24, 123-128. 

(109) Johnsson, M.; Edwards, K. Biophys. J. 2001, 80, 313-323. 



244 

110) Drummond, C. J.; Fong, C. Curr. Opin. Colloid Interface Sci. 2000, 4, 449-456. 

111) Shah, J. C.; Sadhale, Y.; Chilukuri, D. M. Adv. Drug Delivery Rev. 2001, 47, 229-

250. 

112) Lynch, M. L.; Ofori-Boateng, A.; Hippe, A.; Kochvar, K.; Spicer, P. T. J. Colloid 
Interface Sci. 2003, 260, 404-413. 

113) New, R. R. C. Liposomes: A Practical Approach, IRL Press: Oxford, UK, 1990. 

114) Fahey, P. F.; Webb, W. W. Biochemistry 1978,17, 3046-3053. 

115) Ringsdorf, H.; Schlarb, B.; Venzmer, J. Angew. Chem., Int. Ed. Engl. 1988, 27, 
113-158. 

116) Regen, S. L. Polymerized Liposomes', Marcel Dekker: New York, 1987. 

117) O'Brien, D. F.; Armitage, B.; Benedicto, A. D.; Bennett, D. E.; Lamparski, H. G.; 

Lee, Y.-S.; Srisiri, W.; Sisson, T. M. Acc. Chem. Res. 1998, 31, 861-868. 

118) Srisiri, W.; Lee, Y.-S.; O'Brien, D. F. Tetrahedron Lett. 1995, 36, 8945-8948. 

119) Mueller, A.; O'Brien, D. F. Chem. Rev. 2002,102, 727-758. 

120) Srisiri, W.; Lee, Y.-S.; Sisson, T. M.; Bondurant, B.; O'Brien, D. F. Tetrahedron 
Lett. 1997, 53,15397-15414. 

121) Sjolund, M.; Lindblom, G.; Rilfors, L.; Arvison, G. Biophys. J. 1987, 52, 145-153. 

122) Lee, Y.-S.; Yang, J.; Sisson, T. M.; Frankel, D. A.; Gleeson, J. T.; Aksay, E.; 

Keller, S. L.; Gruner, S. M.; O'Brien, D. F. J. Am. Chem. Soc. 1995,117, 5573-

5578. 

123) Gruner, S. M. J. Phys. Chem. 1989, 93, 7562-7570. 

124) Gruner, S. M. Proc. Natl. Acad. Sci. 1985, 82, 3665-3669. 

125) Yang, D.; O'Brien, D. F.; Marder, S. R. J. Am. Chem. Soc. 2002,124, 13388-

13389. 

126) Yang, D.; Liu, S.; O'Brien, D. F.; Marder, S. R. Polym. Mater. Sci. Eng. 2003, 88, 
100-101. 

127) O'Brien, D. F. Trends Polym. Sci. 1994, 2, 183-188. 



245 

128) Srisiri, W.; Sisson, T. M.; O'Brien, D. F.; McGrath, K. M.; Han, Y.; Gruner, S. M. 

J. Am. Chem. Soc. 1997,119, 4866-4873. 

129) Srisiri, W.; Lamparski, H. G.; O'Brien, D. F. J. Org. Chem. 1996, 61, 5911-5915. 

130) Srisiri, W.; Benedicto, A. D.; O'Brien, D. F.; Trouard, T. P.; Oradd, G.; Persson, 

S.; Lindblom, G. Langmuir 1998,14, 1921-1926. 

131) Lindblom, G.; Larsson, K.; Johansson, L. B.-A.; Fontell, K.; Forsen, S. J. Am. 
Chem. Soc. 1979,101, 5465-5470. 

132) Kolchens, S.; Lamparski, H.; O'Brien, D. F. Macromolecules 1993, 26, 398-400. 

133) Sisson, T. M.; Lamparski, H.; Kolchens, S.; Elayadi, A.; O'Brien, D. F. 

Macromolecules 1996, 29, 8321-8329. 

134) Anikin, A.; Chupin, V.; Anikin, M.; Serebrennikova, G.; Tarahovsky, J. 

Mackromol. Chem. 1989,194, 2663-2673. 

135) Takeoka, S.; Kimura, N.; Ohno, H.; Tsuchida, E. Polym. J. 1990, 22, 867-874. 

136) Tsuchida, E.; Hasegawa, E.; Kimura, N.; Hatashita, M.; Makino, C. 

Macromolecules 1992, 25, 207-212. 

137) Liu, S.; Sisson, T. M.; O'Brien, D. F. Macromolecules 2001, 34, 465-473. 

138) Lindblom, G. Advances in Lipid Methodology; Christie, W. W, Ed.-, Oily Press 

Ltd.; Dundee, Scotland, 1996. 

139) Jeong, S. W.; O'Brien, D. F.; Oradd, G.; Lindblom, G. Langmuir 2002,18, 1073-

1076. 

140) Davis, J. H.; Jeffrey, K. R.; Bloom, M.; Valic, M. I.; Higgs, T. P. Chem. Phys. 
Lett. 1976, 42, 390-394. 

141) Srisiri, W.; Sisson, T. M.; O'Brien, D. F. J. Am. Chem. Soc. 1996,118,11327-

11328. 

142) Sisson, T. M.; Srisiri, W.; O'Brien, D. F. J. Am. Chem. Soc. 1998,120, 2322-2329. 

143) Sells, T. D.; O'Brien, D. F. Macromolecules 1994, 27, 226-233. 

144) Lamparski, H.; O'Brien, D. F. Macromolecules 1995, 28, 1786-1794. 

145) Stupp, S. I.; Son, S.; Lin, H. C.; Li, L. S. Science 1993, 259, 59-63. 



246 

146) Stupp, S. I.; Son, S.; Li, L. S.; Lin, C.; Keser, M. J. Am. Chem. Soc. 1995,117, 
5212-5227. 

147) Hupfer, B.; Ringsdorf, H.; Schupp, H. Chem. Phys. Lipids 1983, 33, 355-374. 

148) Regen, S. L.; Singh, A.; Oehme, G.; Singh, M. J. Am. Chem. Soc. 1982,104, 791-

795. 

149) Dorn, K.; Klingbiel, R. T.; Specht, D. P.; Tyminiski, P. N.; Ringsdorf, H.; O'Brien, 

D. F. J. Am. Chem. Soc. 1984,106, 1627-1633. 

150) Sadownik, G. A.; Stefely, J.; Regen, S. L. J. Am. Chem. Soc. 1986,108, 7789-

7791. 

151) Ohno, H.; Ogata, Y.; Tsuchida, E. Macromolecules 1987, 20, 929-935. 

152) Stefely, J.; Markowitz, M. A.; Regen, S. L. J. Am. Chem. Soc. 1988,110, 7463-

7469. 

153) Nezu, S.; Lando, J. B. J. Polym. Sci., Polym. Chem. 1995, 33, 2455-2461. 

154) Singh, A.; Markowitz, M. A. New J. Chem. 1994,18, 377-385. 

155) Pujol-Fortin, M.; Galin, J.-C. Polymer 1994, 34, 1462-1472. 

156) Ueda, T.; Oshida, H.; Kurita, K.; Ishihara, K.; Nakabayashi, N. Polym. J. 1992, 24, 
1259-1269. 

157) Jeong, S. W.; O'Brien, D. F. J. Org. Chem. 2001, 66, 4799-4802. 

158) Shirakawa, H. Angew. Chem. Int. ed. Engl. 2001, 40, 2574-2580. 

159) MacDiarmid, A. G. Angew. Chem. Int. ed. Engl. 2001, 40, 2581-2590. 

160) Heeger, A. J. Angew. Chem. Int. ed. Engl. 2001, 40, 2591-2611. 

161) Sirringhaus, H.; Tessler, N.; Friend, R. H. Science 1998, 280, 1741-1744. 

162) Katz, H. E.; Bao, Z.; Gilat, S. L. Acc. Chem. Res. 2001, 34, 359-369. 

163) Wtxrthner, F. Angew. Chem. Int. ed. Engl. 2001, 40, 1037-1039. 

164) Dodabalapur, A. Solid State Comm. 1997,102, 259-260. 

165) Rothberg, L. J.; Lovinger, A. J. J. Mater. Res. 1996,11, 3174-3190. 



247 

166) Son, S.; Lovinger, A. J.; Galvin, M. E. Polym. Mater. Sci. Eng. 1995, 72, 567-568. 

167) Adachi, C.; Tokito, S.; Tsutsui, J.; Saito, S. Jpn. J. Appl. Phys. 1988, 27, 713-721. 

168) Brown, A. R.; Bradley, D. D. C.; Bums, P. L.; Burroughs, J. H.; Friend, R. H.; 

Greenham, N. C.; Holmes, A. B.; Kraft, A. Appl. Phys. Lett. 1992, 61, 2793-2797. 

169) Zhang, C.; Hoger, S.; Pakbaz, K.; Wudl, F.; Heeger, A. J. J. Electron. Mater. 
1994, 23, 453-464. 

170) Song, S.-Y.; Jang, M. S.; Shim, H.-K.; Hwang, D.-H.; Zyung, T. Macromolecules 
1999, 32, 1482-1487. 

171) Percec, V.; Glodde, M.; Bera, T. K.; Miura, Y.; Shiyanovskaya, I.; Singer, K. D.; 

Balagurusamy, V. S. K.; Heiney, P. A.; Schnell, I.; Rapp, A.; Spiess, H.-W.; 

Hudson, S. D.; Duan, H. Nature 2002, 419, 384-387. 

172) Bettenhausen, J.; Strohriegl, P. Adv. Mater. 1996, 8, 507-509. 

173) Meyer zu Heringdorf, F.-J.; Reuter, M. C.; Tromp, R. M. Nature 2000, 412, 517-

520. 

174) Uryu, T.; Ohkawa, H.; Oshima, R. Macromolecules 1987, 20, 712-716. 

175) van de Craats, A. M.; Warman, J. M. Adv. Mater. 2001,13, 130-133. 

176) Tokuhisa, H.; Era, M.; Tsutsui, T. Appl. Phys. Lett. 1998, 72, 2639-2640. 

177) Lai, C. K.; Ke, Y.-C.; Su, J.-C.; Shen, C.; Li, W.-R. Liq. Cryst. 2002, 29, 915-923. 

178) Bettenhausen, J.; Strohriegl, P.; Brutting, W.; Tokuhisa, H.; Tsutsui, T. J. Appl. 
Phys. 1997, 82, 4957-4969. 

179) Kim, B. G.; Kim, S.; Park, S. Y. Tetrahedron Lett. 2001, 42, 2697-2701. 

180) Zhang, Y.-D.; Jespersen, K. G.; Kempe, M.; Kornfield, J. A.; Barlow, S.; 

Kippelen, B.; Marder, S. R. Langmuir 2003,19, 6534-6536. 


