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ABSTRACT 

 

The work described in this research entailed the preparation and studies of 

photochromic dendritic compounds with irradiation wavelength dependent properties and 

dendritic liquid crystalline compounds with photochromic response.  Photochromic 

dendrons comprised of varying polar head groups and a dendritic shell of long alkyl 

chains were studied at both the air-water and air-solid interfaces.  At the air-water 

interface, only an optimal balance between the areas of the polar head groups and the 

dendritic shells results in observable and significant photomechanical response.  At the 

air-solid interface, all the dendrons formed smooth monolayers with photochromic 

response with the bulky dendritic shell prohibiting aggregation.  Within the monolayers, 

the molecules are in a tilted molecular orientation.   

 Thermotropic properties of small molecule and multi-photochromic dendrimers 

were investigated by differential scanning calorimetry, polarized optical microscopy, and 

powder X-ray diffraction.  Dendritic azobenzene acids showed a propensity to form 

mesophases at higher generations.  In the multi-photochromic dendrimers, the nonlinear 

tris(azobenzene)s formed hexagonal columnar liquid crystalline phases in the zeroth and 

first generation with a possible nematic phase observed in the second generation.  The 

zeroth generation linear tris(azobenzene) formed a smectic phase with a tilt angle of 36° 

and a sandy mosaic texture.  Bragg spacings in the low angle region of the X-ray 

diffraction of the first generation indicated a columnar hexagonal liquid crystalline phase 
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whereas the second generation linear dendrimer has 1 sharp peak indicative of a possible 

nematic phase. 

 Spectroscopic studies indicate 2 wavelengths of maximum absorption for the 

linear dendrimers at 350 nm and 313 nm respectively.  However, the wavelength of 

irradiation did not impact the rates of thermal back isomerization.  In comparing the 

linear and nonlinear series, the arrangement of the azobenzenes within the dendritic 

framework (radial vs linear) had no effect on the rates of back isomerization as all the 

rates were within an order of magnitude of each other.  No generational effects were 

observed in either types of tris(azobenzene)s.  The average activation energy for the 

linear series was 21.8 kcal/mol and 20.5 kcal/mol for the nonlinear.     

 Isomerization of both linear and nonlinear dendrimers leads to smaller 

hydrodynamic volumes.  The largest decrease in volume occurred in the zeroth 

generation in both series.  The linear dendrimers decreased in hydrodynamic volume 

upon irradiation at both 331 nm and 350 nm with the greatest change occurring under 350 

nm irradiation. 
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1. Liquid Crystalline Dendrimers 

 

1.1 Introduction 

 

In the field of molecular-based materials, development of new supramolecular 

architectures with precise structure-property relationships is a fundamental aspect of the 

research in the creation of tailored functional nanomaterials.  Ever since their 

introduction in 1985 by Tomalia et al.1and Newkome et al.,2 dendrimers have attracted 

the focus of many materials research groups because of their structure and unique 

properties (Figure 1.1).3 

 

 

Figure 1.1  Dendritic structure. 

1.1 
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Dendrimers are globular, size monodisperse macromolecules in which all bonds 

emerge radially from a central focal point or core with a regular branching pattern and 

with repeat units that each contribute a branch point.4  Extensive research in 

hyperbranched and dendritic polymers over the last decade has illustrated that dendritic 

compounds, with their unique layered architecture, globular shape, highly controlled size, 

radially controlled chemical make-up, multivalent periphery, variable inner volume, and 

controlled intramolecular dynamics,4 offer many opportunities for the construction of 

materials with new technological applications based on these properties.   

The unique features of dendrimers provide them with the ability to use internal 

dynamics to morph into a variety of supramolecular arrangements in response to external 

stimuli.  These intramolecular reorganizations may lead to shape or volume changes, the 

creation of internal microenvironments, the cooperative organization of surface or inner 

functionalities, the concentration or exclusion of substrate from the molecular cavity of 

dendrimers, or the formation of defined multimolecular assemblies.4  Research in the 

field of dendrimers has evolved from the initial preparation of novel dendritic scaffolds 

driven by their aesthetically pleasing appearance to the use of dendrimers in the 

construction of self-assembled supramolecular structures in part due to their tuneable 

architectures.   

The emphasis of this chapter is on the use of dendrimers as building blocks in 

supramolecular chemistry, more specifically, the role that dendrimers have played in the 

area of liquid crystals will be discussed.  Examples in this chapter will illustrate that 
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implementation of dendrimers in this area requires the successful exploitation of unique 

dendritic properties.  

 

1.2 Liquid Crystalline Dendrimers 

 

Supramolecular liquid crystals provide access to functional materials with well-

defined structures that can easily be synthesized from several small molecular 

components.  Dendrimer-containing thermotropic liquid crystals are of special interest 

because of the possibility of creating controlled multifunctional macromolecular objects 

that are able to self-assemble into large organized assemblies.  There are three types of 

liquid crystalline dendrimers:  dendrimers with mesogenic units within the dendritic 

scaffold (Figure 1.2b)5; dendrimers functionalized with mesogenic units at the periphery 

(Figure 1.2a)5; and dendrimers which self-assemble into liquid crystalline supramolecules 

(Figure 1.3).6    

 

Figure 1.2 Schematic representation of peripherally modified (1.2a) and main-chain (1.2b) liquid 
crystalline dendrimers.5 

1.2a 1.2b 
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Figure 1.3  Self-Organization of Dendrimers into Liquid Crystalline Supramolecules.6 

 

Liquid crystalline dendrimers can be considered analogous to block copolymers in 

that microphase separation occurs between incompatible chemical natures within the 

dendritic compounds.  This microphase separation most often occurs between the 

dendritic core and the functional groups (mesogenic, promesogenic, or nonmesogenic).  

Liquid crystalline properties (phase type, transition temperatures, and thermodynamic 

stability) thus depend on enthalpy/entropy balance, degree of chemical incompatibility, 

and the sizes of the different building blocks as well as the structure of the mesogens and 

its location in the dendrimer.7     

 

1.2.1 Hyperbranched Polymers with Mesogenic Units within the Scaffold 

Structurally less perfect analogues of dendrimers are called hyperbranched 

polymers. Hyperbranched polymers prepared the foundation for liquid crystalline 

dendrimers.     
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The first reported mesomorphic dendrimers were reported by Percec et al.8 in 

1992.  Using a mesogenic AB2 monomer, 10-bromo-1-(4-hydroxy-4’-biphenylyl)-2-(4-

hydroxypheyl)decane, Percec synthesized the first thermotropic liquid crystalline 

dendrimeric polyether 1.3 through a phase-transfer-catalyzed polyetherification (Figure 

1.4).8 

 

Figure 1.4  Dendrimeric polyethers from the homopolyetherification of 10-bromo-1-(4-hydroxy-4’-
biphenylyl)-2-(4-hydroxyphenyl)decane.8 

 

1.3 
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They accomplished the synthesis of this dendrimer through the phase-transfer-catalyzed 

polyetherification of 10-bromo-1-(4-hydroxy-4'-biphenylyl)-2-(4-hydroxyphenyl)decane 

(TPD-b-X where X indicates the structure of the chain ends; Bz = benzyl, 4 = butyl, 6 = 

hexyl, and 8 = octyl).  The resulting dendrimer was compared to its linear analog 

synthesized by the polyetherification of 1-(4-hydroxy-4'-biphenylyl)-2-(4-

hydroxyphenyl)decane (TBD) with α,ω-dibromoalkanes containing an X number of 

methylene units (TPD-X, where X = 6-10).  According to DSC analysis, TPD-b-6 and 

TPD-b-8 displayed enantiotropic nematic mesophases with their isotropization 

temperature not being affected by the nature of the polymer chain ends since their TI 

were identical.  This is explained by the fact that in the dendrimers, the spacer length 

between the mesogenic units are constant in all the dendrimers while their aliphatic chain 

ends are varied. 

In solution and in the isotropic phase, the TPD-b mesogenic unit of the 

dendrimers is most likely in the gauche conformer or in equilibrium between gauche and 

anti thus generating the architecture of the dendrimer.  When the temperature of the 

isotropic melt is lowered, the TPD-b mesogen is mostly in the anti conformation which 

changes the architecture from tree-like to a more compact form lowering the free volume 

and free energy of the system.  Without long-range order in a polymeric structure like 

this, the dendrimer only generates a noncrystallizable uniaxial nematic mesophase.  

These hyperbranched polymers exhibited enantiotropic nematic mesophases.  However, 

these hyperbranched polymers were obtained through random polymerization resulting in 

polydisperse polymers with uncontrolled number of branches.  In addition, the exhibited 
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mesophase occurred only in a narrow temperature range almost overlapping its glass 

transition temperature.   

Using a similar AB2 rodlike mesogenic monomer, Percec synthesized four 

generations of monodendrons and their corresponding dendrimers via the convergent 

process that were the first examples of dendrimers that exhibited conventional cybotactic 

nematic and smectic mesophases.9 Starting with the AB2 building block 13-hydroxy-1-(4-

hydroxyphenyl)-2-(4-hydroxy-4”-p-terphenylyl)tridecane, alkylation with 1-bromo-10-

undecane in a two-phase phase transfer catalyzed etherification (10 N NaOH/o-DCB) 

followed by bromination (CBr4/PPh3) and a final alkylation (10 N NaOH/o-DCB) 

afforded the various generations of dendrons.9   
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Figure 1.5  Second generation dendrimer 1.4 based on the racemic AB2 mesogenic monomer, 13-hydroxy-
1-(4-hydroxyphenyl)-2-(4-hydroxy-4"-p-terphenylyl)tridecane.9 
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The dendrimers were formed from the esterification of the monodendrons with 

1,3,5-benzenetricarbonyl trichloride using DMAP as a catalyst.  All the dendrimers 

exhibited nematic and smectic liquid crystalline phases with a general increase in the 

smectic-nematic and nematic-isotropic transition temperatures as the generations 

increased.  However, the shape of the dendrimers was not spherical in their liquid 

crystalline or crystalline phases due to the anti conformation of the structural repeat unit 

derived from the starting AB2 monomer.   

Han et al.10 used two pseudo AB2 type monomers, 1.5 and 1.6, to form two 

hyperbranched aromatic polyesters that formed thermotropic liquid crystalline phases.  

These hyperbranched polyesters contained oxydecamethyleneoxy spacers between rigid 

aromatic esters (Figure 1.6).   

 

C C OH

O

O O

O Ar O H

HO

10
n

Ar = for P-PDTA;1. 5

for P-BDTA; 1.6

 

Figure 1.6  Structure of the hyperbranched polymers based on pseudo AB2 type dicarboxylic acid 
monomers 

 

The monomers contained two free carboxylic acid groups.  Hydrogen-bond 

formation between these terminal carboxylic acid groups appeared to be a major driving 
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force for the formation of a nematic mesophase.  Since the carboxylic acids are on an 

aromatic structure within the polymer, hydrogen bonding is able to promote the 

generation of long and rigid structures.  Furthermore, esterification of these carboxylic 

acids resulted in the polymers becoming non liquid crystalline as observed in the DSC 

thermograms (Figure 1.7).10  

 

 

Figure 1.7  DSC thermograms of acids 1.5 and 1.6 (a) before and (b) after esterification.10 
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Using a mixed convergent/divergent synthesis, Donnio et al.5 synthesized and 

studied the first true main chain liquid crystalline dendrimers.  The liquid crystalline 

dendrimers are composed of mesogenic segments separated by aliphatic spacers allowing 

for the mesogenic dendritic skeleton to participate in the molecular organization within 

the mesophases.  Since large anisotropic groups are present within the dendritic skeleton, 

the dendrimers are forced to adopt constrained and regular structures favoring enthalpic 

gain by producing the most stable structure.   
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Figure 1.9  DSC of octopus dendrimer 1.7b.5 

 

Figure 1.10  Polarized optical microscopy of hexagonal columnar mesophase.5 

 

The dendritic branches were prepared using the mixed convergent/divergent 

method.  The dendrimers were formed when the dendritic branches were attached to a 

tetrapodant central cover through amido linkages (Figure 1.8).5   The dendrimers 

exhibited hexagonal columnar mesophases attributed to the mismatch between the 

aromatic and aliphatic surface areas (Figure 1.9, Figure 1.10).   An onion-type structure 
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of the columns is proposed with successive concentric layers composed of aromatic and 

aliphatic constituents (Figure 1.11).  These dendrimers synthesized by Donnio et al., 

however, self-assemble into liquid crystalline supramolecular columns rather than form 

traditional mesophases such as Percec’s and Han’s hyperbranched polymers (Figure 1.4, 

Figure 1.5, Figure 1.6).9,10        

 

Figure 1.11  Self-assembly of dendrimers into a columnar hexagonal phase.5 

 

1.2.2 Liquid Crystalline Dendrimers with Mesogens at the Periphery 

The majority of research done in the subfield of liquid crystalline dendrimers has 

involved peripherally-functionalized dendrimers where mesogens are attached at the 

exterior of a dendritic scaffold.  This class of liquid crystalline dendrimers is analogous to 
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side chain liquid crystalline polymers.  Both liquid crystalline dendrimers with terminal 

mesogenic groups and side chain liquid crystalline polymers consist of a polymeric chain, 

spacer group, and terminal (side chain) mesogenic groups.11 The only difference between 

the two is the topology of the polymeric chain being linear in the case of side chain liquid 

crystalline polymers and dendritic in the case of liquid crystalline dendrimers. 

The first peripherally modified liquid crystalline dendrimers synthesized were 

based on a carbosilane scaffold.12 The molecules were composed of a flexible carbosilane 

core to which cholesteryl mesogens were attached at the surface (Figure 1.12).   
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Figure 1.12  Schematic representation of the first (a) and second (b) generations carbosilane liquid 
crystalline dendrimers.12 

 

The mesogenic units induced the formation of crystalline and liquid crystalline 

phases.  First and second generation dendrimers were crystalline at ambient temperatures 

but formed smectic mesophases between 80 and 90 oC.  The third generation dendrimer 

did not show any mesophase which was interpreted as a consequence of the increasingly 

spherical geometry of the higher generations.  In addition, AFM studies revealed that 

these dendrimers are able to form monolayers as well as flat multilayers.   These film 

formation behaviors were attributed to the lack of topological constrains such as 

entanglements and interaction between the mesogenic units.   
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Muzafarov et al.11 studied the effect of generation number on the phase behavior 

of carbosilane liquid crystalline dendrimers.   They studied the phase behaviors and 

structures of five generations of liquid crystalline carbosilane dendrimers with 8, 16, 32, 

64, and 128 terminal cyanobiphenyl groups.  Hydrosilylation of mesogenic 

cyanobiphenyls linked through an undecylenic spacer to a carbosilane dendritic matrix 

afforded the dendrimers (Figure 1.13).11   

 

Figure 1.13  Carbosilane dendrimers with terminal cyanobiphenyl mesogenic groups.11 
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Phase behavior study showed that generations 1-3 had two different mesophases 

from room temperature to 92 oC (Figure 14).  Upon cooling from the clearing point, 

formation of a focal conic fan-shaped texture occurred indicative of a smectic A (SmA) 

phase.  Further cooling to 50 oC caused the focal conic fan-shaped texture to transform 

into a schlieren one corresponding to the transition of smectic A into smectic C (SmC).  

The transition is fully reversible and multiple heating and cooling of the samples led to 

the same textural changes.11   

 

Figure 1.14  Phase behavior of various carbosilane dendrimers with terminal cyanobiphenyl mesogens.11 

 

The fourth generation dendrimer revealed a smectic A mesophase over the whole 

temperature range up to the clearing point of 109 oC.  At 109 oC, DSC showed only one 

first-order phase transition with an enthalpy of 3.7 J/g corresponding to the transition 

from smectic A to the isotropic melt.  In increasing the generation number from 3 to 4 
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and changing the terminal groups from 32 to 64 cyanobiphenyl mesogenic groups, the 

clearing temperature increased by 17 oC and the smectic C mesophase disappeared.   

Two birefringent mosaic textures were observed for the fifth generation 

dendrimer upon heating from 70 to 135 oC.  These textures were attributed to columnar 

mesophases.  Muzafarov et al.11 concluded that at lower temperatures, alignment of 

cyanobiphenyl mesogens led to the smectic mesophases (Figure 1.15) whereas at the 

higher temperature region, supramolecular assembling of the molecules corresponded to 

the columnar mesophase (Figure 1.16).11   

 

Figure 1.15  Alignment of cyanobiphenyl mesogens in the lower generation dendrimers.11 
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Figure 1.16  Supramolecular self-assembly of the fifth generation dendrimer into (top) rectangular ordering 
of ellipsoidal columns (Drec) at 70 oC and (bottom) hexagonal ordering of rounded columns (Dhd) at 130 
oC.11 

 

They also concluded that two opposing tendencies were occurring with increasing 

generation of dendrimers.  One is the increasing phase transition temperatures because of 

the strengthening cooperative interactions of the increasing number of terminal 

mesogenic groups.  The other is a decrease of the enthalpy of phase transitions because 
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molecules of the liquid crystalline dendrimer become more and more rigid and spherical 

due to the larger size and crowding of peripheral groups.   

Diele et al.13 studied liquid crystalline dendrimers based on poly(propyleneimine) 

(DAB) dendrimers substituted with 3,4-bis(decyloxy)benzoyl groups at the periphery 

(Figure 1.17).  They observed hexagonal columnar mesophases for the second through 

fourth generations.  However, the lattice parameters of the hexagonal columnar phases do 

not correspond to the diameter of flat, two-dimensional disk-like molecules, as 

determined from molecular modeling, even if total interdigitation of the terminal aliphatic 

chains were assumed.  The authors attributed the organization to microphase separation 

of polar and apolar regions along the hexagonal columnar lattice.   
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Figure 1.17  Poly(propyleneimine) dendrimer functionalized with 3,4-bis(decyloxy) benzoyl groups. 

 

 Poly(propyleneimine) dendrimers were also used in a study by Meijer et al.14on 

the effect of molecular structure on the self-assembly of different dendritic mesogens in 

the liquid crystalline mesophase.   
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Figure 1.18  Poly(propyleneimine) dendrimer functionalized with cyanobiphenyl mesogens at the 
periphery.14 

 

The focus of the study was to determine if a dendritic skeleton impeded liquid crystalline 

properties or whether the high concentration of mesogenic units in a dendritic molecule 

leads to some type of pre-organization thus facilitating the formation of mesophases.  

They varied both the spacer length of the cyanobiphenyl mesogens as well as the 

generations of the dendrimers.    

 The dendrimers described by Meijer et al. were poly(propyleneimine) (DAB) 

dendrimers functionalized with pentyloxy and decyloxy cyanobiphenyl mesogens at the 

periphery (Figure 1.18).  Differential scanning calorimetry, polarization microscopy, and 

X-ray analyses indicated that smectic A mesophases were formed by all generations of 

dendrimers (Figure 1.19, Figure 1.20).   
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Figure 1.19  Smectic A mesophase exhibited by DAB dendrimers with pentyloxy spacers.14 

 

Lower generation dendrimers with the pentyloxy spacers had a tendency to crystallize at 

low temperatures which was attributed to the branched topology of the dendritic skeleton.  

The authors believed that the dendrimers with the pentyloxy spacers have peripheral 

mesogens that are still strongly coupled to the dendritic skeleton.   

Dendrimers with the decyloxy cyanobiphenyls also exhibited smectic A 

mesophases but with higher transition temperatures presumed to be induced by hydrogen 

bonding within the dendritic part.  In addition, differential scanning calorimetry and 

microscopy showed that the highest generation formed the best focal-conic fan structures 

believed to be due to a tighter packing of the mesogens (Figure 1.20).  This is in contrast 

with previous mesogenic poly(propyleneimine) dendrimers and the idea that liquid 

crystallinity is less readily observed in higher generations.   
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Figure 1.20  Smectic A mesophase formed by mesogens with decyloxy spacers.14 

 

The smectic mesophase is formed by a phase separation between the anisometric 

rigid units and the flexible skeleton composed of the alkyl spacer and dendritic interior in 

addition to the microphase separation between the polar dendritic interior and the apolar 

mesogenic endgroups.14 The mesogenic endgroups are perpendicular with respect to the 

plane of the dendritic backbone (Figure 1.21).  The mesophase consists of consecutive 

layers in which the mesogenic units and the dendritic interior are separated.  X-ray 

investigations illustrated that the smectic mesophases formed had similar layer spacings 

for all generations for a given spacer.  This generation independent spacing indicates that 

the dendrimer, for all generations, occupies the same thickness in the smectic layers 

which means that the denditic interior must adopt a highly distorted conformation in the 

higher generations.  Meijer et al. suggest that the polar poly(propyleneimine) interior 

stabilizes the mesophase, accounting for the observed smectic phases in all generations of 

dendrimers.14   
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Figure 1.21  (a) Proposed mesophase layers due to phase separation between rigid rods and flexible alkyl 
chains and dendritic interior and (b) mesogen-mesogen interaction.14 

 

Serrano et al.7 studied the mesomorphic properties of the first five generations of 

poly(amidoamine) (PAMAM) and poly(propyleneimine) (DAB) polymers functionalized 

with promesogenic units at the termini.  The promesogenic units are derived from 

salilcylaldimine bearing one, two, or three terminal aliphatic chains (Figure 1.22).  In 

particular, they were interested in the influence of the substitution pattern of the 
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promesogenic salilcylaldimine on the mesophase of both types of dendrimers.  Optical 

microscopy, differential scanning calorimetry, and X-ray diffraction studies confirmed 

that all of the dendrimers were found to exhibit liquid crystalline properties. 
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PAMAM[Lx]n or DAB[Lx]n where:

L = mesogenic unit
x = number of terminal chains per mesogenic unit
n = number of mesogenic units

 

 

Figure 1.22  Poly(amidoamine) (PAMAM) and poly(propyleneimine) (DAB) dendrimers with 
salilcylaldimine mesogens containing one, two, or three alkyl chains.7 
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The number of chains on the peripheral anisotropic groups directly affected the 

nature of the liquid crystalline phase.  With one aliphatic chain on each mesogenic unit, 

they found that a smectic phase is induced whereas increasing the number of aliphatic 

chains to two or more on each promesogenic group led to the formation of columnar 

liquid crystalline structures.  The authors attributed the differences in the thermal 

behaviors of the dendrimers to their molecular conformations (radial or parallel) and the 

chemical incompatibility between different constitutive parts. 

A lamellar mesophase is observed for dendrimers with one aliphatic chain per 

terminal mesogen because the dendrimer is able to adopt the shape of a giant rod which 

then self-organize into layers (Figure 1.23).  This layering of dendritic rods allows for the 

formation of parallel arrangements of mesogenic groups on both sides of the dendritic 

scaffold accounting for the observed smectic phase.   

 

Figure 1.23  Lamellar smectic phase due to self-organization of rods.7 
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The attachment of additional aliphatic chains to the mesogenic units prevents this 

parallel arrangement which forces the dendrimers to adopt a disc-like shape with radially 

arranged aliphatic chains (Figure 1.24).  These discs self-assemble into columns due to 

phase separation, which further self-organize into columnar hexagonal phases. 

 

 

Figure 1.24  Dendrimers with two aliphatic chains must adopt a disc-like shape with radially arranged 
terminal chains.7 

 

In 1997, Levelut et al.15 synthesized the first ferrocene-containing liquid 

crystalline dendrimer.  Utilizing a convergent synthesis, they synthesized and studied a 

first generation dendrimer modified with ferrocene-based cholesterol mesogens at the 

periphery (Figure 1.25).  This first organometallic liquid crystalline dendrimer contained 

six peripheral ferrocene units and formed an enantiotropic smectic A phase between 47 

oC and 150 oC.15  The dendrimer also showed high thermal stability as no decomposition 

occurred up to 250 oC as confirmed by thermogravimetry. 
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O CO2(CH2)10
R =

1.14  

 

Figure 1.25  First ferrocene-containing liquid crystalline dendrimer.15 
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The first fullerene-containing liquid crystalline dendrimers were based on 

malonates functionalized with mesogenic cyanobiphenyls (Figure 1.26).16  Since the 

bulky fullerene unit would impede any liquid crystalline tendency, the authors were 

interested in studying the effect of a dendritic scaffold functionalized with mesogenic 

moieties on the thermotropic behavior of the dendritic molecule.  Deschenaux et al.16 

synthesized and studied five generations of fullerene-containing dendrimers.    All the 

dendrimers exhibited a smectic A mesophase except for the second generation which also 

exhibited a nematic phase in addition to the smectic phase.  

 

  

 

Figure 1.26  Fullerene-containing liquid crystalline dendrimer.16  

1.15 
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For the low generation dendrimers (zeroth and first), the authors attributed the 

observed mesophase to steric factors.  The fullerene moiety has a cross-sectional area of 

about 90-100 Å2 whereas the mesogenic group has a cross-sectional area of about 22-25 

Å2.  The authors proposed a head-to-tail arrangement of the dendrimers in the mesophase 

(Figure 1.27).16 

 

Figure 1.27  Proposed head-to-tail arrangement of dendrimers within the smectic A mesophase.16 

 

For high dendrimer generations, the fullerene moiety represents a minor part of 

the molecular structure as these dendrimers are mainly composed of branching nodes and 

mesogenic moieties including the aliphatic spacers.  The polar cyano groups thus 

essentially govern the structure of these high generation dendrimers.  However, the cyano 

groups are unable to orient parallel to each other since they are attached on either 

extremities of the dendrimer.  A microphase organization occurs within the mesogenic 

sublayers where the center is composed of the fullerene moiety and the layer interface is 

formed by the mesogenic cyano groups oriented in one main direction and partially 

interdigitated from one layer to the adjacent one (Figure 1.28).16 The authors were able to 

show that the size and shape of the fullerene were compensated by the dendritic scaffold 

functionalized with mesogenic groups.     
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Figure 1.28  Microphase organization within the mesogenic sublayers with the fullerene moiety at the 
center.16 

 

A couple of years later, the same research group reported the first mixed 

fullerene-ferrocene liquid crystalline dendrimer.17  The impetus for this study was the 

unique possibility of incorporating the redox properties of ferrocene and the 

photophysical properties of fullerenes within a dendritic architecture.  The second 

generation dendrimer exhibited a smectic A mesophase despite the presence of the bulky 

nonmesogenic fullerene. 
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The first liquid crystalline dendrimers based on a rigid, shape persistent scaffold 

were synthesized by Pesak and Moore in 1997.18  They attached flexible oligo(ethylene 

oxide) chains on the periphery of  rigid phenylacetylene dendrimers.  Three generations 

of phenylacetylene tridendrons functionalized with isophthalic acid bis-(2-[2-(2-

methoxy-ethoxy)-ethoxy]ethyl) esters on the periphery were synthesized by the 

convergent method (Figure 1.29).18  With a rigid, shape persistent scaffold, the authors 

believed that their phenylacetylene dendrimers were inherently mesogenic, behaving like 

disk-shaped objects.  All three dendrimers exhibited columnar discotic mesophases over a 

wide temperature range, about 250K. 
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Figure 1.29  Three generations of the first shape-persistant liquid crystalline dendrimers.18 
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Another shape persistent liquid crystalline dendrimer was reported by Meier and 

Lehmann in 1998.19 Utilizing convergent syntheses, they prepared three generations of 

stilbenoid dendrimers.  The core was a trisphosphanate to which various dendrons were 

attached to form the dendrimers.  The periphery of the dendrons were functionalized with 

tris(dodecyloxy)phenyl groups  in order to enhance solubility and to induce liquid 

crystallinity (Figure 1.30, Figure 1.31, Figure 1.32).  The first two generations generated 

two mesophases:  a discotic hexagonal disordered phase (Dhd) and a discotic rectangular 

disordered phase (Drd) for the first generation (Figure 1.30); and a discotic hexagonal 

disordered phase (Dhd) and a discotic oblique phase (Dob) for the second generation 

(Figure 1.31).  The third generation showed no mesophase due to steric hindrance (Figure 

1.32).    
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Figure 1.30  First generation stilbenoid dendrimer 1.19.19 
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Figure 1.31  Second generation stilbenoid dendrimer 1.20.19 
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Figure 1.32  Third generation stilbenoid dendrimer 1.21.19  

 

 

Figure 1.33  Discotic oblique (Dob) liquid crystalline phase of 1.20.19 
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A different type of rigid dendritic framework was used by Kobayashi et al.20 They 

studied rigid dendritic porphyrins modified with either eight or sixteen long alkyl chains 

on the periphery (Figure 1.34).20  XRD studies revealed that only the porphyrin with 

sixteen alkyl chains on the periphery exhibited a rectangular columnar structure (Colr) 

between 40 oC and 110 oC (Figure 1.35).     

N HN

NH N

R

R

R

R

1.22; R =

(CH2)11CH3

(CH2)11CH3

1.23; R =

H3C(H2C)11

(CH2)11CH3

(CH2)11CH3

H3C(H2C)11  

Figure 1.34  Porphyrin with eight or sixteen peripheral alkyl chains.20 
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Figure 1.35  XRD at 100 oC and polarized optical microscopy texture at 75 oC of the porphyrin 1.23.20 

 

Microphase separation of the rigid dendritic core and the flexible aliphatic chains 

of the periphery in tandem with the packing of the dendritic cores resulted in the 

columnar mesophase.  Upon the addition of C60 to this second generation dendrimer, the 

fluorescence of the dendrimer was quenched, even at low fullerene concentration, 

suggesting the formation of an associated complex.  In addition, the absorption spectra of 

the dendrimer changed upon fullerene addition, indicating a clear isosbestic point 

whereas the first generation dendrimer with only eight alkyl chains showed no change, 

even after the addition of a large excess of C60.  A different XRD pattern revealed that the 

addition of C60 to the nanospace of the second generation dendrimer changed the 

mesophase structure in the thermotropic liquid crystalline phase.  The needlelike texture 

reported between 100 and 250 oC was not identified by the authors. 
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 Peripherally modified ferroelectric liquid crystalline dendrimers have also been 

prepared.  Busson, Ihre, and Hult functionalized a third generation dendritic aliphatic 

polyester with a ferroelectric mesogen, 4”-((R)-1-methylheptyloxy)phenyl 4-(4’-(10-

(hydroxycarbonyl)decyloxy)-phenyl)benzoate through an acid chloride reaction (Scheme 

1.1).21   
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Scheme 1.1  Third generation ferroelectric liquid crystalline dendrimer with peripheral mesogenic units.21 

 

The compound exhibited a chiral smectic A (SmA*) phase between 132 and 148 

oC and a SmC* between 80 and 105 oC.     Upon application of a DC electric field within 

the SmA* phase, an induced tilt angle is produced with the highest value (9o) obtained at 
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the SmA* - SmC* transition for a DC electric field of 20 V.  Tilt angles of about 19o 

were obtained in the SmC* phase, a decrease from the maximum value of 26o found in 

the intermediate phases between SmA* and SmC*.  The authors attributed this decrease 

to the high viscosity of the SmC* phase and the low voltage of the electric field applied.   

The same research group prepared dendritic aliphatic polyesters peripherally 

modified with mesogens that contained the nonlinear optically-active chromophore 4-

(R)-1-methylalkoxy)-3-nitrophenyl (Figure 1.36).22  The dendrimers were designed to 

place an electron-accepting nitro group perpendicular to the long axis in order to enhance 

the nonlinear optical activity.   
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n = 1; 1.28
n = 2; 1.29

12

n
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Figure 1.36  Dendrimers functionalized with nonlinear optically-active chromophores.22  

 

The dendritic scaffold was based on the dihydroxy acid, 2,2-

bis(hydroxymethyl)propionic acid.  Both dendrimers exhibited SmA* and SmC* phases 

with 1.28 having a maximal spontaneous polarization Ps of 18 nC/cm2 at reduced 

temperature, Tr, of –6 oC whereas 1.29 obtaining a Ps of 66 nC/cm2 at Tr = -11 oC.  Hult 

et al.22 attributed these improved electrooptical properties to the presence of an electron-

accepting nitro group perpendicular to the long axis.   

A film of 1.29 was prepared to study its second-harmonic generation properties.  

Second harmonic coefficients d23 and d16 were of the same order of magnitude with d23 = 
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0.03 pm/V and d16 = 0.025 pm/V.  This was in agreement with other nitro-substituted 

ferroelectric liquid crystals offering a new alternative for the preparation of NLO active 

materials.   

 

1.2.3 Dendrimers which Self-Assemble into Liquid Crystalline Macromolecules 

 The Percec group has extensively studied the formation of liquid crystalline 

macromolecules through the self-assembly of small, but well-defined building blocks 

called monodendrons.  The use of supramolecular chemistry to self-assemble 

monodendrons into supramolecular dendrimers may be able to generate new synthetic 

strategies.  Through a systematic approach, the Percec group has elaborated on the 

design, synthesis, and structural analysis of various dendritic building blocks which 

produce macromolecular and supramolecular dendrimers that generate well-defined 

shapes in solid and melt states.   

His group used two different synthetic routes.  One route was based on AB2 rod-

like conformationally flexible building blocks which produce monodendrons and 

macromolecular dendrimers which display thermotropic calamitic nematic and smectic 

liquid crystalline phases in addition to crystalline phases.  The other route was based on 

various generations of monodendrons which exhibit a tapered shape.  Various recognition 

processes self-assemble these tapered monodendrons into a cylindrical or rod-like 

supramolecular architecture which is responsible for formation of thermotropic 

hexagonal columnar (Φh) LC phases.   The first results reported in 1993 were on the self-

assembly of various derivatives of 3,4,5-(p-dodecyloxybenzyloxy)benzoates.23  
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 Molecular recognition, a weak noncovalent interaction, was a focus by the Percec 

group in 1993.23  Endo- (generated by convergent cavities) and exo- (generated by larger 

bodies of similar size and shape) molecular recognition allows for the spontaneous 

generation of functional supramolecular architectures from the self-assembly of their 

components.23  Percec et al. reported the synthesis of a compound that exhibited a 

columnar hexagonal mesophase which resembled an ionic channel through self-assembly 

(Figure 1.37).23  The self-assembly of the enantiotropic thermotropic disordered columnar 

hexagonal phase (Φh) occurred from the complexation of 1.30 with sodium and 

potassium triflates (Figure 1.38).  In the benzoate, the benzo-15-crown-5 group acts as an 

endo-receptor and the 3,4,5-tris(p-dodecyloxybenzyloxy)benzoate tapered moiety acts as 

an exo-receptor.  Compound 1.30 complexed with NaCF3SO3 exhibited a hexagonal 

columnar (φh) mesophase as illustrated by DSC and polarized optical microscopy results.  

The driving force of the self-assembly is composed of both the exo-recognition of the 

tapered shape of 1.30 and the endo-recognition caused by the endo-crown ether receptor 

upon complexation.  
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Figure 1.37  Crown ether moiety which self-assembles into a columnar hexagonal mesophase.24 
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Figure 1.38  Self-assembly of 1.30 into a supramolecular columnar architecture. 

 

Percec et al. found that the length of the alkyl tails affects the thermotropic properties of 

the compounds.25 In order for the hexagonal columnar mesophase to be formed, the 

isotropic point must be below the temperature of the mesophase.  Only the compound 

with dodecyl chains at the 3, 4, and 5,- positions had a depressed disordering temperature 

allowing for mesophase formation.25   

In 1995, Percec focused on the design of an AB2 monomer that can produce a 

dendrimer that has the potential to display liquid crystallinity due to the mesogenic 

characters of the monomer.26   
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Scheme 1.2  Synthesis of mesogenic monomer 1.35.26 

 

Percec used 13-hydroxy-1-(4-hydroxyphenyl)-2-(4-hydroxy-4''-p-terphenylyl)-tridecane, 

1.35, as the optimum starting block (Scheme 1.2).  From this starting block, using the 

convergent synthesis method, four generations of monodendrons (Gn(OH)), 1.36, 1.38, 

1.40, and 1.42,  and dendrimers (Gn(D3)) (1.44 – 1.47) based on 1.35 were synthesized 

(Scheme 1.3).  GPC analysis using polystyrene standards indicated that the all the 
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monodendrons and dendrimers were monodisperse.  In addition, GPC results illustrated 

that the dendrimers were more compact than the monodendrons as seen in the 

hydrodynamic volume results.  Dendrimers with the shortest distances between their 

branching points were the most compact compared to dendrimers with longer distances 

between branched points.  
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Scheme 1.3  Synthesis of monodendrons and denerimers based on 1.35.26 
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Thermal behaviors of the monodendrons and dendrimers were characterized by 

DSC and thermal optical polarized microscopy.  For the monodendrons, as the generation 

increased, there was a higher tendency to form liquid crystalline phases and a lower rate 

of crystallization.  In addition, the isotropization temperature of the nematic phase and 

the smectic-nematic transition temperature both increased with the generation number 

(Table 1.1).   

Table 1.1  Molecular Weights and Thermal Transitions of Dendrons and Dendrimers.26 

Gn(X) 
or 

Gn(D3) 

MW Mn(GPC) Mw/Mn(GPC) Mn/MW Heatinga (°C) Coolinga 

(°C) 

G1(OH) 
1.36 

841.31 1293 1.04 1.54 K 66  i i 54 n 46 
K 

G2(OH) 
1.38 

2183.34 3540 1.05 1.62 K 61 n 92 i 
 
g 58 S 61 n 92 i 

i 89 n 53 
S 41 g 

G3(OH) 
1.40 

4867.40 7200 1.07 1.48 K1 58 K2 63 S 
69 n 105 i 
 
g 52 K 63 S 69 
n 105 i 

i 102 n 60 
S 57 K 51 
g 

G4(OH) 
1.42 

10235.53 14308 1.09 1.40 K 60 S 73 n 110 
i 
 
g 63 S 73 n 110 
i 

i 107 n 63 
S 

G1(Br) 
1.37 

904.21 1252 1.04 1.38 K1 53 K2 59 K3 
62 i 
 
K1 25 K2 52 K3 
59 i 

i 58 K2 2 
K1 

G2(Br) 
1.39 

2246.24 3168 1.06 1.41 K1 56 K2 58 n 
90 i 
 
g 28 S 59 N 90 i 

i 87 n 45 
S 

G3(Br) 
1.41 

4930.30 7343 1.07 1.49 K1 57 K2 65 S 
72 n 104 i 

i 101 n 67 
S 56 K 49 
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g 49 K 65 S 72 
n 104 i 

G1(D3) 
1.44 

2680.02 3588 1.05 1.34 K 47 n 73 i 
 
g 5 K 32 S 45 n 
73 i 

i 70 n 41 
S -3 

G2(D3) 
1.45 

6706.12 8679 1.07 1.29 g 36 S 51 n 96 i 
 
g 20 S 42 n 96 i 

i 92 n 18 
g 

G3(D3) 
1.46 

14758.31 17607 1.09 1.19 K 49 S 66 n 106 
i 
 
g 53 S 66 n 106 
i 

i 103 n 57 
S 15 g 

G4(D3) 
1.47 

30862.69 33118 1.09 1.07 K 49 S 70 n 108 
i 
 
g 49 S 70 n 108 
i 

i 105 n 54 
S 39 g 

a Data from the first heating and cooling are on the first line.  Data from second heating 
are on the second line. 
  

The various dendrimers showed a general increase in the smectic-nematic and 

nematic-isotropic transition temperatures as their size increased.  In plotting the enthalpy 

changes associated with the phase transition temperatures of the various monodendrons 

and dendrimers as a function of either the generation number or the number of repeat 

units, Percec found that the plots show a trend similar to that of main chain liquid 

crystalline polymers.26  From this result, they hypothesized that dendrimers and 

monodendrons resemble main chain liquid crystalline polymers.   

 X-ray diffraction studies were used to study the structure of the monodendrons 

and dendrimers in their nematic and smectic phases.  Results show that the viscosity of 

the nematic phase of hyperbranched and linear polymers of similar molecular weights 
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was higher than the monodendrons and dendrimers.  In addition, the nematic phase 

viscosity of the dendrimers was lower than the viscosity of the monodendrons, and thus 

the alignment of the dendrimers in a magnetic field was faster than that of the 

monodendrons.26  The monodendrons and dendrimers were generated from the anti 

conformation of the structural repeat unit derived from building block 1.35.26  This 

caused the liquid crystalline and crystalline phases of the first four generations of the 

monodendrons and dendrimers to have a non-spherical shape. 

The Percec group also studied the fluorophobic effect in the self-assembly process 

of tapered monodendrons.27 Perfluorinated alkanes are more rigid and linear and 

consequently, by replacing the perhydrogenated alkane with a perfluorinated one, any 

calamitic liquid crystalline phase is thermally stabilized.  In addition, microsegregation at 

the molecular level occurs when there are perfluorinated and perhydrogenated segments 

within the same molecule.  This microsegregation has been shown to be responsible for 

highly ordered lamellar thermotropic and lyotropic mesophases.   

Percec et al. synthesized and characterized simple tapered dendrons containing 

crown ethers which self-assemble into cylindrical or rod-like supramolecular dendrimers 

which display a thermotropic φh LC phase solely via the fluorophobic effect.28  In 

addition they compared the assembly to an assembly generated by a combination of 

fluorophobic and ion-mediated processes.  The fluorophobic effect is the decrease in 

miscibility and increase in rigidity and linearity in perfluorinated alkanes as compared to 

perhydrogenated alkanes.  In Figure 1.38, the complexation of the crown ether with Li, 

Na, and K trifluoromethanesulfonates resulted in a column structure in which the crown 
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ethers are placed side-by-side in the center of the column with their tapered side groups 

radiating toward the periphery.  When there is no complexation, the tapered building 

blocks only form lamellar crystals.   
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Scheme 1.4  Synthesis of semifluorinated dendrons with a crown moiety.28 
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Scheme 1.5  Synthesis of semifluorinated dendrons with a crown moiety and various fluorinated 
methylenic groups.28 
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Figure 1.39  Structure of 12-ABG. 

 

They synthesized semifluorinated dendrons with either a benzo-15-crown-5 or 15-

crown-5 moiety and various fluorinated methylenic groups (n = 4, 6, 8).  Differential 

scanning calorimetry, thermal optical polarized microscopy, and X-ray diffraction 

experiments help to investigate the self-assembling process of the semifluorinated tapered 

dendrons.  DSC results illustrated that 1.61 and 1.64 exhibit  (φh) phases. 
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Table 1.2  (φh) Phase Temperatures of 1.61 and 1.64.28 

 Heating (oC) Cooling (oC) 

1.61 21-31 2nd heating 25-12 2nd cooling 

1.64 14-78 2nd heating 74-0 2nd cooling 

  

In a study of the building blocks of various tapered dendrons, Percec et al. looked 

at the DSC curves of 1.53, 12F8-ABG (fluorinated), and 1.65, 12-ABG (non fluorinated), 

to compare the stability of the (φh) phases.28  They found that the fluorinated building 

block 1.53 had a (φh) from 87oC until 203oC whereas in the non-fluorinated 1.65, the  (φh) 

was stable only up to 143oC.  In addition, when looking at ion-mediated complexes 

(complexed with 1.0 mol NaOTf) of 12Fn-AG-15C5 with various fluorinated methylenic 

groups (n = 0-8) and their DSC results, they saw that when n increases, the stability of the  

(φh) increases.  When n = 4-8, both the  (φh)-isotropic and melting transition temperatures 

increase at a faster rate than when n = 0-4.  As a consequence, Percec writes that at n = 8, 

ion mediated self-assembly can be replaced by the fluorophobic effect.28  

X-ray diffraction analyses illustrate that column diameter can be controlled by 

ion-complexation and fluorination.  They found that in a series of ion-complexed 

building blocks (12Fn-AG-15C5, 1.61-1.63, with 1.0 mol NaOTf), the column diameter 

increases with increasing n ranging from 48.1 Å for n = 0 to 53.2 Å for n = 8.  It is 

hypothesized that this could be due to longer -CF2CF2- (1.58 Å) bonds as compared to -

CH2CH2- (1.54 Å).  When comparing an ion-mediated column to a non-complexed 

column, they found interesting results.  The diameter of 1.30-1.6 (1.6 mol NaOTf) was 
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found to be 61.7 Å while 1.30 had a diameter of 45.6 Å.  The large diameter in the 

complex is a result of the column having to accommodate both the cation and the bulky 

triflate counterion within the columnar structure.  Percec et al. account for this increase in 

column diameter with increasing values of n (as seen in DSC studies) and complexation 

of metal salts (as seen in the X-ray results) as a result of a structure in which the 

uncomplexed and complexed crown ethers are placed side-by-side in the center of the 

column with the melted tapered side groups radiating toward its periphery.28  The 

perfluorinated segments of the building blocks are microsegregated from the 

perhydrogenated and aromatic segments of the column.   
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Scheme 1.6  Synthesis of monodendrons that self-assemble into thermotropic liquid crystalline phases.29 
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In addition to designing monodendrons that form cylindrical dendrimers and 

subsequently columnar hexagonal liquid crystalline phases, Percec's group have also 

developed monodendrons that exhibit flat tapered and conical shapes (Figure 1.40).29  

These monodendrons can self-assemble into supramolecular dendrimers that display a 

spherical shape and subsequently a thermotropic cubic liquid crystalline phase.  Based on 

the convergent stepwise method, benzyl ether type monodendrons were synthesized 

according to polyhydroxy methyl benzoate building blocks.  The purity of all the 

monodendrons were determined by a combination of TLC, GPC, HPLC, 1H NMR, 13C 

NMR, elemental analysis, and MALDI-TOF.  

Percec found that using an AB3 building block such as methyl 3,4,5-tris-

hydroxybenzoate would lead to the second generation methyl benzoate ester (1.68), third 

generation benzyl alcohol (1.69), and fourth generation methyl benzoate ester (1.70) 

derivatives exhibiting an isomorphous cubic liquid crystalline phase of Pm3n.  They 

surmised that alkylation at all three sites of the benzoate would favor the generation of a 

conical shape due to a restricted cooperative rotation which requires the two external 

benzyl ethers to be orthogonal to the internal one whereas substitution at the 4- position 

only would allow free rotation about the benzyl ether bond favoring the formation of a 

flat tapered shape by the monodendrons.30 They found that the driving force for the self-

assembly of supramolecular dendrimers from functional monodendrons was a 

combination of hydrogen bonding, electrostatic and van der Waals interactions.  

However, they demonstrated that van der Waals interactions can be solely responsible for 

the self-assembly process since the ester derivatives of the monodendrons were still able 
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to form spherical supramolecular dendrimers which self assembled into cubic liquid 

crystalline phases without the assistance of hydrogen bonding found in the acid and 

alcohol derivatives of the same monodendrons.30  

 

 

Figure 1.40 Self-assembly of tapered dendrons into (a) supramolecular cylindrical and (b) spherical 
dendrimers and subsequent formation of the columnar hexagonal and cubic liquid crystalline 
supramolecules.30 

 

Percec et al. have demonstrated that tapered monodendrons functionalized with 

endo-receptors can self-assemble into a two-dimensional hexagonal lattice through 

various molecular recognition processes (fluorophobic effect and ion complexation) as 

seen earlier.  In 1998, Percec focused on building blocks which generate supramolecular 

columns that form channels due to the endo-receptors penetrating through the center of 

the column.31  When the endo receptor is replaced with a polymer backbone, the self-
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assembly of the tapered side groups into a cylindrical shape induces a helical chain 

conformation of the polymer which penetrates the center of the column.23,28,32  These 

columns have potential to serve as unidirectional membranes, ionic, electronic, and 

photonic conductors, and gene transfer devices.   
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Scheme 1.7  Synthesis of dendritic building blocks based on 1,4-biphenylene and 2,6-naphthylene.31  
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The tapered monodendrons used by Percec have been based on 3,4,5-

tris[alkyloxy-benzyloxy]benzoate first generation monodendron (nABG) where the n 

stands for the number of carbon atoms in the aliphatic tail, B for benzyloxy, and G for 

gallic acid.  To generate building blocks that form channels due to the endo-receptors 

penetrating through the center of the column, they synthesized a new series of 

monodendrons based on the the repeat unit in which the 1,4-phenylene group of the 

benzyl ether of nABG was replaced with a 1,4-biphenylene and 2,6-naphthylene (Scheme 

1.7).31  The alkyl tail length of the 2,6-naphthylene-functionalized monodendron was 

varied from 10 to 16 methylene units.  The resulting monodendrons were functionalized 

with a tetraethylene glycol endo-receptor which was attached to a polymethacrylate 

backbone.  All the building blocks self-assemble into cylindrical shapes with channels 

containing the polymer backbone or an aggregate of the endo-receptors.  Thermal and 

structural analysis were performed by a combination of differential scanning calorimetry 

(DSC), X-ray diffraction, and thermal optical polarized microscopy.   

 



 90 

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

OH

O

n = 10, 1.94
n = 12, 1.95
n = 14, 1.96
n = 16, 1.97
n = 12, 1.98*

HO(CH2CH2O)4TBDMS

DCC, DPTS, CH2Cl2 or DCE
reflux

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

O(CH2CH2O)4TBDMS

O

n = 10, 60%; 1.99
n = 12, 64%; 1.100
n = 14, 66%; 1.101
n = 16, 78%; 1.102
n = 12, 52%; 1.103*

HF.Py

THF
0 to 22 •C

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

O(CH2CH2O)4OH

O

n = 10, 78%; 1.104
n = 12, 95%; 1.105
n = 14, 71%; 1.106
n = 16, 99%; 1.107
n = 12, 94%; 1.108*

Et3N

CH2Cl2
0 to 22 •C

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

Hn(H2C)OArH2CO

O(CH2CHO)4

O

n = 10, 50%; 1.110
n = 12, 48%; 1.111
n = 14, 52%; 1.112
n = 16, 45%; 1.113
n = 12, 46%; 1.114*

O

CH2

CH3

Cl

O

H2C

CH3

1.109

 

Scheme 1.8  Synthesis of monodendrons with a tetraethylene glycol endo-receptor.31 

 

All the benzoic acids 1.94-1.97 (n = 10, 12, 14, 16) and 1.98* display a φh LC 

phase.  The longer chain derivatives show an increase in the column diameter with 

increasing chain lengths from 44.6 A for 1.95 to 47.3 A for 1.96 and up to 48.8 A for 

1.97.  The tetraethylene glycol derivatives, 1.104 and 1.105 both show a crystalline and 

an enantiotropic φh LC phase.  The thermal stability of the φh phase follows the increase 
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in the ratio of the aliphatic to both aromatic and oligooxyethylene components.  All the 

polymethacrylates (1.110-1.113)  and 1.114* display an enantiotropic φh LC phase with 

varying thermal stability.  Changing the aromatic substituent changes the stability of the 

supramolecular structure.  A naphthalene aromatic substitute into the polymethacrylates 

increases the thermal stability of the LC phase.  In addition, the longer alkyl chains 

compounds also show an increase in the stability of the LC mesophase.  The column 

diameter of the the polymethacrylates shows a dependence on the nature of the aromatic 

component and on the length of the alkyloxy tail.  Replacing the benzyl ether with a 

naphthyl methyl ether increases the column diameter.  In addition, the column diameter 

increases with increasing the length of the aliphatic tail for each compound series.  Percec 

et al. have demonstrated that control of the intracolumn superstructure, diameter, and 

thermal stability of the self-assembled φh LC phase can be achieved by manipulating the 

aromatic and aliphatic components of the tapered building blocks.31  

Since 1989, it has been predicted that a change in the dendritic shape to a nearly 

spherical one occurs upon increasing the generation number.  The structural change to a 

spherical shape was hypothesized because a discontinuity was frequently observed in the 

dependence of various physical parameters of dendrimers and monodendrons as a 

function of generation number (dendrimer effect).33  In 1998 Percec et al. elaborated on a 

structural analysis method that allows them to determine the shape and size of self-

assembled monodendritic building blocks by the X-ray analysis of the LC lattice formed 

by the supramolecular dendrimers.33  By working with a LC lattice, Percec et al. wrote 

that there is no long-range order in the atomic or molecular positions and that the high 
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and low density areas are due to the predominantly aromatic and aliphatic regions 

respectively.33  This method has allowed them to analyze cylindrical and spherical 

supramolecular and macromolecular dendrimers and the determination of the tapered, 

half-disk, conical, and hemispherical shapes of monodendritic building blocks.  As shown 

earlier, the first generation 12-ABG monodendron 1.30 self-assembles into a 

supramolecular cylinder which self-organizes into a hexagonal columnar lattice.  The 

monodendron has a flat tapered shape.  In the following investigations, Percec et al. has 

illustrated that by increasing the generation number of the 12-ABG monodendron, the 

shapes of both the monodendron and the resulting supramolecular dendrimer should 

change ultimately reaching a spherical shape.  
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Scheme 1.9  Synthesis of three generations of the AB3 based self-assembling 12-ABG monodendron.33 
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They synthesized three generations of the AB3 based self-assembling 12-ABG 

monodendron.  Thermal analysis was achieved through DSC and thermal optical 

polarized microscopy.  X-ray diffraction was used to determine structural analysis.    

Figure 1.41 outlines the self-assembly of the monodendritic building blocks into 

supramolecular dendrimers and their self-organization in lattices as a function of 

generation number.33   

 

1.118 1.119 1.120

 

Figure 1.41  Self-assembly of the monodendritic building blocks into supramolecular dendrimers and their 
subsequent self-organization into liquid crystalline lattices.33 
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As illustrated by the scheme, the generation number induces a continuous change 

in the shape of the monodendron.  The first-generation monodendron has a flat tapered 

shape equal to a quarter of a disk.  The second-generation mondendron has a half of a 

disk shape.  The third-generation monodendron undergoes the most dramatic change in 

shape and becomes a sixth of a sphere.  Since the most dramatic shape change occurs 

from generation 2 to 3, Percec et al. expect that this is where the physical properties of 

the dendrimers will show a discontinuity.33   

They compared the third-generation monodendron 1.120 to a similar fourth-

generation monodendron synthesized earlier, 1.70.  The only difference between the two 

monodendrons is that the fourth-generation monodendron has three alkyl tails on each 

exterior repeat unit as compared to one alkyl tail on each exterior repeat unit of the third-

generation 1.120.  As illustrated in Figure 1.41, the increase in the number of alkyl tails 

on the peripheral repeat unit increases the size of the monodendron from a sixth of a 

sphere to a half of a sphere.  Percec et al. have illustrated that the transition from 

cylindrical to spherical of the resulting supramolecular dendrimer depends on the 

monodendron architecture and functional group(s) in its core and on its periphery.33 

Fluorinated tapered dendrons were also functionalized with electroactive donor 

and acceptor groups at its apex.35 These dendrons self-assembled into columns that 

contained an optoelectronic element in the core.  The supramolecular columns self-

organized into homeotropically aligned hexagonal, centered and simple rectangular 

columnar mesophases (Figure 1.42).35  The columns contained π-stacks of donors, 



 96 

acceptors or donor-acceptor complexes exhibiting high charge carrier mobilities in their 

cores.35    

 

Figure 1.42.  Self-assembly of fluorinated tapered dendrons into liquid crystalline supramolecular 
assemblies with promising optoelectronic properties.35 
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a)  K2CO3, DMF, 70 °C (b)  LiAlH4, THF, 20 °C (c)  SOCl2, CH2Cl2, DMF (cat.), RT (d)  DEAD, PPh3, THF, 20 °C.  

Scheme 1.10  Synthesis of 3,4-bis(n-dodecan-1-yloxy)benzyl ether dendrons.36 

 

Furthermore, by attaching 3,4-bis(n-dodecan-1-yloxy)benzyl ether monodendrons 

to the periphery of Frechet-type dendritic repeat units (3,5-disubstituted benzyl ethers), 
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the Percec group produced a class of monodendrons that exhibited the largest diversity of 

monodendron and supramolecular dendrimer shapes known.36,37 They found that as the 

generation increased from the second through the fourth, the flat, tapered monodendrons 

represented larger and larger cross sections of its respective supramolecular cylinder.37 

The fifth generation monodendron adopted a globular shape in the bulk state which in 

turn self-assembled into a cubic liquid crystalline phase, Pm3n. 

As illustrated above, the Percec group has achieved a systematic design and 

synthesis of macromolecules with controlled backbone conformation, shape (spherical 

and cylindrical), and size.  Their convergent methodology has resulted in the construction 

of flat, tapered monodendrons that self-assemble into supramolecular dendrimers.  The 

cylindrical supramolecular dendrimers self-organize in a hexagonal columnar two-

dimensional P6mm lattice.  Increasing the number of alkyloxy substituents of the benzyl 

ether groups on the periphery of the AB3 monodendron, from one in the para position to 

two or three placed in the 3,4- or 3,4,5-positions changes the overall shape of the 

monodendron from flat tapered into conical.  The conical monodendrons self-assemble 

into spherical supramolecular dendrimers which self-organize in a three dimensional 

Pm3n cubic liquid crystalline lattice.   

In addition, Percec has shown that the fluorophobic effect induces the self-

assembly of semifluorinated tapered monodendrons containing crown ethers into 

supramolecular columnar dendrimers.  This self-assembly by the fluorophobic effect 

added to the arsenal of other molecular recognition proceses such as ion-mediated and H-

bonding.  This will allow Percec and other groups to apply this technique to self-
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assembly and in the stabilization of other related supramolecular systems.  Percec has 

also investigated the discontinuity in the physical properties of dendrimers as they 

increase in generation.  He illustrated that an increase in the generation of AB3 

monodendrons causes a continuous change in the shape of the monodendron.  The first 

generation has a flat tapered shape equal to a quarter disk, the second-generation has half 

a disk shape, and the third generation has the shape of a sixth of a sphere.  In addition to 

the monodendron architecture, the functional group in the monodendron’s core and on its 

periphery also affects the shape of the resulting supramolecular dendrimer.   

 

1.3 Aim and Scope of Thesis 

 

With polymeric azobenzene liquid crystals showing great promise as possible 

optical devices and the increasing interest in the design and syntheses of dendrimers, our 

focus is aimed at the liquid crystalline properties of dendrimers functionalized with 

mesogenic azobenzenes.  The goals of our work entail the preparation and studies of 

photochromic dendritic compounds with irradiation wavelength dependent properties and 

dendritic liquid crystalline compounds with photochromic response.  We would like to 

develop an understanding of the roles dendritic fragments and mesogenic azobenzenes 

can play in determining the mesogenic properties of azobenzene-containing dendrimers.  

More simply put, what determines the formation of the mesophase:  the mesogenic 

azobenzenes; the “simple” dendrimer functionalized with the azobenzene; or the self-

assembly of the dendrimers into mesogenic supramolecular structures?  In addition, we 
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would like to see what effect the photoisomerization of the azobenzenes has in these 

systems.   

Chapter 2 describes the syntheses of dendritic azobenzenes and their film 

characteristics at various media interfaces.  Langmuir monolayers of amphiphilic 

dendrons exhibit a radial orientation upon compression at the air-water interface.  

Reversible photoisomerization of the Langmuir monolayers is demonstrated.  In addition, 

a large mismatch between the cross-sectional areas of the polar head and the alkyl tail of 

a small molecule azobenzene containing a benzyl-15-crown-5 focal point and a single 

dodecyl chain as a peripheral group causes a large tilt of the alkyl tails from the surface 

normal at the air-water interface.   

Chapter 3 describes the thermal characteristics of a family of dendritic 

azobenzene benzoic acids.  The zeroth generation showed no liquid crystalline properties 

whereas the first and second generation acids have an increased propensity to form 

mesophases.  The first generation acid forms a smectic mesophase composed of bilayers 

due to the hydrogen bonding between the molecules.  The second generation acid forms a 

more complex liquid crystalline phase with multiple diffraction peaks observed in the X-

ray diffraction.     

Chapter 4 discusses the synthesis and properties of multi-photochromic liquid 

crystalline dendrimers.  Their spectral and thermal properties are compared and 

contrasted.  The dendritic scaffold has no effect on the thermal back-isomerization of 

either the linear nor nonlinear tris(azobenzene)s in solution.  In addition, size exclusion 

chromatography illustrates that isomerization of linear multi-photochromic 
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tris(azobenzene)s involves some energy transfer between the chromophores.  Both types 

of tris(azobenzene)s exhibit liquid crystalline behavior with the nonlinear 

tris(azobenzene)s supporting a hexagonal columnar mesophase whereas the linear 

tris(azobenzene)s form smectic C and hexagonal columnar liquid crystalline phases. 
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2.  Photoresponsive Amphiphilic Dendrons on Surfaces 
 

2.1 Introduction 
 

In the age of shrinking operational dimensions in micro- and nanodevices, and the 

increased demand for materials with extreme properties, the surface microstructure and 

interfacial behavior of materials are becoming paramount in maximizing their 

performance.  Applications involving friction, shearing, lubrication, abrasion, wetting, 

adhesion, adsorption, and indentation all rely heavily not only on bulk properties but also 

the aforementioned characteristics of materials.1-4  With the increasing demand for more 

sophisticated surfaces, materials with interfacial properties that undergo reversible 

changes in response to external conditions or stimuli have been the focus of many 

materials scientists.   

Studies in the field of adaptive/responsive surfaces began several decades ago in 

an attempt to understand the relationships between bulk properties/composition of 

pristine polymeric materials and “smart” or “intelligent” surface behavior.  In many 

studies, tuning the interface for specific applications, and design of the topmost surface 

layer to incorporate all the necessary elements controlling a predictable surface response, 

or a variable surface response under different conditions were the main goals.5-8  This 

requires a complete understanding of the materials’ bulk properties and at the phase 

boundaries.  In addition, advances in material science imposes requirements for dual 

surface properties that frequently are in conflict:  hydrophobic and hydrophilic, acidic 
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and basic, conductive or non-conductive, adhesive or repellent, and ability to release or 

adsorb some species.9   

 Subtle changes in the external environment such as pH, temperature, and solvent 

quality can affect organic and polymer layers that are grafted onto surfaces.10-14  These 

responses to external stimuli often lead to concomitant changes in physical properties 

which are applicable in colloid stabilization, drug delivery, biomimetic materials, 

chemical gates, and tuning lubrication, friction, adhesion, and wettability for tailored 

surfaces.15-21  The responsive surface polymer layers can be designed by using a number 

of various approaches including several major designs as represented in Figure 2.1.9 

 

 

Figure 2.1  Several representative designs of switchable grafted layers.9 

 

Previous approaches have included reversible photoisomerization reaction of 

grafted photochromic segments, reversible swelling/collapse of water-soluble grafted 
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polymers, and phase separation in binary grafted brushes or grafted diblock copolymers 

(Figure 2.1).9  The introduction to this chapter focuses on the efforts made to prepare, 

characterize, and understand the structure/properties relationships of adaptive/responsive 

surface layers attached to or deposited on the material’s surface that utilize photochromic 

groups capable of changing their configuration due to external UV.  Our efforts toward 

this goal will also be presented.   

 

2.1.1 Photoresponsive Surfaces 

 

The majority of work done in photoresponsive surface layers have utilized the 

ability of the azobenzene chromophore to change its molecular structure upon 

photoirradiation (Figure 2.2).  When irradiated with ultraviolet light, azobenzenes 

undergo changes in:  absorption profile, molecular dimension, and dipole moment.22 

Configurational isomerization in both the E to Z and Z to E directions are induced by 

wavelength-dependent irradiation.  Z to E thermal isomerization is observed due to the 

greater stability of the E isomer (ca. 50 kJ/mol). 

 

N

N

N N

h!

h!, !

trans (E)

2.1

cis (Z)

 

Figure 2.2  Photoisomerization of azobenzene. 
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 Incorporation of the photochromic azobenzene moiety in macromolecular systems 

has enabled the study of a wide variety of photoactive materials.  These materials derive 

their interesting properties from the property changes induced by reversible isomerization 

of the azobenzene chromophore.  Incorporation of azobenzenes in nondendritic polymers 

has previously been reported and applied to liquid crystal displays and devices, reversible 

optical storage systems, nonlinear optical waveguides, photorefractive switches, and 

holographic gratings.23-26 

 The first attempt at the fabrication of monolayers from photochromic molecules 

was by Seki et al.27  Using the Langmuir-Blodgett technique, they synthesized LB films 

of poly(vinyl alcohol) (PVA) derivatives having azobenzene side chains.  The interest 

was in using amphiphilic photochromic agents to align liquid crystals.  In the films, the 

PVA backbone prevents close interaction of the azobenzene units due to the steric 

requirement.  The films were then placed in contact with various liquid crystalline (LC) 

molecules.  Trans-cis photoisomerization of the azobenzene units in the polymeric LB 

layers is able to command alignment of nematic LCs between homeotropic and planar 

modes (Figure 2.3).  Single azobenzene monolayers are sufficient to induce LC alignment 

changes provided that the azobenzene unit is separated from the PVA backbone by an 

aliphatic spacer of adequate length.  Irradiation with linearly polarized UV light induces 

subsequent reorientation of LC molecules directing orthogonal to the polarization plane.  

This reorientation behavior is strongly dependent on the spacer length of the azobenzene 

LB films and deposition numbers.   
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Figure 2.3  Schematic illustration of the surface photoregulation of nematic LC alignment by the 
azobenzene LB layer.27 

 

 In 1995, Sekkat et al. provided evidence of persistent dichroism in a monolayer 

consisting of azosilane molecules self-assembled on a quartz glass slide (Figure 2.4).28  

The photoinduced dichroism was found to increase until a maximum value was reached 

(3 min).  Longer irradiation progressively produced less dichroism until isotropy was 

finally regained.  This dichroism can be written/erased, and rewritten for several cycles 

without any fatigue appearing in the azosilane layer.  In addition, rotating the polarization 

of the irradiating light through 90° easily inverts the sign of the anisotropy.  The authors 

argue that this “smart communication” between light polarization and an ultrathin 

photochromic layer may be useful for anisotropically altering the structural and/or optical 

properties of ultrathin supramolecular structures containing azobenzene molecules.28   
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Figure 2.4  Monolayer consisting of azosilane molecules self-assembled on a quartz glass slide.28 

 

 Azobenzene monolayers on silicon have also been prepared by two different 

synthetic methods:  chemisorption of triethoxysilanes (Figure 2.5), and acylation of 

amine-functionalized self-assembled monolayers with acid chloride derivatives (Figure 

2.6).29  A series of films were prepared with different methylene spacer lengths and 

different terminal end groups (pentyl vs hydrogen).  The resulting films were 

characterized using water contact angles, X-ray photoelectron spectroscopy (PES), 

attenuated total reflectance infrared spectroscopy (ATR), and X-ray reflectivity (XR).  

Although the authors found evidence for successful attachment of azobenzene to the 
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surfaces, film thicknesses as determined by XR suggest uniform, but incomplete 

monolayers.29   

XR consistently revealed film thicknesses that were lower than those anticipated 

for monolayer structures containing fully trans-extended polymethylene chains and 

trans-azobenzenes.  Exposure of azobenzene monolayers to 354 nm light decreased the 

water contact angles.  Although the effect was small (2-9°), it was reproducible.  The 

largest photoinduced changes in contact angles (9°) were observed for films prepared by 

acylation and with terminal pentyl groups; for one of these films, XR monitoring of film 

thicknesses showed a 1 Å increase in film thickness during 354 nm irradiation.29   

 

 

Figure 2.5  Direct deposition of alkyltriethoxysilanes containing azobenzenes.29 
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Figure 2.6  Films prepared by the coupling reactions of acid chlorides with amine-functionalized SAMs.29 

 

 Photomechanical response, or the reversible changes of the surface pressure of 

azo-containing monolayers under illumination with different wavelengths within Lanmuir 

monolayers was studied by Seki et al.30  The change in surface pressure is attributed to 

the direct change of intramonolayer packing density caused by the changing shape of the 

molecules.  The authors measured the photoinduced expansion and contraction response 

in monolayers consisting of poly(vinyl alcohol) derivatives having an azobenzene side 

chain at the air-water interface.  Surface potential measurements confirmed the model of 

photostimulated motions (Figure 2.7).30  Upon UV irradiation, the monolayer of azo-
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containing poly(vinyl alcohol) undergoes a 3-fold expansion at low pressures.  In the 

trans state, the azobenzene moiety in the side chain is confined in the monolayer array on 

the air side.  Upon isomerization to the cis state, the azobenzene moiety undergoes a large 

increase in dipole moment causing contact with the water surface, thus giving rise to a 

large expansion of the film.  Upon visible light irradiation, the reverse process takes place 

with full reproducibility.   

 

Figure 2.7  Schematic representation of the reversible photoinduced area changes of an azo-containing 
PVA monolayer at the air-water interface.30 
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 Direct photomechanical response was also observed for the surface layers of 

chemically grafted polypeptides with incorporated azobenzene groups.31  The authors 

used a single molecule force-spectroscopy to demonstrate that the contour length of the 

grafted macromolecules can be reversibly shortened or lengthened by the 

photoisomerization reaction.  This proves the ability of a single polymer molecule to 

conserve photomechanical energy, which is critical for designing future molecular level 

nanomachines.31   

Yokoyama et al. investigated dipolar, amphiphilic dendrons with electron 

donor/acceptor azobenzene branches for possible use in optoelectronic and electronic 

applications.32-34  Using repeated carbodiimide-catalyzed ester couplings, azobenzene-

containing dendrons 2.4 and 2.5 up to the fourth generation were prepared (Scheme 2.1).  

In these structures, donor/acceptor azobenzene subunits are present at each branch point, 

the focal point is a carboxyl residue, and the periphery consists of hydrophobic 

hexadecanoyl esters.  The amphiphilic character is generated by the carboxyl focal point 

and the hydrophobic periphery allows these dendrons to be incorporated into self-

assembled molecular films using Langmuir-Blodgett techniques.  In this fashion, the 

donor/acceptor azobenzenes were maintained in a non-centrosymmetric environment 

appropriate for second harmonic generation (SHG) activity.  Films of both pure dendrons 

and dendrons in a mixture with arachidic acid were fabricated.   
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Scheme 2.1  Synthesis of donor/acceptor azobenzene-containing dendrons by Yokoyama et al.32-34 

 

 Transmission SHG measurements revealed that the SHG was fully coherent 

suggesting that the thin film was of uniform polar order or molecular orientation.  In 

addition, SHG activity was greater in the films diluted with arachidic acid (64 times 

quartz for 2.4d) compared to pure films (2 times quartz for 2.4d).  The scaled SHG 

results versus the fraction of number density of dendron in the diluted films indicate a 

plateau region between films of 1/10 and 1/80 ratios of dendron-arachidic acid.  

Presumably, arachidic acid improves the molecular orientation and packing arrangement 

of the film.  A greater than expected enhancement in the SHG was observed for the 

fourth generation dendron 2.4d in the diluted films.  The authors claim that the polar 

order of these dendrons increases with larger generations.  
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 A study of related dendrons in solution was also reported by the same group.34  

The molecular hyperpolarizability of the nonlinear optical (NLO) azobenzenes was 

measured by the hyper-Rayleigh scattering (HRS) method.  The β2
zzz/β2

xzz value of 4.5 

was estimated from depolarized HRS signal intensities of a chloroform solution.  Close to 

the theoretical value of 5.0 for a linearly polarized molecule with one dominant β 

component, this value correlated to the thin rod model suggesting that the azobenzene 

units are arranged non-centrosymmetrically in solution.  This is in apparent contradiction 

with evidence that dendritic macromolecules tend to be spherical or globular with 

spreading branches.  The nonresonant hyperpolarizabilities of the dendrons not only 

increased with the number of chromophoric branching units, but also were enhanced by 

up to 33% greater than just simply adding the monomer β0 values.  This increase is 

attributed to the intermolecular non-centrosymmetric orientation of the azobenzene units 

within the dendron resulting in each chromophoric unit coherently contributing to the 

SHG.  This effect was also found to be solvent dependent, highly supporting that the 

effect is conformational in nature.   

Meijer and Weener were the first to consider using dendritic macromolecules 

modified with azobenzenes to obtain photoresponsive surfaces.35  They prepared 

amphiphilic dendrimers of five generations based on a relatively hydrophilic 

poly(propylene imine) core and hydrophobic hydrocarbon periphery units and studied 

their self-assembly at the air-water interface and as aggregates in solution (Figure 2.8).  

Their results illustrate the extreme conformational flexibility available to dendrimers 

under certain structural and environmental circumstances.  Three different kinds of 
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periphery units were studied:  palmitoyl groups (2.6); alkyl chains containing azobenzene 

chromophores (2.7); and adamantine substituents (2.8).  While the pressure-area 

isotherms indicate that dendrimers 2.8 are forming multilayers at the air-water interface, 

dendrimers 2.6 and 2.7 form stable monolayers with the molecular area per molecule 

exhibiting a linear increase with the number of peripheral alkyl chains.  The assumed 

orientation of the dendritic amphiphiles is where the hydrophilic dendritic 

poly(propyleneimine) core is pointing at the aqueous phase and all the hydrophobic tails 

attached to the core are oriented perpendicularly to the water surface in parallel fashion 

(Figure 2.9a).  The azobenzene moieties in dendrimers 2.7 serve as effective probes of 

conformation in this system.  A significant blue shift of the azobenzene π−π* transition 

to 316 nm indicates H-type aggregates in the alkyl tail region of the structures.  With the 

adamantine dendrimers 2.8, the persistent globular structure prevents the flat 

conformation of the core and thus explains the non-linear increase of the observed 

molecular area with the number of adamantine units attached to the different generation 

of dendrimers.   

 



 117 

2.6a: n = 4
2.6b: n = 8
2.6c: n = 16
2.6d: n = 32
2.6e: n = 64

NNO ON
H

O

N
H

O

N
H

O
2.8a: n = 4
2.8b: n = 8
2.8c: n = 16
2.8d: n = 32
2.8e: n = 64

2.7a: n = 4
2.7b: n = 8
2.7c: n = 16
2.7d: n = 32
2.7e: n = 64

n

NNO ON
H

O
N
H

O

m

n

n

n

2.9: n = 32; m = 32  

Figure 2.8  End group modifications of poly(propylene imine) dendrimers.35  Black circles represent PPI 
dendrimers of varying generation. 

 

When these amphiphilic dendrimers were dispersed in buffered water (pH = 1), 

aggregation into vesicles with bilayer walls was supported by TEM, dynamic light 

scattering, critical aggregation concentration, fluorescence depolarization, XRD, and 

osmotic behavior measurements (Figure 2.9b).  In addition, UV-Vis measurements 

indicate H-packing in dispersions of dendrimers 2.7.  The authors suggest that 

protonation of the poly(propyleneimine) core leads to an extended dendritic structure as a 

result of Coulombic repulsion.  This in turn facilitates changes in dendrimer shape 

allowing the formation of parallel-packed bilayers (Figure 2.9b). 
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Figure 2.9  (a)  Schematic representation of the organization of amphiphilic dendrimers in a monolayer at 
an air-water interface.  (b)  Schematic representation of bilayer formation of amphiphilic dendrimers in 
acidic water.35  (c)  Schematic representation of individual bilayers of azobenzene-containing vesicles in 
aqueous solution.36 
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Vesicles of this type were extensively investigated by the group of De Schryver.37  

Fifth generation poly(propylene imine) dendrimers functionalized with 64 palmitoyl 

(2.6e), 32 palmitoyl and 32 azobenzene (2.9), or 64 azobenzene groups (2.7e) were 

shown to form giant spherical vesicles up to 22 um in size in aqueous solution at pH 1 or 

pH 5.5.  The size distribution and morphology of the vesicles were affected by pH and 

substituents on the dendrimers.  At higher pH (less than 8), smaller vesicles are formed, 

and with increasing azobenzene substituents, larger vesicles are formed.  The 

azobenzene-containing vesicles were fluorescent (λex = 420, λem = 600) and showed a 

blue-shifted absorption band at 310 nm with multiple shoulders to the red.  Confocal laser 

scanning microscopy z-scans indicated that azobenzene fluorescence was fairly constant 

through the entire vesicle structure.  Based on these and other data, the authors propose a 

multilaminar onion-like structure with individual bilayers consisting of interdigitated 

dendrimer end groups (Figure 2.9c).  The fluorescence of the vesicles, as well as the blue-

shifted absorption, is strong evidence for the indicated aggregation of the azobenzene 

moieties within the bilayers.38 

Irradiation with a focused laser beam of either 420 or 1064 nm light induces an 

increase in fluorescence intensity of the vesicles.  The enhancement, including a shift in 

emission maximum to 530 nm, is consistent with cis-trans isomerization cycles of the 

azobenzenes leading to a reorganization to a different state of aggregation.  The nature of 

this new state of aggregation may involve an increase in head-to-tail stacked azobenzenes 

as well as a decrease in the pH in the vicinity of the azobenzenes.  
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Weener and Meijer demonstrated that Langmuir monolayers of dendrimers with a 

mixture of palmitoyl and azobenzene-containing periphery groups (2.9) exhibit distinctly 

different photochromic behavior from the corresponding monolayers fabricated of all 

azobenzene-containing periphery groups (2.7a-e).39  Whereas the azobenzenes in the 

latter monolayers showed evidence of aggregation and did not undergo E-Z isomerization 

when irradiated with 365 nm light, the azobenzenes in the former mixed monolayers 

show no evidence of aggregation and undergo reversible E-Z isomerization.  The E-Z 

isomerization is accompanied by a change in surface area at a constant pressure (20 

mN/m).  A LB film of 2.9 was prepared and also shown to exhibit E-Z isomerization 

behavior upon irradiation.  The advantage of preparing mixed monolayers of azobenzene-

containing and non-azobenzene-containing amphiphiles attached to a dendritic scaffold, 

as opposed to monomeric units, is that phase separation within the monolayer is 

suppressed. 

Monodendrons, with a focal functional group and semi-spherical shape are 

interesting candidates for organized monolayer formation and surface functionalization 

because of their specific shape and the dendritic nature of the shell.  Furthermore, 

application of the azobenzene as a photochromic group within the monodendrons is a 

promising way to control the surface properties of dendritic monolayers.  There are 

various modern applications that require highly ordered coatings of nanoscale thickness 

with smart behavior and switchable properties:  microelectromechanical systems, 

microfluidic devices, micro- and nanopatterning, and optical data storage devices.40  
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Photochromic amphiphilic dendrons are attractive candidates for these functional 

coatings. 

In Chapter 2 we are interested in the monolayer properties of photochromic 

amphiphilic dendrons at various interfaces.  The structure of monodendrons with 

appropriate amphiphilic balance between hydrophilic cores and hydrophobic shells 

allows for the ordered organization of the molecules at interfaces and surfaces in the form 

of self-assembled or Langmuir monolayers.  These small molecule azobenzenes not only 

provide spectral information about conformation flexibility and anchoring abilities on 

several interfaces, but also serve as building blocks toward the synthesis of 

multiphotochromic liquid crystalline dendrimers described in Chapter 4.     

The following is a review of experiments done in a collaborative effort with 

material scientists from the Vladimir Tsukruk group at Iowa State University.  In order to 

study the behavior of our amphiphilic dendritic azobenzenes at various interfaces, several 

X-ray techniques such as grazing incidence X-ray diffraction (GIXD) and X-ray 

reflectivity (XRR) in addition to powder X-ray diffraction were utilized.  A brief 

overview on X-ray fundamentals and crystallography precedes the review of 

experiments.   

 

2.2 X-Ray  

2.2.1 Introduction 

X-rays were discovered by Roentgen in 1895.41  X-rays are primarily used in:  

creating images of light-opaque materials for medical and industrial applications; X-ray 
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crystallography to gather information about the structure of crystalline materials; and X-

ray fluorescence spectrometry to determine the amounts of particular elements in 

materials.  This section focuses on the use of X-ray to discover information about the 

structure of materials. 

Around 1910 von Laue reasoned that if X-rays were electromagnetic waves, and 

if crystals were regular arrangements of matter, then crystals should act as 3-D diffraction 

gratings for the penetrating X-rays.41  This was an idea based on Lord Rayleigh’s 

emphasis on periodic repetition as the most essential characteristic of a grating.41   

 

 

Figure 2.10.  Interaction of X-rays within a crystalline structure.42  

 

When X-ray radiation passes through matter, the radiation interacts with the 

electrons in the atoms, resulting in scattering of the radiation. If the atoms are organized 

in planes (i.e. the matter is crystalline) and the distances between the atoms are of the 

same magnitude as the wavelength of the X-rays, constructive and destructive 

interference will occur. This results in diffraction where X-rays are emitted at 

characteristic angles based on the spaces between the atoms organized in crystalline 
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structures called planes. Each atom can belong to many sets of crystal planes. Each set of 

planes has a specific interplanar distance and will give rise to a characteristic angle of 

diffracted X-rays. The relationship between wavelength, atomic spacing (d) and angle 

was solved as the Bragg Equation:  

 

nλ = 2d sin θ                     eq. 2.1 

where   n is an integer 

  λ is the wavelength of the X-rays 

  d is the interplanar spacing generating the diffraction 

  θ is the diffraction angle 

 

If the illuminating wavelengh is known (depends on the type of X-ray tube used and if a 

monochromator is employed) and the angle can be measured (with a diffractometer) then 

the interplanar distance can be calculated from the Bragg equation (eq. 2.1).  A set of 'd-

spaces' obtained from a single compound will represent the set of planes that can be 

passed through the atoms and can be used for comparison with sets of d-spaces obtained 

from standard compounds.  

 

2.2.2 Powder X-Ray Diffraction 

In powder X-ray diffraction, a sample consisting of many small crystallites with 

random orientations is subjected to incoming X-rays.  This method is much easier 
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experimentally in that one does not require a single crystal.  However, structure 

determination is more difficult and less reliable.   

 Radiation from copper X-ray tubes with a wavlength of 1.54 Å are directed at the 

powder specimen.  Diffracted X-ray beams are measured by a θ - θ diffractometer (the 

detector and X-ray tube move simultaneously) in a 2θ circle.  The diffracted beams 

follow Bragg’s law.  The “angle” of the diffraction (recorded as 2θ) is related to the 

interplanar spacing, d, by Bragg’s law, and the intensity of the diffraction maximum is 

related to the strength of the diffraction in the sample.  X-ray diffraction data is recorded 

in terms of 2θ vs. intensity. 

 

2.2.3 Crystallography 

Effective application of X-ray diffraction as an analytical tool in materials science 

necessitates an understanding of basic crystallography.  The orderly arrangement of 

atoms that make up a crystal is known as the crystal structure.  A crystal structure is like 

a 3-D wallpaper design in that it is an infinite repetition of a group of atoms.  It is a 

periodic space pattern.   

These patterns are classified according to the symmetry operations that yield 

them.  The three basic categories of symmetry elements are:  translation (parallel periodic 

displacement); point group symmetry (rotation and rotation-inversion axes, reflection 

planes); and space-group symmetry (screw axes, glide planes).41  Since the terminology 

used in this dissertation necessitates a basic understanding of these symmetry elements, a 

brief overview follows.   
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In order to create the “wallpaper”, translation (with or without rotation and 

reflection) is needed to create the complete structure (lattice).  The lattice is derived from 

the crystal structure by replacing each repeat motif with a point.  The lattice is therefore a 

collection of equipoints that portrays the translational periodicity of the structure.  In 

essence, a lattice is a collection of points in which every point has an identical 

environment as every other point within the pattern.   

 

 

Figure 2.11.  Notation of lattice points, rows, and planes.41 

 

A point in the lattice is chosen at the origin and defined as 000.  The a, b, and c axes 

define the directions within the crystal structure.  Lattice points are specified without 

brackets (100, 101, 102) whereas lattice rows are identified by brackets ([100] (a axis), 

[010] (b axis), [001] (c axis)).   
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Lattice planes are defined in terms of the Miller indices which are the reciprocals 

of the intercepts of the planes on the coordinate axes.  In Figure 2.11, since the plane has 

intercepts of (1a, 1b, 2c), the Miller indices are therefore 1/(1a), 1/(1b), and 1/(2c).  

Omitting the letters and finding a common denominator, the final indices are enclosed in 

parentheses: (221).  If the calculations result in indices that have a common factor such as 

(442), the simplest set of integers are used (221).  The integers within the Miller indices 

are designated as (hkl).   

 

 

Figure 2.12.  Examples of Miller indices.43  

 

 The perpendicular distance separating each lattice plane in a stack is denoted by 

the letter d.  Figure 2.13 shows several lattice planes and the associated spacings.  The a 

and c axes are in the plane of the paper while the b axis is perpendicular to the plane of 

the page.  The notation shown for the d spacing and the relationship to the particular 

lattice plane (i.e., d001, d101, d103) with the Miller index for the particular plane shown in 
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the subscript are standard notation used in crystallography and X-ray diffraction.  The 

measurement of these d-spacings and the variations in intensity of the diffractions caused 

by them can be used to uniquely “fingerprint” the crystal studied.  This is the basis of X-

ray crystallography. 

 

 

Figure 2.13.  Interplanar spacings.41 

 

The value of d depends on the dimensions of the unit cell.  The relationship 

between the unit cell edge lengths and the angles between those edges define a crystal 

system.  For example, the structure of a cubic unit cell is shown in Figure 2.14 

 



 128 

 

Figure 2.14.  Cubic unit cell.42  

 

 

 

Figure 2.15.  Examples of other unit cells.42  
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The values of the interplanar spacings (dhkl) can be used to determine the 

dimensions of the unit cell as shown in Table 2.1. 

 

Table 2.1.  Values of the Interplanar Spacing (dhkl) in the Six Crystal Systems.41 
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With decreasing symmetry, the calculations of these unit cell parameters becomes 

increasingly difficult.  In actual practice, these calculations are done with the aid of 

specific computer programs.   

 

2.2.4 Surface X-Ray Techniques 

2.2.4.1 Introduction 

In the previous section, the use of X-rays for characterization of bulk materials 

was discussed.  However the advantages of using X-rays for studying bulk materials 

(weak interaction, negation of multiple scatterings, and depth of penetration) are 

disadvantages in studying surfaces and interfaces.  Surface scientists have used 

experimental probes such as electrons to study the structure of atoms at surfaces and 

interfaces of thin films and multilayers.  However, strong interactions of the electrons at 

the surface causes multiple scatterings and thus problematic structure determination.  

 

 

Figure 2.16.  Grazing incident diffraction experiment.44 

 

With the availability of intense collimated beams from synchrotron sources, X-

rays have been used to study surfaces, monolayers, and thin films in recent years.    Two 
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basic X-ray scattering techniques are briefly discussed:  X-ray reflectivity and grazing 

incidence diffraction (Figure 2.17).  In both of these techniques, X-ray scattering 

intensities are measured as a function of the wave vector k (kx, ky, kz), and these 

measurements are collected at grazing angles of incidence (incident angle of 0.05° to 

1.5°).45   

 

 

Figure 2.17.  Schematic of X-ray scattering techniques relating different types of scans to different regions 
of reciprocal space, with typical scan profiles.45 

 

2.2.4.2 Grazing incidence X-ray diffraction 

Grazing incidence X-ray diffraction (GIXD) avoids the scattering from the 

substrate and also does not require a transparent substrate.  The grazing incidence 

geometry is based on the fact that at X-ray energies, the refractive index for most 

materials is slightly less than 1.0 thus allowing total external reflection from a surface if 

the incident angle is small enough.46  With GIXD, the substrate is not entirely invisible 

but the X-ray intensity is highest at the surface.   
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Figure 2.18.  (a) Diagram of a grazing incidence X-ray diffraction experiment and (b) 'Rods' formed in 
reciprocal space by a 2-D lattice of points, and the 'reciprocal disk' of an extended molecule.46 

 

If there is any lateral order at the surface or in a monolayer at the surface, the 

specular beam will have diffraction peaks.  The diffracted beam can be observed at not 

only grazing exit angles but at any angle thus resulting in a diffracted beam K that has 

both horizontal and vertical components.  If there is a 2-D lattice of points, the reciprocal 

lattice is a 2-D lattice of rods since there is no periodicity in the z-direction thus Kz is 

ignored.   

 When the unit cell contains molecules rather than points, the reciprocal lattice 

remains unaltered, remaining as rods normal to the plane.  This is due to the fact that 

surface scattering is in the form of rods rather than Bragg points.  The structure of the 

molecule and its orientation determines the intensity of these rods.  For instance, in 

Figure 2.18b, the lattice of rod-like molecules forms reciprocal disks.  The disk and the 

molecule have a common axis thus when the molecule tilts, so does the disk.  The 
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maximum intensity along a rod occurs when the reciprocal disk intersects the rod.  

Several different cases relevant to this dissertation are illustrated in Figure 2.19.46   

 

 

Figure 2.19.  Real- and reciprocal-space views, and characteristic diffraction patterns from an untilted 
phase, nearest-neighbor-tilted (NN) phase, a next-nearest neighbor-tilted (NNN) phase, and intermediate-
tilted phase.46 

 

Langmuir monolayers are powders in the plane so there is no way to distinguish Kx from 

Ky, thus only a Kxy is used.  Tilts within the molecules are determined by correlating the 

real- and reciprocal-space results with the tilt diagrams. 
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2.2.4.3 X-Ray Reflectivity 

When X-rays are applied to a material's flat surface at grazing angles of incidence, 

total reflection will occur at or below a certain angle, qc. This angle is exceedingly small 

and is referred to as the critical angle. In the case of Cu Kα radiation, the critical angle is 

0.22° for silicon on a glass plate, 0.42° for nickel, and 0.57° for gold. The angle varies 

depending upon the electronic density of the material. The higher the incident X-ray 

angle relative to the critical angle, the deeper the X-rays transmit into the material.  

 

 

Figure 2.20.  Specular X-ray reflectivity.47  

 

A typical reflectivity setup is shown in Figure 2.20.  In specular reflectivity the 

incident X-rays impinge on the sample at a small angle θ and the intensity of the 

specularly reflected X-rays is detected at an angle θ from the surface; the scattering angle 

is 2θ and the scattering vector is normal to the surface.  
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A detector is placed after a slit which measures the scattered X-ray intensity as a 

function of q (2k = kfinal – kinitial) by keeping one of the component, i.e. qy, equal to 0.45  

The well-collimated monochromatic incident X-ray beam strikes the surface at a grazing 

angle α and the scattered intensity is recorded in the plane of incidence at an angle β.  

The other two components of q become qz = (2π/λ)(sinβ + sinα) and qx = (2π/λ)(cosβ – 

cosα), where λ is the wavelength of the X-ray used.45  In the case of specular reflectivity 

experiments (the reflected intensity is confined in a direction symmetric from the incident 

one) α = β = θ, so that qx = 0 and qz = (4π/λ)(sinθ), and the scattering vector q is 

perpendicular to the surface, providing information about the mean electron density as a 

function of depth (z).45 

With a material whose surface is ideally flat, the reflectivity suddenly decreases at 

angles above the critical angle in proportion to q -4. If the material surface is rough, it 

causes a more drastic decrease in reflectivity. If such a material, serving as a substrate, is 

evenly overlaid with another material having a different electronic density, then reflected 

X-rays from the interface between the substrate and the thin film as well as from the free 

surface of the thin film will either constructively or destructively interfere with each other 

resulting in an interference induced oscillation pattern.  

To a first approximation, the intensity scattered by a sample is proportional to the 

square of modulus of the Fourier transform of the electron density. Thus the electron 

density (ρ) profile can be deduced from the measured intensity pattern, and subsequently 

the vertical properties (layer thicknesses) as well as the lateral properties (roughnesses 

and correlation properties of interfaces or lateral layer structure) characterizing 
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multilayers can be determined. Specifically, film thickness can be determined from the 

periodicity of the oscillation and information on the surface and interface from the 

angular dependency of the oscillation pattern's amplitude. 

 

2.3 Photoresponsive Langmuir Monolayers from Azobenzene-Containing          
Dendrons 

 

2.3.1 Introduction 

Monolayer-forming properties of four generations of azobenzene-crown-

containing dendrons were investigated.  These photochromic dendrons comprised of 

alkyl dendritic shells and polar azo crown heads were studied for their ability to suppress 

crystallization (Chart 2.1).  An azobenzene compound with a carboxylic acid polar group, 

2.14, was also synthesized for comparison purposes (Scheme 2.2).48 
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Chart 2.1  Photoresponsive amphiphilic dendrons. 
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Scheme 2.2  Synthesis of carboxy-terminated photoresponsive amphiphilic dendron 2.14. 

 

2.3.2 Results and Discussion 

Stable monolayers of all the dendritic compounds were formed on an air-water 

interface (Figure 2.21).  The monolayers exhibited classic amphiphilic behavior upon 

lateral compression with the π-Α isotherm shifting to higher cross-sectional area per 

molecule, Α0, with increasing generation number.  Stearic acid with one alkyl chain has 

an Α0 value of about 0.2 nm2 which demonstrates a virtually straight alkyl chain.  The 

carboxy azobenzene with three alkyl tails 2.14 has a cross-sectional area of 0.6 nm2 

illustrating that for simple amphiphilic azobenzenes with a carboxyl polar head, the 

surface packing properties are determined by the Α0 of a single alkyl chain multiplied by 

the number of alkyl tails in the molecule (Figure 2.21).48 
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Figure 2.21  Pressure-area isotherms of Langmuir monolayers.48 

 

In the dendrimer compounds, however, a different trend is observed.  For the 

lower generation dendrimers, with two (2.10), three (2.14), and four alkyl tails (2.11), the 

theoretical and experimental values of Α0 are virtually identical indicating a dense 

packing of vertically oriented tails in the monolayers.  For the second (2.12) and third 

(2.13) generations, however, the Α0 values are 30% higher than the theoretical values 

estimated from the multiplication of the number of alkyl tails to the Α0 of a single, 

vertically aligned alkyl tail (Figure 2.22).48  This suggests radial orientation of the 

peripheral chains due to steric limitations in the outer shell of the dendrons.    

2.10 2.11 

2.14 

 

2.12 
2.13 
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Figure 2.22  Cross-sectional areas of photoresponsive dendrons.48 

 

In order to understand the surface behavior of these azobenzene-containing 

dendrons, UV light was used to photoisomerize the chromophore.  In Figure 2.22, line A 

respresents the experimental cross-sectional areas of illuminated (open circle) and 

nonirradiated (closed circle) dendrons whereas line B respresents the theoretical cross-

sectional areas of the dendrons.48  As expected, geometrical changes in the azobenzene 

due to photoisomerization caused a change in the cross-sectional area at the air-water 

interface.  The first and second generations, 8 and 16 peripheral tails respectively, 

showed the largest change in cross-sectional area whereas the third, 2.13, and zeroth, 

2.10, generations illustrated minor changes. 

The photoisomerization of the azobenzene Langmuir monolayers was governed 

by first-order kinetics as also described by Dante et al.49 and Seki et al.50  Significant area 
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changes were seen in the first and second generation dendrons.  These changes are 

reversible and can be repeated many times.  The zeroth generation dendron, 2.10, showed 

no photomechanical response to the photoisomerization which was expected since the 

bulky polar head group governs the Α0 value since its surface area (45 Å2) is larger than 

the surface area of two alkyl chains (40 Å2).  On a similar account, the third generation 

dendron’s surface area was minimally affected by the isomerization of the azobenzene 

because of its high Α0 which is governed by the dense packing of the alkyl chains.     

 

2.3.3 Conclusions 

Four generations of azobenzene-containing amphiphilic dendrons and a small 

molecule azobenzene carboxylic acid with three alkyl chains were studied for their 

monolayer-forming properties at the air-water interface.  All the dendrons were able to 

form stable monolayers.  Higher generation dendrons radially orient their alkyl tails as 

compared to the vertical orientation of the alkyl chains in the lower generations.  Under 

photoisomerization conditions, only the first and second generation dendrons showed 

significant changes in their cross-sectional areas whereas the zeroth and third generation 

dendrons illustrated minimal changes in their areas.  This was attributed to the imbalance 

between the cross-sectional areas of the polar head group and the dendritic shells in the 

zeroth and third generation dendrons.  Thus only an optimal balance between the areas of 

the polar head groups and dendritic shells as seen in the first and second generation 

dendrons results in significant photomechanical response.   
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2.4 Low Generation Photochromic Monodendrons on a Solid Surface 
 

2.4.1 Introduction 

Azobenzene-containing monodendrons are ideal candidates for organized 

monolayer formation and functionalization because of special dendrimeric properties 

such as size and shape.  In addition, using the azobenzene as a photochromic switch can 

provide spectral information about conformation flexibility and anchoring abilities of the 

molecules at an interface.  Also, optical switching of the azobenzene is a promising way 

to control surface properties of dendritic monolayers.   

In order to focus on the properties of azobenzene-containing amphiphilic 

dendrons on a solid substrate, Langmuir-Blodgett monolayers of the dendrons earlier 

discussed in section 2.3 were studied.  The morphology of the LB monolayers was 

studied by scanning probe microscopy and the ultraviolet/visible (UV/Vis) spectra 

obtained for the monolayers on the solid surface.  Finally, the kinetics of 

photoisomerization of the monodendrons were also studied.   

 

2.4.2 Results and Discussion 

The photochromic properties of dendrons 2.10 – 2.13 in solution were studied.  

Photoisomerization of the azobenzene initiated the disappearance of the strong absorption 

peak at 365 nm attributed to the π-π* transition of the trans isomer.  The 365 nm band 

continues to disappear with illumination as two new peaks at 455 nm and 318 nm begin 

to appear.  The 455 nm peak is attributed to the n-π* transition which is the maximum 

wavelength of a typical azobenzene cis isomer.  The spectral changes due to UV 
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irradiation are typical of the reversible trans-cis isomerization of azobenzenes.  No 

constraints imposed by either the bulky polar head group nor dendrons were seen on the 

photoisomerization.  These results are consistent with previous experiments performed in 

our laboratory.     

 All four generations formed monolayers at the air-water interface which were 

subsequently deposited onto solid substrates at pressures of 15 mN m-1 and 30 mN m-1, 

corresponding to ‘solid’ state monolayers (Figure 2.24).  The thickness of the LB 

monolayers increases slightly with generation number from 2.4 nm to 3.6 nm for zeroth 

generation and third generation dendrons (Figure 2.23).  These values are smaller than 

the extended length of dendrimer molecules from molecular modeling indicating either a 

tilted molecular orientation within the monolayer or non-planar conformation of the 

molecules.   

Theoretical

Experimental

 

Figure 2.23  Theoretical and experimental monolayer thickness of films.51 
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 Monolayers of the crown-ether dendrons displayed homogenous and uniform 

morphology.  However, the azobenzene with the carboxyl head group (2.10) displayed 

well-defined domains of several microns across indicating that the monolayer exists in a 

two-phase state under these conditions.  This common type of morphology for 

azobenzene-containing amphiphiles indicates aggregation and two-dimensional 

crystallization of organic molecules during monolayer compression to the solid state.52-55   

 

 

Figure 2.24  Topography of solid monolayers.51 
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 As previously stated, the thickness of the monolayers, d, is lower than the length 

of the extended molecule, L.  The tilt angle, α, can be estimated using the relationship for 

tilted lamellar structures: 

α = arcsin (d/L)          (eq. 2.2) 

The average tilt angles for the dendrons was determined to be α = 50 ± 6ο.  Tilt angles 

of 40 – 60o are often caused by tilted packing of azobenzene groups due to strong dipole-

dipole interactions.56-58  However, in our case, loose packing of photochromic fragments 

was assumed rather than formation of J-aggregates as indicated by the UV spectra. 

Formation of J-aggregates would have provided a red shift of the π−π* transition 

band in the UV spectra of the monolayers.  However, the UV/Vis spectra of the LB 

monolayers is similar to the UV/Vis spectra of the solution indicating that these 

photochromic monolayers are not capable of forming neither J- nor H-aggregates in solid 

LB monolayers on solid substrates (Figure 2.25).  It was then concluded that the bulky 

dendron shells prohibit dense stacking of azobenzene groups and the aggregate 

formation.    
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Figure 2.25  UV-Vis of solid monolayers.51 

 

 Photoisomerization of the monolayers on quartz with 365 nm UV light led to the 

expected decrease in the absorption of the trans isomer band at 365 nm.  The decrease, 

however, was significantly slower as compared to the solution phase.  Continued 

illumination leads to the disappearance of the band.  Dark incubation for about 20 h 

causes a return to the initial state of the spectrum illustrating the reversibility of the 

photoisomerization.   

 The kinetics of the trans-cis photoisomerization of the films was investigated and 

two kinetics regimes were observed:  a fast regime obeying first order kinetics and a slow 

regime obeying zero order kinetics.  The monolayers displayed similar spectra to the 

spectra of the dendrimers in solution after full illumination.  This suggests that the 

isomerization of the photochromic dendrimers is constrained on solid substrates.  The fast 

2.10 

2.13 

2.12 

2.11 
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kinetic regime is attributed to the occupation of free volume available in the initial 

monolayer by a fraction of molecules in the folded configuration that requires a much 

larger cross-sectional area.  The process then turns to a slow diffusion limited 

reorganization within the intralayer structure.   

 

2.4.3 Conclusions 

Azobenzene-containing amphiphilic dendrons and their ability to form 

monolayers on solid surfaces were investigated.  The dendrons all formed smooth 

monolayers with photochromic response on solid surfaces.  The UV/Vis spectra were 

comparable to the spectra of the dendrimers in solution indicating the lack of aggregate 

formation due to the bulky dendritic shells prohibiting dense chromophore stacking.  The 

monolayers formed were uniform and smooth due to the optimal balance of the cross-

sectional areas of bulky polar head groups and dendritic shells.  This resulted in loose 

packing of the photochromic fragments leading to suppressed crystallization and 

aggregation.  A tilt angle of approximately 50 ±  6ο within the monolayers was supported 

by SPM data, ellipsometry measurements, and molecular modeling.  Constrained 

photochromic isomerization within the monolayers lead to two kinetics regime for the 

trans-cis isomerization.  The fast kinetic regime is attributed to rearrangement within the 

available free volume in the initial monolayer whereas the slow regime is governed by 

the diffusion limited reorganization within the intralayers.   
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2.5 Langmuir-Blodgett Monolayers from Lower Generation Amphiphilic 
Monodendrons 

 

2.5.1 Introduction 

The photochromic properties of four azobenzene-crown-containing 

monodendrons with C12H25 peripheral alkyl chains within solid monolayers were studied 

(Figure 2.26).  In addition to studying their photochromic transformations, efforts were 

also focused on determining the effect of chemical composition on the surface forming 

properties of these monodendrons.  These dendrons possess longer alkyl chains at the 

periphery than the dendrons described previously in this chapter.    
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Figure 2.26  Photoresponsive amphiphilic dendrons with C12H25 alkyl chains.59 
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2.5.2 Results and Discussion 

In solution, the dendrons showed characteristic azobenzene behavior with a strong 

absorption peak at 365 nm characteristic of the π−π* transition of the trans azobenzene.  

Upon irradiation with UV light, the intensity of this band decreases with a concomitant 

increase in the band at 455 nm which is attributed to the n−π* transition, the maximum 

wavelength of the cis isomer of the azobenzene.  This change upon irradiation is typical 

of trans-cis isomerization of an azobenzene.   

X-ray diffraction data gave information about the bulk properties of these 

monodendrons (Figure 2.27).  Dendrons with one (2.20) and two tails (2.21) in the bulk 

state were crystalline as evidenced by the sharp peaks in the wide-angle region 

corresponding to d-spacings from 0.9 to 0.3 nm which are typical for organic compounds 

with phenyl-containing fragments (Figure 2.27a).60  For compounds with multiple 

peripheral tails, only one diffuse halo was observed in the wide-angle range indicating 

materials with short-range ordering of molecular fragments (Figure 2.27b).   
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Figure 2.27  Wide-angle X-ray diffraction for (a) 2.20 and (b) 2.23.59 

 

Dendrons with two (2.21) and four (2.22) alkyl chains showed sharp peaks with 

multiple orders in the low-angle region whereas only one broad peak corresponding to a 

d-spacing of about 4.3 nm was observed for 2.20 and 2.23.  Compound 2.21, according to 

X-ray, had a main periodicity of 6.4 nm increasing to 8.4 nm for 2.22.  These 

periodicities from X-ray data for 2.21 and 2.22 are significantly larger than the length of 

the molecules calculated from molecular models in the extended conformation.  This 

indicates that the molecules maybe in a tilted intralayer packing motif or double-layer 

packing with partial overlap of the crown ether or azobenzene groups.   
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All the compounds exhibited classic amphiphilic behavior when spread on an air-

water interface to form Langmuir monolayers (Figure 2.28).  Lateral compression of the 

monolayers resulted in a gradual increase of the surface area with an increase in the 

generation number causing a shift of the π-A isotherm to higher cross-sectional area per 

molecule.  The cross-sectional area per molecule increased from 0.48 nm2 for 2.21 to 

1.55 nm2 for 2.23.  

 

10
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Figure 2.28  Pressure-area isotherms of amphiphilic dendrons.59 

 

Solid state monolayers were formed when all the dendrons were deposited on 

solid substrates at surface pressures of 30 and 15 mN/m.  Different pressures did not 

affect the thickness of the Langmuir Blodgett monolayers.  However, all the monolayer 

thicknesses were smaller than the extended length of the dendrimer molecules.  This data 
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combined with the larger than expected layered spacings from X-ray indicates tilted 

molecular orientation within the monolayers, with the molecular segments lying virtually 

flat on a solid substrate.   

Scanning probe microscopy (SPM) studies revealed smooth and uniform 

Langmuir Blodgett monolayers on solid supports from 2.22 and 2.23 (Figure 2.29, left).  

There was a lack of holes, islands, grain boundaries and uneven surface morphologies.  In 

addition phase images were also homogeneous once again indicating uniform 

composition of the monolayers (Figure 2.29, right).  Compound 2.21 displayed 

segregated domain morphology with lateral domain sizes of hundreds of nanometers 

across and visible inter-domain boundaries typical of crystallizable monolayers.  The 

monolayer microroughness was about 0.5 nm.   
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Figure 2.29  SPM topographical (left) and phase (right) images of monolayers.59 

 

Illumination of the monolayers with UV light did not change the monolayer 

thicknesses (Figure 2.30).  This indicates that any photoinitiated structural changes were 

confined to in-plane reorganization.  The initial UV spectra of the monolayers showed a 

red shift of the π−π* band from 365 nm to 372-374 nm.  J-type aggregation of the 

photochromic fragments within the monolayers may be responsible.  In J-type 
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aggregation, there are regular shifts along the main axes of the azobenzene groups as 

commonly found in tilted layered structures.  This supports the earlier suggestion of tilted 

packing of monodendron molecules within solid monolayers.   
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Figure 2.30  UV spectra of Langmuir-Blodgett monolayers in the trans state.59 

 

2.5.3 Conclusions 

Stable and uniform monolayers on solid substrates were formed by 

photoresponsive amphiphilic dendrons with C12H25 alkyl chains at the periphery.  The 

compounds demonstrated typical azobenzene isomerization in solution.  In comparison to 

the photochromic amphiphilic dendrons with shorter alkyl chains discussed earlier in this 

chapter, these dendrons exhibited similar photochemical response in both the Langmuir 

and Langmuir-Blodgett monolayers.  For all the dendrons, the monolayer thickness was 
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smaller than the length of the fully extended molecule suggesting a tilted orientation of 

the molecules within the monolayers.    

 

2.6 Molecular Packing of Amphiphiles with Crown Polar Heads at the Air-   

Water Interface 

2.6.1 Introduction 

Earlier in this chapter it was illustrated that the cross-sectional mismatch between 

the polar heads and dendritic shells with multiple alkyl-terminated branches determined 

the packing structure and physical behavior of the monolayers at both solid and liquid 

surfaces.  For photochromic dendrons with C10 alkyl chains at the 3- and 4- positions of 

the periphery, an optimal balance between the cross-sectional area of the focal polar 

group (crown ether) and the alkyl chains resulted in a significant and reversible 

photomechanical response of the dendritic Langmuir monolayers.  However, for 

dendrons where there was a mismatch, no significant photomechanical response was 

detected upon irradiation.   

This section focuses on the effects on molecular packing of a photoresponsive 

amphiphilic dendron (2.20) at the air-water interface due to a large cross-sectional area 

mismatch, more specifically, when the polar head group is significantly larger than the 

alkyl chains (Figure 2.31).  The dense packing of the polar head groups should have a 

significant impact on the packing of the alkyl tails due to the availability of free space.  

This large free space should lead to a highly disordered state of the flexible alkyl tails.  
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Figure 2.31  Single-tailed photochromic amphiphilic dendron with a large cross-sectional area mismatch.61 

 

2.6.2 Results and Discussion 

 The compound studied in this section is presented in (Figure 2.31).  Langmuir 

monolayers from this amphiphilic molecule with a bulky polar headgroup and a single 

alkyl tail displayed a gradual increase in surface pressure during lateral compression up 

to a point of collapse.  A solid monolayer of an approximate molecular area of about 40-

43 Å2 was formed upon compression (Figure 2.32).  This is twice the cross-sectional area 

of closely packed alkyl tails of 20 Å2.62  Molecular modeling calculated the cross-

sectional area of the bulky polar head group in the planar conformation to be about 45 Å2.  

The sharp increase in surface pressure below 43 Å2 in the π-A isotherm indicates that the 

polar crown-ether head group determines the dense packing of the molecules at the air-

water interface and not the alkyl tail.    
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Figure 2.32  Pressure-area isotherm for 2.20.61 

 

 Reflectivity data was collected at three different pressures:  20 mN/m, 10 mN/m, 

and 3 mN/m (Figure 2.33).  At the highest pressure, 20 mN/m, a sharper first minimum 

and a weak second minimum was observed in comparison to the diffuse reflectivity and 

poor first minimum that was observed at the lowest surface pressure.  A sharper first 

minimum indicates a more ordered packing of the molecular fragments.  A two-box 

model of the density distribution along the surface normal with variable length, density, 

and roughness of the boxes was used to analyze the experimental reflectivity data.  A 

best-fit distribution at the highest surface pressure is shown in Figure 2.33 where one box 

was assigned to the alkyl tail and a second box to the azobenzene-crown fragment.   
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Figure 2.33  X-ray reflectivity (a) and best fit plots (b) of 2.20 at 3 surface pressures.61  

  

From the best-fit plots of the reflectivity data, structural parameters for the 

monolayers were deduced.  The number of electrons per unit cell is estimated using the 

formula:  Nref = A∫ρ(z)dz where A is the molecular area from the π-A isotherm.     

The estimated number of electrons for the polar head group is 22 electrons larger than the 

number calculated from the chemical composition.  This could possibly be explained by 

two water molecules located in proximity to the crown ether and azobenzene.  In 

addition, this could account for the difference between the expected electronic density 

(0.37 e/Å3) and the observed density (0.41 e/Å3).  In fact, Pao et al. have reported that 
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crown ether hydrophilic cores are packed below the water surface.63 Reflectivity data also 

suggests that the polar head group and the azobenzene are tilted 48o from the surface 

normal indicating a kink in the middle of the molecule with the angle between two 

segments of about 10o, differing only a few degrees from the angle suggested from 

molecular modeling of the molecule.   

 At the highest pressure, the density of the alkyl tails (0.24 ± 0.05 e/Å3) is lower 

than the expected electron density of densely packed alkyl tails (0.3 – 0.33 e/Å3).  This 

indicates additional defects in monolayer structure such as interdomain boundaries or 

partial conformational disorder.  The two-box model fitted to the reflectivity data 

indicates that the terminal alkyl tails (lref = 7.5 ± 2.0 Å) is smaller than the calculated 

extended length of the tail (lmax = 15.2 Å) suggesting that the tails are significantly tilted 

toward the surface.  This could be explained by the fact that the single tail has a large 

surface area available (43 Å2) due to the bulky crown ether group beneath the alkyl layer.  

An estimated tilt angle θ of 60o was calculated from cos θ = lref/lmax.  This tilt angle is 

large for alkyl tails, which normally ranges from 10-30o.64,65  However, these normal tilt 

angles are for compounds in which there exists only a modest mismatch of cross-

sectional areas of nonbulky polar heads such as carboxyl groups and hydrocarbon chains.    

 Diffraction experiments of the monolayer at the lower pressures indicated little 

molecular ordering (Figure 2.34).  No Bragg reflections appeared in the lower pressures 

of 3 and 10 mN/m with only a wide diffuse halo originating from the water subphase.  At 

the highest surface pressure of 20 mN/m, three peaks fitted to Lorentzian type functions 

were assigned to 1.00, 1.43, and 1.59 Å-1 corresponding to d-spacings of 6.26, 4.40, and 
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3.94 Å respectively.  The two most intense peaks with higher Qxy values of 1.43 and 1.59 

Å-1 correspond to literature values of (1,1) and (2,0) planes in an orthorhombic unit cell 

of alkyl chains.  Calculations from this indexation result in a calculated unit cell size of 

7.88 Å by 5.29 Å corresponding to a cross-sectional area of 20.8 Å2 per alkyl chain of the 

molecule.  This value is within known area for densely packed and tilted alkyl tails from 

18.2 to 21.0 Å2.   

 

Figure 2.34  Diffraction curves for 2.20 at 3 different pressures (a) and high-resolution diffraction scan at 
20 mN/m (b).61 

 

 The peak at 1.00 Å-1 with a d-spacing of 6.26 Å does not fit a simple 

orthorhombic unit cell common for alkyl tails.  Instead, this peak corresponds to the 
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formation of supercell packing where the d spacing indexes to a simple fractional 

relationship (1,1/2) within the orthorhombic unit cell.  The supercell packing can be 

attributed to the large polar head, which causes space constraints imposed by the 

connection of the alkyl tails to the bulky polar head.  In essence, it is impossible to 

densely pack all polar fragments in the same orientation when the alkyl tails are tilted and 

densely packed themselves.  Instead, a top view of the monolayer indicates that the alkyl 

chains appear to be lying almost flat on top of the polar fragments covering a large 

surface area (42 Å2) in comparison to their cross-sectional area of 21 Å2 when they are 

tilted 58o from the surface normal (Figure 2.35).   

 

Figure 2.35  Molecular models of molecular packing within the unit cell proposed as viewed along the 
alkyl chains (a) and top view of monolayer surface covered with highly tilted alkyl tails (b).61 

  

In order to study the tilt of the alkyl chains, out-of-plane diffraction studies were 

conducted on the monolayer at the highest surface pressure.  The (1,1) peak disappears 

while the (1,1/2) and (2,0) peaks remain indicating the tilt of the alkyl chains in the (1,1) 
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direction.  Rod scans were used to determine the extent of this tilt.  The rod scans 

displayed angular behavior with a sharp spike in intensity at an exceedingly low angle 

followed by a gradual decrease in the intensity (Figure 2.36).  Fitting of the data set 

suggests that the alkyl tails are tilted toward their next nearest neighbor at an angle 

between 54 to 58o, virtually identical to the data obtained from reflectivity data (58o).   

 

 

 

Figure 2.36  Rod scans for the three diffraction peaks of 2.20.61 

  

When combining the independently gathered data from X-ray reflectivity, 

diffraction, and rod-scan data, a side view of the compound at the air-water interface can 

be proposed (Figure 2.37).  The alkyl tails are densely packed with a tilt of 58o from the 

surface normal.  The tails pack in a supercell while positional ordering of the alkyl tails is 

over 40 unit cells.  The formation of the supercell structure of the alkyl tails could be 

attributed to the space constraints caused by attachment to the densely packed bulky polar 

groups beneath the alkyl tail layer.   
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Figure 2.37  Model of the molecular packing of 2.20 at the air-water interface along with the 
corresponding electron density distribution.61 

  

Tilting of the alkyl chains alleviates the mismatch between the bulky head group 

and the alkyl tails.  This serves to increase the surface area covered by the tails and 

results in the elongation of the lattice formed by the alkyl tails in one (tilting) direction.  

However, for large headgroups like the crown ethers with a diameter of about 10.5 Å, 

extreme tilting of the alkyl chains to about 60o does not completely compensate for the 

misfit of the alkyl chain packing and the headgroup lattice.  Instead, the molecule adopts 

a supercell packing in which spacing in the a-direction is doubled to 10.58 Å in order to 

accommodate the full diameter of the polar head with some of the alkyl tails misaligned 

or distorted. 

 The extreme tilting of the alkyl chains and breaking the initial symmetry of 

packing is a result of the compound trying to form nonplanar aggregates within 

constraints imposed by a planar Langmuir monolayer.  These structural changes are 

similar to the reorganization of surfactant molecules into micellar structures in solution.  

Increasing the number of ethylene oxide units in polar heads causes increasing stability of 
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spherical micelles and destabilizing rod and lamellar aggregation.  Bending of the alkyl 

tails was proposed to accommodate head-tail balance for surfactants with large polar 

heads.  However, in our case, the planar morphology of the Langmuir monolayer imposes 

constraints preventing complete structural reorganization into nonplanar aggregates.    

 

2.7 Microstructure of Amphiphilic Monodendrons at the Air-Water Interface 

2.7.1 Introduction 

In the previous section, compound 2.20, with its large cross-sectional mismatch 

between the polar head group and the alkyl tail, formed a supercell orthorhombic 

structure upon packing with the single tail tilted significantly away from the surface 

normal.  In previous studies, the degree of tilt is closely associated with the surface 

pressure of the Langmuir layer.64,65  The higher the surface pressure, the smaller the tilt of 

the alkyl chains with the minor mismatch between the polar head group and the alkyl tail 

responsible for the small tilt still observed at the highest pressures.   

Xie et al. have previously studied the intralayer packing of bulky crown heads 

attached to hydrophobic tails where there was a significant cross-sectional mismatch 

between the headgroup and tails.66  They observed a phase transformation at higher 

pressures that they associated to a structural transition from planar to folded conformation 

of the side chains.  In these studies, the crown heads were oriented edge-on at the air-

water interface.  When the orientation was changed to face-on at the air-water interface, 

Percec et al. suggested that the molecules were essentially flat at low surface pressures 

but formed stable monolayers with standing chains at high surface pressures.63   
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In this study, X-ray reflectivity and X-ray grazing incident diffraction (XGID) 

were performed on Langmuir monolayers of azobenzene-containing amphiphilic 

dendrons containing more than one alkyl tail (Figure 2.26).  With an increase in the alkyl 

chains in the periphery, the cross-sectional mismatch should be shifted in favor of the 

peripheral tails, decreasing the tilt of the alkyl chains.  In addition, the effect of the 

increased number of tails on the packing exhibited by the molecules was also 

investigated.   

 

2.7.2 Results and Discussion 

All the compounds exhibited classic amphiphilic behavior upon compression with 

a decrease in the monolayer molecular area as surface pressure increased (Figure 2.38).  

The molecular areas determined from pressure-area isotherms for the one-, two-, four-, 

and eight-tail compounds are 43, 48, 77, and 155 Å2, respectively.  The cross-sectional 

area for the crown-ether head in a flat-on orientation at the interface is determined to be 

45 Å2.  For the one- and two-tail molecules, the cross-sectional area per tail is larger than 

the predicted 20 Å for a single alkyl tail.67  When the number of tails is increased to four 

and eight, the cross-sectional area per tail decreases to the expected value of 20 Å.  These 

results support the conclusion that for the model- and zeroth generation dendrons with 

only one- and two- alkyl tails, the crown-moiety determines the cross-sectional area of 

the molecules whereas for the first and second-generation dendrons, the alkyl tails govern 

the molecular area.   
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Figure 2.38.  Cross-sectional area per molecule and per tail for the series of amphiphilic dendrons.68 

 

 In the X-ray diffraction analysis of the zeroth generation compound, 2.21, the 

diffraction pattern changes dramatically when an additional alkyl tail is attached to the 

phenyl ring (Figure 2.39).  At both low and high pressures there are two well-defined 

peaks, with the peaks becoming more intense at a higher surface pressure.  In addition, an 

intermediate peak can be seen at the higher surface pressure.  The higher Q region 

appears to have a weak peak that can be refined to a third peak.   
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Figure 2.39  Diffraction pattern of 2.21 at three surface pressures.68 

 

Using Lorentzian functions to fit the data from the high resolution scans, the d-

spacings of the three peaks were obtained:  8.62, 4.71, and 4.22 Å.  The intensities of the 

first two peaks are too weak to be used in the calculation of the unit parameters and could 

also be an artifact from a mixed intramonolayer structure.  Indexing only the most intense 

peak as the (1,0) reflection of the hexagonal lattice, we were able to calculate a lattice 

parameter a = 4.87 Å with the unit cell having a surface area of 20.6 Å2 per alkyl chain, 

similar to the result for the single-tail compound, 2.20.  There appears to be disordering 

of the unit cell due to the width of the diffraction peak at (1,0) indicating a possible 

hexagonal structure that is an intermediate structure between the supercell orthorhombic 

unit cell of the single-tail compound and an ordered hexagonal unit cell.  Using high-

resolution diffraction scans at different reflection angles; all the diffraction peaks 
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disappear upon an increase of the reflection angle indicating that the tails are standing 

off-verticle from the surface plane (Figure 2.40). 

 

 

Figure 2.40  High-resolution scans  of 2.21 upon increasing the β angle.68 

 

For the compound with four alkyl tails, 2.22, there is only one intensive peak even 

at the lowest surface pressure indicating the formation of dense lateral packing of the 

alkyl tails within the monolayer (Figure 2.41).  The peak at 1.50 Å-1 corresponds to a 

4.18 Å d-spacing.  The single peak is also broad indicating once again a quasi-hexagonal 

unit cell with a calculated side of 4.83 Å and 20.1 Å2 area per chain.  The single broad 

asymmetric peak can be resolved into two overlapping peaks that disappear when the 

reflection angles are increased suggesting upright orientation of the alkyl tails similar to 

compound 2.21 and in contrast to 2.20.   
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Figure 2.41  Diffraction pattern for 2.22.68 

 

 In the second-generation dendron, 2.23, only one sharp peak, at 1.50 Å-1, is 

present in the diffraction pattern at all three surface pressures (Figure 2.42).  This peak 

calculates to a hexagonal unit cell with a length of 4.82 Å and a surface area of 20.1 Å2 

per alkyl tail, nearly identical to the unit cell of 2.22.  However, there appears to be more 

regular hexagonal packing with limited short-range ordering rather than the hexagonal 

structure of the previous two generations.  Once again, the tails are most likely arranged 

normal to the surface as the diffraction peak disappears with increasing reflection angle, 

β.   
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Figure 2.42  Diffraction pattern of 2.23.68 

 

 When comparing all the compounds and their diffraction patterns at the highest 

pressure, two diffraction peaks are observed in the 1.4-1.6 Å-1 region confirming the 

formation of the orthorhombic unit cell (Figure 2.43).  The model compound with only a 

single tail has an additional peak indicating a supercell packing of the alkyl tails caused 

by steric limitations as a result of its direct attachment to the bulky polar head group.  

When the bulky polar head groups pack beneath the alkyl sublayer, structural 

nonequivalency of the neighboring tails may result causing the observed effect. 
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Figure 2.43  Comparison of the observed diffraction patterns of all the dendrimer compounds at the highest 
surface pressure.68 

 

 The cross-sectional mismatch between the carboxyl headgroup and the 

hydrocarbon chain causes a slight tilt of the tails.  Peterson et al. calculated the area per 

tail for stearic acid to be between 19.5 and 20.0 Å2 for higher pressures.69 Compounds 

2.20 and 2.21 had higher calculated cross-sectional areas whereas the higher generation 

compounds, 2.22 and 2.23, had observed cross-sectional areas similar to those calculated 

for stearic acid by Peterson et al.69  In these compounds with multiple chains, the alkyl 

tails are oriented along the surface normal, unlike the molecule with a single chain with a 

large tilt.  The multi-tailed compounds have a much higher total cross-sectional area of 

the alkyl tails when compared to the molecular area of the polar head thus diminishing 

the distortion caused by the loosely packed polar heads on the densely packed alkyl 

chains.   

 

2.20 

2.21 

2.23 

2.22 
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 The calculated lengths for the diffraction peaks differed for each compound with a 

trend towards decreasing length with increasing number of alkyl tails (Table 2.2).  The 

highest correlation lengths and thus the most ordered intralayer packing was the model 

compound with a single alkyl tail (2.20).  The length is reduced significantly for the two-

tailed compound and decreases further for the four- and eight-tail compounds.  This trend 

can be explained by the steric conflicts within the branched tails.  In order for the 

compounds with the multiple tails to fit in a single monolayer, the tails, which are 

attached to a single core, must adopt a staggered packing pattern.  Due to the molecular 

design of the dendrons, higher generations have branches that emanate from a single 

phenyl ring that may limit the amount of positional ordering of the peripheral alkyl tails.   

Table 2.2.  Structural Parameters of the Langmuir Monolayers68 

 Stearic acid 2.20 2.21 2.22 2.23 
   d-Spacings, 

(Å) 
  

Peak 1  6.26 8.62   
Peak 2 4.24 4.40 4.71 4.18 4.17 
Peak 3 4.18 3.94 4.22   
   Unit Cell 

Parameters 
  

A (Å) 8.36 7.88 4.87 4.83 4.82 
B (Å) 4.83 5.29    
Area per 
chain (Å2) 

19.7 20.8 20.6 20.1 20.1 

Chain tilt (°) 16.5 58 4 3 4 
   Correlation 

Length, (Å) 
  

Peak 1  192    
Peak 2 57 165    
Peak 3 71 171 35 28 37 
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 Rod scans of selected diffraction maxima were used to confirm the different 

orientations of the alkyl tails for the different compounds.  For compound 2.21, the (1,0) 

peak indicates that the two tails are tilted four degrees in the NN direction.  As the 

generation is increased and thus the number of peripheral alkyl tails, the results for the 

(1,0) peaks indicates that the tails are tilted insignificantly, only three to four degrees 

from the surface normal (Table 2.2).  The results show that for compounds with multiple 

tails, the alkyl chains are virtually normal to the surface whereas the single-tailed 

compound has a tilt angle as high as 58o.   

 All of the amphiphilic dendrons form ordered intralayer packing at the air/water 

interface.  Compound 2.20 packs in a supercell orthorhombic unit cell despite the 

irregularly large tilt angle of the alkyl tails.  A mixed structure with tails oriented along 

the surface normal is found when 2.21 packs in a hexagonal unit cell.  Compounds 2.22 

and 2.23 also form hexagonal lattices with upright orientation of the alkyl tails.   No 

indications of a phase transition from flat-on to stand-off arrangement of the hydrophobic 

tails at different surface pressures were observed.  Molecular ordering only occurred at 

high surface pressure.  This behavior could be attributed to the chemical architecture of 

the molecules with the hydrophobic tails attached to the crown polar head at a single 

point.  Instead a “kink” structure is formed with the azobenzene spacer submerged in 

water in a tilted conformation (Figure 2.44). 
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Figure 2.44  Molecular models of the photochromic amphiphilic dendrons at the air/water interface 
illustrating the molecular conformation and orientation.68 

 

2.8 Synthesis  
 

In this section the synthesis of several photoresponsive amphiphilic dendrons is 

described.  In order to achieve this goal, small molecule azobenzenes containing free 

functional groups at the 4- and/or 4’- positions were required.  Standard diazotization of 

aniline followed by a reaction with phenol under basic conditions afforded various 

phenolic azobenzenes which could then be alkylated with dendrons of varying 

generation.   

As seen in the synthesis of 2.14 (Scheme 2.2), 2.16 was prepared by the 

diazotization of p-aminobenzoic acid, 2.15 (NaNO2/H2SO4), followed by a reaction with 

phenol under basic conditions (pH 11) in 58% yield.  Esterification of benzoic acid 2.16 

yielded the expected ethyl benzoate 2.17 but also the dialkylated side-product, ethyl 4-

(4’-ethyloxyphenylazo)benzoate.  The formation of the side-product is surprising in that 

the reaction is a simple acid catalyzed esterification.  In forming the side-product, a 

substitution reaction must occur para to the azobenzene.  Attempts at the preparation of 
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2.17 without the formation of the dialkylated product were unsuccessful under several 

reaction conditions (MeOH/H2SO4, HCl(g)/MeOH, and TsOH/MeOH).  In addition, 4-

(4’-ethyloxyphenylazo)benzoic acid was not formed.  This proved problematic as the 

desire is to synthesize azobenzenes with free carboxylic acid moieties at the 4-position in 

order to study their behavior at a variety of interfaces.   
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Scheme 2.3  Alkylation of azobenzene 2.16. 

 

In order to investigate the propensity of 2.16 to form esters rather than acids under 

Sn2 reactions, we alkylated 2.16 with 1-bromododecane (Scheme 2.3).  As seen in 

Scheme 2.3, alkylation led to the formation of the monoalkylated product, ester 2.25, and 

the dialkylated product, 2.24.  When the ester 2.17 is alkylated under the same alkylating 

conditions, the expected product, 2.26, is formed in good yield, 96%.  There is only one 

site, the phenoxide, that can act as the nucleophile in the Sn2 reaction thus no side 

reactions occur as seen in Scheme 2.4. 
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Scheme 2.4  Alkylation of 2.17. 
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Realizing that alkylation of the 4’-position of azobenzene 2.16 with the dendritic chloride 

2.18 would be unsuccessful, we coupled 2.18 to ester 2.17 under Williamson ether 

conditions followed by saponification (LiOH, THF/H2O) to afford the desired dendritic 

azobenzene 2.14 (Scheme 2.2).  Following precedent established by Smid et al. and 

Manabe, O. et al., azobenzene 2.33 was synthesized.71,72  

 With a viable route to dendritic azobenzene benzoic acids and azobenzene crown 

ether 2.33 with a free phenolic group at the 4’-position, we turned our focus to the 

synthesis of the dendrons.  The synthesis of the dendrons with hydrophobic dodecyl tails 

was performed according to established precedent (Scheme 2.5).73   
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Scheme 2.5  Synthesis of 3,4-bis(dodecyloxy) dendrons:  (a)  K2CO3, NaI (cat.), 18-C-6 (cat.), DMF, 85 °C 
(b) LiAlH4, THF, RT (c) SOCl2, CH2Cl2, DMF (cat.), RT (d) K2CO3, DMF (e) MsCl, Et3N, CH2Cl2, 0 °C to 
RT (f) diethylazodicarboxylate (DEAD), PPh3, THF, 0 °C.   
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A convergent stepwise pathway was used to synthesize three generations of 3,4-

bis(dodecyloxy) dendrons.  Benzoic acid 2.34 was esterified under acidic conditions and 

alkylated with 1-bromododecane to yield the zeroth generation ester 2.36 in 96% yield.  

The ester was reduced (LiAlH4), and the resulting zeroth generation alcohol 2.37 

chlorinated (SOCl2) to afford the zeroth generation chloride 2.38 in good yield (90%) 

without purification.  Alkylation of methyl 3,5-dihydroxybenzoate with 2.38 was 

accomplished in DMF to give the first generation ester 2.39 in 70% yield after 

purification by flash chromatography.  Reduction of 2.39 with LiAlH4 provided the first 

generation alcohol, 2.40, in 80% yield. 

 Initial attempts at chlorinating 2.40 with SOCl2 were unsuccessful due to cleavage 

of the dodecyloxy groups as reported elsewhere.74  The addition of the acid scavenger 

2,6-di-tert-butylpyridine decreased the amount of cleavage, but the high cost of the 

reagent stimulated our interest in another route to the second generation dendron.  Instead 

of transforming the alcohol to a good leaving group a halogenation procedure, we utilized 

Mitsonobu conditions (DEAD, PPh3, THF) to couple the first generation alcohol 2.40 

directly to methyl 3,5-dihydroxybenzoate to provide the second generation ester 2.42.  In 

this reaction the first generation alcohol 2.40 is sensitive to the type of azodicarboxylate 

used as using diisopropylazodicarboxylate (DIAD) did not produce the desired second 

generation ester.   

Although halogenation was not required to synthesize the second generation ester 

from the first generation alcohol, a successful route in transforming the benzyl alcohol 

(after the zeroth generation) into a good leaving group was still needed to attach the 
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dendrons to various azobenzenes.  Instead of halogenation, mesylation was used as a way 

to provide a good leaving group in post-zeroth generation dendrons.  Treatment of 2.40 

with mesyl chloride and NEt3 in CH2Cl2 provided the mesylates 2.41 and 2.44 in 96% 

and 91% yields, respectively, without further purification.   

 

N

N

OH

O

O
O

O

O

2.33

+ 2.38, 2.42, 2.44

N

N

OR

O

O
O

O

O

K2CO3

DMF

O

O

C12H25O

OC12H25

where R =

2n - 1

2n

2.21, n = 0
2.22, n = 1
2.23, n = 2  

Scheme 2.6  Synthesis of photoresponsive amphiphilic dendrons with C12 tails. 

 

With small molecule azobenzenes and dendrons in hand, we focused on the 

synthesis of photoresponsive amphiphilic dendrons (Scheme 2.6).    The dendrons were 

coupled with 2.33 under Williamson etherification procedures.  In addition, a single-

tailed amphiphilic dendron, 2.20, was also synthesized through the alkylation of 2.33 

with 1-bromododecane (Scheme 2.7).  
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Scheme 2.7  Synthesis of 2.20. 

 

2.9 Conclusions 

 

A series of photochromic amphiphilic dendrons at various interfaces were 

synthesized and studied.  The monodendrons with hydrophilic cores (acid and crown 

ether) and hydrophobic shells (long alkyl chains) formed self-assembled monolayers at 

the air-water and air-solid interfaces.  When there was an optimal balance between the 

surface areas of the hydrophilic cores and hydrophobic tails, isomerization of the 

photochromic azobenzene led to significant and reversible photomechanical response of 

the Langmuir monolayers.  In higher generation photochromic amphiphilic dendrons, the 

experimental cross-sectional area was higher (30%) than the theoretical value inferring 

radial orientation of the peripheral alkyl chains due to steric limitations in the outer shell. 

When there was a large mismatch of surface areas between the bulky polar head 

group (crown ether) and dendritic shell as seen in compound 2.20, there was a profound 

effect on the local ordering of the alkyl tails.  For the single-tailed compound 2.20, there 

was a significant tilt angle of the alkyl tail (58°) from the surface normal.  As the 

mismatch between the polar head group and the dendritic shell decreased, the tilt angle of 

the alkyl tails decreased until it is eliminated as seen in the molecules with two or more 
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alkyl chains (2.21, 2.22, 2.23).  Compound 2.20 formed a supercell orthorhombic 

packing, whereas 2.21 and 2.22 formed a mixed structure (quasi-hexagonal unit cell).  

Compound 2.23 formed a more stable hexagonal unit cell.  It is surmised that branching 

alkyl tails off the same phenyl ring and the presence of the phenyl rings in the vicinity of 

the branching were limiting factors on the chain packing at the air-water interface in 

monodendrons with multiple peripheral tails.   

 

2.10 Experimental 

 

Materials and Methods 
 
 NMR spectra were recorded on a Bruker AM-250 or DRX-500 spectrometer 

available at the University of Arizona.  Chemical shifts are reported in ppm (δ) 

referenced to internal residual solvent nuclei (1H).  All chemicals were purchased from 

commercial suppliers and used as received.  Flash chromatography using silica (Natland 

International Corp., silica gel 200-400 Mesh) was performed by the method of Still et 

al.75  Thin-layer chromatography (TLC) was performed on precoated TLC plates (Merck 

precoated 0.25mm silica gel 60 F254 plates).  Compounds 2.10-2.13,76 2.18,74 2.21-2.23,77 

2.27-2.33,71,72 and 2.34-2.4473 were prepared according to literature.   

 For the collaborative work with the Tsukruk group at Iowa State University, 

monomolecular films of the amphiphilic compounds were prepared by the Langmuir 

technique on an RK-1 trough located in a laminar flow hood.  The compounds were 

dissolved in chloroform (Fisher, reagent grade) to concentrations of 0.5-1.0 mmol/L.  The 
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solution was spread over the water subphase (NanoPure, >18 MΩ x cm).  Monolayers 

were deposited on a cleaned silicon wafer (Semiconductor Processing Co.) of the {100} 

orientation.  Liquid surface measurements were performed on monomolecular films 

spread on a temperature controlled, Teflon trough.  A combination of grazing incident X-

ray diffraction (GIXD) (in-plane and rod-scans) and X-ray reflectivity experiments were 

conducted on a liquid-surface X-ray spectrometer at the 6ID line at the Advanced Photon 

Source synchrotron at Argonne National Laboratory.  The geometrical parameters of all 

molecules were estimated from molecular models built with the Cerius2 3.8 package on a 

SGI workstation by using the Dreiding 2.21 force field library and with the Materials 

Studio 3.0 package on a PC workstation using the PVCC force field library.  Molecular 

models were treated with a molecular dynamics and a minimization procedure to obtain 

conformations with minimized energy.   

4-(4(3, 4, 5-tris(dodecyloxy)benzyloxy)phenylazo)benzoic acid (2.14). A 

mixture of 2.19 (0.20 g, 0.22 mmol), LiOH (0.05 g, 2.00 mmol), THF (15 mL), and H2O 

(5 mL) was kept at reflux under nitrogen for 18h.  After removal of THF by rotary 

evaporation, 10 mL of CH2Cl2 was added to the mixture.  With vigorous stirring, conc. 

HCl was added dropwise until the pH < 4.  The organic layer was separated, and the 

aqueous layer extracted with CH2Cl2 (3 x 10 mL).  The combined organic layers were 

washed with water and brine, dried (Na2SO4), and concentrated to give the benzoic acid 

(0.09 g, 47%) as a yellow solid:  mp 86-88 °C; 1H NMR (250 MHz, d6-acetone) δ 8.21 

(m, 2H), 7.93 (m, 4H), 7.05 (m, 2H), 6.73 (s, 2H), 4.62 (s, 2H), 4.00 (t, J = 6.3 Hz, 6H), 

1.29-1.67 (overlapped, 60H), 0.88 (t, J = 6.7 Hz, 9H); 13C NMR (125 MHz, CDCl3) δ 
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161.5, 154.8, 153.4, 147.3, 138.6, 131.2, 131.0, 125.1, 122.2, 115.0, 106.5, 73.5, 70.7, 

69.4, 31.97, 31.95, 31.7, 31.1, 30.5, 29.8, 29.7, 29.69, 29.57, 29.51, 29.40, 29.37, 29.1, 

26.2, 25.9, 22.7, 14.1.    

4-(4-Hydroxyphenylazo)benzoic acid (2.16).  A solution of NaNO2 (52.2 g, 

0.766 mol) in a minimal amount of H2O was added dropwise to a cold (0 oC) solution of 

p-aminobenzoic acid, 2.15, (101 g, 0.733 mol), H2O (250 mL), and conc. H2SO4 (80 mL).  

The resulting solution was added dropwise to a cold (0oC) solution of phenol (69.7 g, 

0.741 mol) and 2N NaOH (1900 mL).  After stirring for 2h, the solution was neutralized 

(5% H2SO4), filtered, and dried.  The solid was dissolved in H2O and acidified (conc. 

H2SO4).  Benzoic acid (108 g, 58%) was collected as an orange solid by vacuum 

filtration:  mp > 250 oC ; (lit.78:  276 oC). 1H NMR (250 MHz, d6-acetone) δ 8.22 and 

7.93 (AA’BB’ pattern, J = 8.5 Hz, 4H), 7.96 and 7.06 (AA’BB’ pattern, J = 8.9 Hz, 4H).   

Ethyl 4-(4-hydroxyphenylazo)benzoate (2.17). A mixture of 2.16 (22.6 g, 93.2 

mmol), conc. H2SO4 (10 mL), and anhydrous EtOH (200 mL) was kept at reflux under 

nitrogen for 18h.  After removal of 2/3 of the solvent by rotary evaporation, the resulting 

mixture was partitioned between H2O (100 mL) and ether (100 mL).  The organic layer 

was separated and the aqueous layer was further extracted with ether (3 x 100 mL).  The 

combined organic layers were washed with H2O and brine, dried (Na2SO4), and 

concentrated (19.47 g).  Flash chromatography of the residue (SiO2, 7:3 hexane-ethyl 

acetate dryloaded in acetone) gave ester 2.17 (6.07 g, 24%) as an orange solid:  mp 155-

158 oC (lit.79,80:  152 oC, 162-163 oC); 1H NMR (250 MHz, d6-acetone) δ 8.19 and 7.95 
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(AA’BB’ pattern, J = 8.5 Hz, 4H), 7.92 and 7.06 (AA’BB’ pattern, J = 8.9 Hz, 4H), 4.40 

(q, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 Hz, 3H) 

Ethyl 4-(4(3, 4, 5-tris(dodecyloxy)benzyloxy)phenylazo)benzoate (2.19).  A 

slurry of 2.17 (1.44 g, 5.32 mmol), 2.18 (3.74 g, 5.50 mmol), K2CO3 (2.03 g, 14.8 mmol), 

and dry DMF (100 mL) was kept at reflux under nitrogen for 18 h.  After thin-layer 

chromatography (TLC) (SiO2, 70:30 hexanes-ethyl acetate) indicated that the reaction 

was complete, the solvent was removed in vacuo.  The resulting solid residue was 

partitioned between H2O (25 mL) and CH2Cl2 (25 mL).  The organic layer was separated, 

and the aqueous layer was extracted with CH2Cl2 (3 x 25 mL).  The combined organic 

layers were washed with water and brine, dried (Na2SO4), and concentrated.  Flash 

chromatography of the residue (SiO2, 70:30 hexanes-ethyl acetate dryloaded in CH2Cl2) 

gave 2.19, (4.71 g, 97%) as an orange solid:  mp 56-57 °C; 1H NMR (250 MHz, CDCl3) 

δ 8.19 and 7.91 (AA’BB’ pattern, J = 8.5 Hz, 4H), 7.97 and 7.11 (AA’BB’ pattern, J = 

8.9 Hz, 4H), 6.65 (s, 2H), 5.06 (s, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.98 (q, J = 6.5 Hz, 6H), 

1.27-1.83 (overlapped, 63H), 0.89 (t, J = 5.94 Hz, 9H); 13C NMR (125 MHz, CDCl3) δ  

166.1, 162.4, 161.9, 155.4, 153.5, 147.3, 138.6, 131.7, 131.6, 131.2, 130.5, 125.1, 122.3, 

122.27, 115.3, 114.9, 106.5, 73.5, 70.8, 69.4, 68.5, 61.1, 31.95, 31.94, 30.4, 29.75, 29.74, 

29.70, 29.65, 29.59, 29.57, 29.51, 29.44, 29.38, 29.35, 29.2, 26.26, 26.18, 26.14, 26.03, 

22.7, 14.3, 14.0; MS (FAB+) m/z 913.70 (M+H+, C58H94N2O6 requires 913.70).  

(4-Dodecyloxy-phenyl)-(6,7,9,10,12,13,15,16-octahydro-5,8,11,14,17-

pentaoxa-benzylocyclopentadecen-2-yl)diazene (2.20). A mixture of 2.33 (1.00 g, 2.57 

mmol) and K2CO3 (0.35 g, 2.57 mmol) were stirred in a minimal amount of DMF at 70 
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oC for 60 minutes under nitrogen.  1-Bromododecane (0.96 g, 3.86 mmol) was added to 

the reaction mixture and heating was continued.  After TLC (SiO2; 3:1 ethyl acetate: 

hexanes) indicated that the reaction was complete, the solvent was removed in vacuo.  

The resulting mixture was partitioned between H2O (25 mL) and methylene chloride (25 

mL).  The organic layer was separated and washed with H2O and brine, dried (Na2SO4), 

and concentrated.   The orange solid was recrystallized in acetone giving the desired 

product 2.20 (0.32 g, 23%) as a yellow solid:  1H NMR (250 MHz, CDCl3) δ 7.86-7.82 

(m, 2H), 7.55- 7.51 (dd, J = 1.9 Hz, 1H), 7.45-7.44 (m, 1H), 6.99-6.93 (m, 3H), 4.25-4.21 

(m, 4H), 4.02 (t, J = 6.5 Hz, 2H), 3.94-3.93 (m, 4H), 3.78-3.73 (m, 8H), 1.46-1.26 

(overlapped, 20H), 0.87 (t, J = 5.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 161.2, 151.4, 

151.1, 149.4, 149.3, 147.3, 146.81, 146.79, 124.33, 124.32, 119.97, 119.8, 114.7, 112.9, 

112.6, 104.6, 104.5, 71.3, 71.2, 71.0, 70.99, 70.8, 70.5, 69.6, 69.5, 69.2, 68.97, 68.92, 

68.8, 68.3, 31.9, 29.71, 29.67, 29.65, 29.61, 29.58, 29.41, 29.36, 29.24, 26.0, 22.7, 14.1. 

Dodecyl 4-(4-dodecyloxyphenylazo)benzoate (2.24) and dodecyl 4-(4-

hydroxyphenylazo)benzoate (2.25). A slurry of 2.16 (2.08 g, 8.59 mmol), 1-

bromododecane (2.2 mL, 9.2 mmol), K2CO3 (1.87 g, 13.6 mmol), and dry DMF (50 mL) 

was kept at reflux under nitrogen for 22h.  After TLC (SiO2; 95:5 hexane-ethyl acetate) 

indicated that the reaction was complete, the solvent was removed in vacuo.  The 

resulting solid residue was partitioned between H2O (25 mL) and CH2Cl2 (25 mL).  The 

organic layer was separated, and the aqueous layer extracted with CH2Cl2 (3 x 25 mL).  

The combined organic layers were washed with water and brine, dried (Na2SO4), and 

concentrated.  Flash chromatography of the residue (SiO2, 95:5 hexane-ethyl acetate 
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dryloaded in CH2Cl2) gave both benzoate 2.24 (1.66 g, 33%) as a yellow solid and 

benzoate 2.25 (0.76 g, 22%) as a yellow solid; 2.24:  mp 78-80 oC; 1H NMR (250 MHz, 

CDCl3) δ 8.28 and 7.93 (AA’BB’ pattern, J = 9.2 Hz, 4H), 7.93 and 7.00 (AA’BB’ 

pattern, J = 8.8 Hz, 4H), 4.34 (t, J = 6.5 Hz, 2H), 4.04 (t, J = 6.4 Hz, 2H), 0.85-1.84 

(overlapped, 46H); 13C NMR (125 MHz, CDCl3) δ 166.2, 162.4, 155.5, 147.0, 131.7, 

130.5, 125.2, 122.3, 114.9, 68.6, 65.4, 31.9, 29.67, 29.65, 29.60, 29.58, 29.56, 29.40, 

29.35, 29.32, 29.24, 28.8, 26.1, 26.06, 22.7, 14.1.  MS (FAB+) m/z 579.45 (M+H+, 

C37H59N2O3 requires 579.45); 2.25: mp 98-99 oC; 1H NMR (250 MHz, CDCl3) δ 8.22 and 

7.92 (AA’BB’ pattern, J = 6.5 Hz, 4H), 7.92 and 6.98 (AA’BB’ pattern, J = 8.5 Hz, 4H), 

5.89 (s, 1H), 4.36 (t, J = 6.4 Hz, 2H), 0.89-1.81 (overlapped, 23H). 13C NMR (125 MHz, 

CDCl3) δ 166.6, 159.2, 155.3, 147.0, 131.4, 130.6, 125.4, 122.3, 115.9, 65.6, 31.9, 29.65, 

29.64, 29.58, 29.53, 29.35, 29.29, 28.7, 26.0, 22.7, 14.1. 

Ethyl 4-(4-dodecyloxyphenylazo)benzoate (2.26).  A mixture of 2.17 (1.00 g, 

3.68 mmol), 1-bromododecane (0.90 mL, 3.8 mmol), K2CO3 (0.77 g, 5.61 mmol), and 

DMF (25 mL) was heated to 80 °C under nitrogen for 12 h.  After TLC (SiO2; 70:30 

hexanes-ethyl acetate) indicated that the reaction was complete, the solvent was removed 

in vacuo.  The resulting solid residue was partitioned between H2O (25 mL) and CH2Cl2 

(25 mL).  The organic layer was separated, and the aqueous layer extracted with CH2Cl2 

(3 x 25 mL).  The combined organic layers were washed with water and brine, dried 

(Na2SO4), filtered, and concentrated.  Flash chromatography of the residue (SiO2, 4:1 

hexanes-ethyl acetate dryloaded in acetone) gave 2.26 (1.55 g, 96%) as an orange solid:  

mp 84-86 °C; 1H NMR (250 MHz, CDCl3) δ 8.20 and 7.94 (AA’BB’ pattern, J = 9.3 Hz, 
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4H), 7.94 and 7.01 (AA’BB’ pattern, J = 8.9 Hz, 4H), 4.41 (q, J = 7.1 Hz, 2H), 4.05 (t, J 

= 6.5 Hz, 2H), 1.27-1.86 (overlapped, 23H), 0.88 (t, J = 5.9 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 166.1, 162.4, 155.5, 147.0, 131.6, 130.5, 125.1, 122.3, 114.9, 68.5, 61.1, 

31.9, 29.67, 29.64, 29.60, 29.57, 29.39, 29.34, 29.24, 26.0, 22.7, 14.4, 14.1.  MS (FAB+) 

m/z 439.30 (M+H+, C27H39N2O3 requires 439.30). 
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3. Small Molecule Azobenzenes 

 

3.1 Introduction 

Chapter 2 introduced us to the photochromic azobenzene moiety and its 

application in materials that possess interesting surface properties at a variety of 

interfaces, either from the property changes or reversible isomerization of the azobenzene 

chromophore upon irradiation.1-5  Also introduced was the research of several groups that 

utilize the azobenzene moiety in a variety of photoactive materials:  LB monolayers from 

amphiphilic molecules (Seki et al.)6; dipolar, amphiphilic dendrons with electron 

donor/acceptor azobenzene branches (Yokoyama et al.)7-10; and dendritic 

macromolecules modified with azobenzenes (Meijer et al.)11.  In these previous 

examples, the azobenzene moiety is used as a switching element in a variety of contexts 

in small molecule and macromolecular systems. 
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= trans azobenzene

LPL

= Electric Vector of Linear Polarized Light (LPL)

= poly (vinyl alcohol) matrix

 

Figure 3.1  Induced dichroism and birefringence in a polymer due to azobenzene photoisomerization under 
LPL. 

 

In the last few decades, research in the field of azobenzenes has continued to 

focus primarily on polymeric systems containing the photoresponsive moiety.  The 

majority of these investigations were sparked by an unexpected phenomenon related to 

the photoisomerization of azobenzene groups in polymer matrices.  In 1984, Todorov et 

al. observed dichroism and birefringence of a poly(vinyl alcohol) matrix doped with 

methyl orange.7  They discovered that azobenzenes not only photoisomerize to the cis 

form upon irradiation with polarized light, but also orient themselves perpendicular to the 

laser polarization, thus producing anisotropy within the material (Figure 3.1).   As a result 

of this unexpected observation, groups have identified and investigated the three 

phenomena associated with azobenzene photoisomerization in polymer structures:  

photoinduced dichroism,12-14 surface gratings,15-18 and reorganization of smectic domains 

in liquid crystalline polymers.19-21  
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This chapter focuses on the use of the azobenzene moiety not only as a 

photoresponsive trigger within small molecules, but also as a mesogen. The isomerization 

of the chromophore has already been shown to lead to anisotropy within materials 

(Figure 3.1).  However, we want to investigate the propensity of the azobenzene to form 

mesophases (mesogeneity) when attached to amphiphilic dendrons that already have the 

ability to self-assemble into supramolecular liquid crystalline phases (Chapter 1, section 

1.2.3).   

 

3.2 Liquid Crystals 

A mesophase is a state of matter in which the degree of molecular order is 

intermediate between the perfect three-dimensional long-range positional and 

orientational order found in solid crystals and the absence of long-range order found in 

isotropic liquids, gases and amorphous solids.22  Mesogenic compounds are able to form 

mesophases under suitable conditions of temperature, pressure and concentration.  A 

liquid crystalline state (LC) is a mesomorphic state having long range orientational order 

and either partial positional order or complete positional disorder.22  The simplest liquid 

crystal is the nematic phase, in which there is a higher probability that the molecular axes 

of neighboring molecules point in a certain direction (Figure 3.2).23  In smectic liquid 

crystals, both positional order and orientational order are necessary.  There are a number 

of smectic phases but the most common smectic phases occur when the director is 

parallel to the layer normal (smectic A) and when the director is at an angle to the layer 

normal (smectic C) (Figure 3.3).  In both of these phases, there is no positional order 
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within the plane of the layers, so the centers of mass of the molecules form a two-

dimensional phase.  Liquid crystal phases that contain short-range positional order or 

bond orientational order within the plane of the layers in addition to various angles 

between the layer normal and the director are called smectic B, E, F, G, H, I, J, and K 

phases, with the letters denoting the chronological order of discovery of these phases.23 

   

n  

Figure 3.2  Nematic liquid crystal with the preferred orientation of the molecules indicated by director, n. 

 

smectic A smectic C  

Figure 3.3  Smectic phases. 
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In the early years of liquid crystal research, compounds were synthesized without 

any knowledge of the relationship between the molecular structure and the mesogenic 

properties.  However, as early as 1908, Vorlander24 was able to establish a rule regarding 

the most elongated molecular structure of the molecules of liquid crystals.  The clear 

dependence of the mesomosphic properties on the geometrical shape of the molecule has 

allowed the derivation of simple models for describing the systems theoretically.  Theory 

suggested that mesophases resulted when long, rigid, rod-like (calamitic) molecules 

packed in a parallel manner.  In order to obtain pronounced mesogenic properties, one 

has to produce molecules with strong shape anisotropy (rods, disks) and strong attraction 

(moieties with large polarizability, strong dipoles, hydrogen bonds, electron donor 

acceptor (EDA) interaction).22   

 

3.2.1 Azobenzene as a Mesogen 

The azobenzene moiety falls in the class of rod-like (calamitic) liquid crystalline 

mesogens.  Most calamitic liquid crystalline compounds consist of two or more rings, 

which are bonded directly to one another or connected by linking groups (L), and may 

have terminal (R) and lateral (Z) substituents (Figure 3.4).  The core of the compounds is 

represented by the rings and linking groups L.  Whereas the core is usually relatively stiff 

(root of major anisotropy), the terminal substituents are in most cases flexible groups 

such as alkyl moieties.  To obtain a rod-like structure where there is a high length-to-

breadth ratio, the connecting group must produce a linear molecule.  In the structure of 

the trans azobenzene moiety (Figure 2.2) the azo moiety (-N=N-) is the linking group L 
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between two benzene rings.  In fact, simple azobenzenes with alkoxy substituents at the 

4- and 4’-positions have previously been reported to exhibit mesophases.25,26  

L1

Z1

L2

Z2

R2

Z3

R1

 

Figure 3.4  Chemical structure of calamitic LC compounds.22 

 

3.2.2 Photoinduced Anisotropy Driven LC Systems Containing Mesogenic Azobenzenes 

With the first liquid-crystalline polymers containing photochromic groups 

described by Zentel and Reckert27 in 1986, it was only a year later that Ringsdorf and 

Wendorff12 discovered the first liquid crystalline polymer containing azobenzenes 

(Figure 3.5).  Utilizing the same principles discovered earlier by Todorov7, they 

performed optical storage experiments by irradiation with linearly polarized light at room 

temperature.  The polymer was previously oriented under an electric field above the Tg.  

Under these conditions, optical images were stable until the sample was heated above the 

nematic-isotropic transition temperature.12   The holograms formed were thermally stable 

upon prolonged storage at ambient temperature because of the strong molecular 

interactions of p-cyanoazobenzene mesogen to form aggregates.  
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Figure 3.5  The first liquid crystalline polymer containing mesogenic azobenzenes in the side-chain.12 

 

With the discovery of optical anisotropy induced by azobenzene photochromism, 

the field of azobenzene liquid crystalline polymers exploded.  In connection with the 

photoinduced anisotropy discovered by Todorov et al.7 in a polymer matrix and 

Ringsdorf and Wendorff12 in liquid crystalline polymers, papers investigating the 

temperature effects on birefringence in azobenzene LC polymers,28 kinetics of the 

generation of optical anisotropy,29,30 reproducibility of the photoreorientation,31-33 and the 

surface-relief gratings previously described were published.   

 

3.2.3 Shape Anisotropy-Driven LC Systems Containing Mesogenic Azobenzenes 

  As stated earlier, the trans azobenzene moiety falls in the class of calamitic 

mesogens.  In the previous section, however, the effects studied by the various research 

groups centered on the photogeneration of optical anisotropy due to the photoinduced 

molecular orientation of the azobenzenes.  In this section the focus is on the generation of 
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liquid crystalline phases from azobenzene-containing compounds due to shape anisotropy 

of the trans azobenzene. 

 

O(CH2)6O N

N O(CH2)6O

O
H
C

R

O

n

N

N OR'

O(H2C)6O

O

H2CHC n

R=C3H7, 3.2

R=C4H9, 3.3

R=CH2CHC2H5, 3.4

CH3

R'=CH3, 3.5

R'=C2H5, 3.6

R'=C3H7, 3.7

R'=C4H9, 3.8

R'=C5H11, 3.9

R'=C6H13, 3.10

R'=C10H21, 3.11

R'=CH2CHC2H5, 3.12

CH3  

Figure 3.6  Main-chain and side-chain liquid crystalline polymers containing the azobenzene unit as a 
photoactive mesogen. 

 

 Angeloni et al. studied liquid crystalline polymers that contained the trans 

azobenzene mesogens in the main chains and side chains (Figure 3.6).34  The mesogenic 

azobenzenes were either incorporated into the main chain of substituted polymalonates or 

as a side-chain substituent to a polyacrylate backbone.  Their liquid-crystalline properties 

were examined as a function of the structure of R and R’ (Figure 3.6).  All of the main-

chain azobenzene liquid crystalline polymers formed smectic mesophases as indicated by 

focal-conic textures under polarized microscopy and X-ray diffraction.  A corresponding 
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low molecular weight model compound, 3.13, did not show any liquid-crystalline 

properties thus indicating that the macromolecular structure favors mesophase 

organization.          

N

N

H3CCOO(H2C)6O

O(CH2)6OOCCH3

3.13  

Figure 3.7  Low molecular weight model compound for main-chain liquid crystalline polymers. 

 

All the side-chain polymers displayed at least two phase transitions.  The higher 

temperature transition corresponded to the isotropization of the mesophase while the 

lower temperature transition correlated to the transformation of a crystalline or ordered 

smectic phase into a different smectic or nematic phase.  For compounds 3.5-3.7, a 

nematic phase was indicated by polarized microscopy and differential scanning 

calorimetry (DSC).  On increasing the chain length of R’, an additional smectic phase 

was detected for 3.8 and 3.9 with the polymers becoming purely smectic for 3.10-3.12.  

The authors concluded that for the side-chain liquid crystalline polymers, increasing the 

length of the terminal tail increased the smectogenic tendency of the polymer system.34    
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Figure 3.8  Small molecule and polymeric LC azobenzenes studied by Ikeda and Tsutsumi.35 

 

Ikeda and Tsutsumi35 developed azobenzene liquid crystals in which the 

azobenzene played the roles of both the mesogen and photosensitive chromophore 

(Figure 3.8).  They took advantage of the shape-change of the azobenzene upon 

isomerization to control the mesophase.  The trans form of the azobenzene is rod-like 

which allows the molecule to support a calamitic nematic phase as discussed above.  

However, the cis form of the azobenzene is bent which destroys the linear shape of the 

linking group, a necessary characteristic in the mesogeneity of the molecule.  In Figure 

3.8, the trans forms of these small molecule and polymeric azobenzenes (3.14- 3.16) 

exhibited nematic phases as confirmed by polarized microscopy.  Irradiation of these thin 

films in the nematic phase at 366 nm caused an isothermal nematic-to-isotropic phase 

transition due to the trans-cis photoisomerization of the azobenzene moieties.  When the 
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photoirradiation ceased, the nematic phase was recovered due to thermal cis-trans back-

isomerization.   This optical response was reported to occur in 200 µs. 

    

 

 

Figure 3.9  Image of the photomask (A) used to cover a polymeric film of 3.16 and the resulting image (B) 
after storage for 8 months at 23 °C.35 

 

 The polymeric azobenzene LC film also showed abilities to function as an optical 

storage medium.    The nematic phase of 3.16 showed a wide temperature range (45 °C to 

155 °C) available for optical switching.  In addition, the polymer has a Tg (45 °C) so that 

it can function as an image storage material when it is operated at temperatures below the 

Tg.  When the sample was covered with a photomask and irradiated, the stored image 

(isotropic areas), which was kept in the dark at 23 °C, remained stable for more than 8 

months (Figure 3.9).  They found that when the temperature of the irradiated sample was 
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raised above the Tg, the nematic phase was restored due to the ability of the trans 

azobenzenes to reorient so as to align with the segmental motion of the main chain of the 

polymer (Figure 3.10).  Thus the image can be stored in a stable manner when below the 

Tg, and erased when the temperature rises above the Tg.  

   

 

Figure 3.10  Orientation of the trans-azobenzene mesogens after the trans-cis-trans cycles.35 

 

 The majority of work in liquid crystalline azobenzene polymers after the 

experiments by Ikeda took advantage of the change in molecular shape associated with 

the photoisomerization.  The effects of photoisomerization on the pitch of cholesteric 

liquid crystals,36-40 dynamics of photochemical phase transition of guest/host liquid 

crystals with a photoresponsive azobenzene dopant,41,42 cooperative orientation with 

nonmesogenic groups within the LC polymer43,44 and surface assisted LC photoalignment 

(command surface)45,46 were all investigated by many research groups.   
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3.2.4 Research Goals 

In this chapter we investigate the mesogenic and bulk properties of small 

molecule azobenzenes with various focal points in order to elucidate structure 

relationships.  These amphiphilic molecules contain an azobenzene central fragment 

attached to dodecyl chains or dendrons with dodecyl alkyl chains at the 3- and 4- 

positions.  Two photochromic amphiphiles with a single dodecyl chain at the 4-position 

of an azobenzene moiety and differing only in the focal points (carboxy vs epoxy) were 

studied using X-ray reflectivity, grazing incident X-ray diffraction, atomic force 

microscopy, ellipsometry, and UV/Vis spectrometry (see section 2.2 for a review of X-

Ray analysis).  In addition, a family of dendritic azobenzene acids were synthesized and 

their thermotropic properties studied using differential scanning calorimetry (DSC), 

polarized optical microscopy (POM) and wide angle X-ray diffraction (WAXD).      

 

3.3 Monolayers of Functionalized Photochromic Amphiphiles at Interfaces 
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Figure 3.11  Small molecule amphiphilic azobenzenes. 
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3.3.1 Results and Discussion 

The small molecule amphiphilic azobenzenes studied in this section are shown in 

(Figure 3.11).  The ultraviolet/visible (UV/Vis) spectroscopy confirmed the 

photoisomerization of the azobenzenes with characterisitic π−π* absorbance bands at 365 

nm for the trans isomers (Figure 3.12).  Upon exposure to 365 nm light (60 s), 

absorbance bands at 318 and 455 nm were observed indicating isomerization to the 

predominantly cis form.  

 

 

Figure 3.12  UV/Vis spectra of 3.17 and 3.18 before and after irradiation. 

 

 The pressure versus area (π−Α) isotherms for 3.17 and 3.18 are shown (Figure 

3.13).  Calculated limiting cross-sectional areas from the isotherms were 0.24 nm2 for 

3.17 and 0.28 nm2 for 3.18.  Seki et al.47 has found that the inclusion of an azobenzene 

fragment increases the cross-sectional area of a single alkyl tail amphiphile up to 0.35 
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nm2.  The smaller than expected molecular areas obtained for both 3.17 and 3.18 

indicates a different intramonolayer packing as will be discussed later in this chapter.  

The collapse of the monolayer from 3.17 was indicated by a sharp change in slope at 25 

mN/m.  The bulky epoxy group in 3.18 accounts for the larger surface area per molecule 

as compared to 3.17.  

  

 

Figure 3.13  Pressure area isotherms for 3.17 and 3.18. 

 

 The intralayer structure of the alkyl tails of 3.17 and 3.18 were investigated by 

grazing incidence X-ray diffraction (GIXD) experiments (Figure 3.14).  Four intense 

peaks appeared at low surface pressures and sharpened as the surface pressure increased 

in the GIXD patterns for both 3.17 and 3.18.  When these peaks were indexed, this 

indicated an orthorhombic unit cell.  At lower Qz there was only a single sharp peak with 

3.17 

3.18 
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the three additional peaks observed at higher Qz for both compounds.  The lack of lower 

Qxy peaks in the GIXD patterns indicated a lack of supercell packing as seen for 2.20.  

 The d-spacings for the lower Qz peaks for 3.17 were calculated as 0.467 and 0.371 

nm which corresponds to a unit cell with a = 0.742 nm and b = 0.601 nm at all surface 

pressures (Table 3.1).  The area per alkyl chain calculated from this unit cell was 0.233 

nm2 which is close in value to the area obtained from the Langmuir isotherms.  The 

higher Qz peaks were calculated to be 0.316 and 0.229 nm and indexed as the second 

order (2,1) and (3,1) peaks respectively.  These higher order peaks indicated higher 

orders of symmetry than traditionally seen for simple amphiphiles such as a herringbone 

structure.  The appearance of (2,1) and the absence of the (0,1) peak suggested the alkyl 

tails of 3.17 formed a herringbone structure at the air-water interface.  In addition, the 

selective appearance of the peaks depending on the intensity of the in-plane momentum 

transfer (Qz) indicates that the alkyl tails were tilted towards the nearest neighbor (NN) 

direction.48-51 
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Figure 3.14  GIXD at β = 3.75° for (a) 3.17 and (b) 3.18. 
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 Due to the increase in the cross-sectional area of the polar head of the epoxy 

group, a slight shift in the diffraction peaks toward lower Q were observed for 3.18 at all 

surface pressures.  The four peaks were at 0.472, 0.372, 0.319, and 0.231 nm and indexed 

as the (1,1), (2,0), (2,1) and (3,1) peaks respectively at 20 mN/m.  The resulting unit cell 

parameters were determined to be a = 0.744 nm and b = 0.611 nm with an area per alkyl 

tail of 0.227 nm2, a value larger than expected for traditional orthorhombic unit cells 

(Table 3.1).  The presence of higher order reflections indicates a higher ordering of the 

alkyl tails, in this case, a moderately tilted packing structure.  The selective appearance of 

the indexed peaks (the (1,1), (2,1), and (3,1) became more intense at higher Qz whereas 

(2,0) deintensified) indicated that the alkyl chains were also tilted in the NN direction as 

seen with 3.17.   
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Figure 3.15  GIXD at 20 mN/m at different β for a) 3.17 and b) 3.18. 
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 The higher resolution GIXD patterns at 20 mN/m for both 3.17 and 3.18 indicated 

the highly selective appearance of the (1,1) and (2,0) peaks as the detector was moved 

further away from the horizon (Figure 3.15).  At higher Qz, the (2,0) peak became less 

intense while the (1,1) peak increased in intensity indicating the alkyl tails were tilted in 

the (1,1) direction.  The correlation lengths calculated for the (1,1) peaks were 9.3 and 7.2 

nm for 3.17 and 3.18 respectively, which were 20-40% greater than stearic acid 

monolayers under similar conditions49-51 indicating more ordered intramonolayer packing 

in azo-containing amphiphiles.  

  

Table 3.1  Structural parameters of Langmuir monolayers from different photochromic amphiphiles at a 
pressure of 20 mN/m. 

 Stearic Acid52 3.17 3.18 2.201,53 
d-spacings (nm)     

(1,1) peak 0.424 0.467 0.472 0.440 
(2,0) peak 0.418 0.371 0.372 0.394 

Unit Cell Parameters     
a (nm) 0.836 0.742 0.744 0.788 
b (nm) 0.483 0.601 0.611 0.529 

Area per chain (nm2) 0.197 0.223 0.227 0.208 
Chain tilt (°) 16.5 35 42 58 

Correlation Length (nm)     
(1,1) peak 5.7 9.3 7.2 16.5 
(2,0) peak 7.1 11.3 10.4 17.1 

 

 

 The orthorhombic unit cells suggested for both 3.17 and 3.18 as calculated from 

GIXD data are considerably larger than the unit cell calculated for stearic acid with 

comparable alkyl tails.  There is a decrease in the a dimension and an increase in the b 
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dimension of both unit cells.  The area per alkyl chain increases from 0.197 nm2 for 

stearic acid to 0.223 nm2 for 3.17 and 0.227 nm2 for 3.18.  Since the larger polar head 

group itself cannot generate a larger cross-sectional area, the azobenzene group must 

have affected the intralayer packing of the alkyl tails (herringbone packing).  The cross-

sectional areas determined by the π-A isotherms for 3.17 and 3.18 were calculated to be 

0.25 nm2 and 0.29 nm2 respectively, in the beginning of the formation of the condensed 

monolayers and decreased to 0.20 nm2 and 0.23 nm2 as the monolayers collapsed.  The 

cross-sectional area for azobenzene groups is between 0.30 – 0.35 nm2 which is larger 

than the area for 3.17 but comparable to 3.18.54  This was not observed in 2.20 since the 

larger polar head (crown ether) decreased the interference from the azobenzene group.  
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Figure 3.16  Rod scans of (1,1) and (2,0) peaks for 3.17 and 3.18 at 20 mN/m. 

 

 Rod scans of the two most intense diffraction peaks observed for both 3.17 and 

3.18 gave independent confirmation of the larger tilt angle and direction of the alkyl tails 

(Figure 3.16).  Rod scans for 3.17 and 3.18 in the (2,0) direction displayed angular 

behavior with a sharp peak followed by a gradual tailing while the rod scans of the lower 

Qxy peak confirmed the NN tilt direction (tilt projection shown along the (1,1) direction).  
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Modeling of the rod scan data confirmed the tails tilted approximately 35° for 3.17 and 

42° for 3.18.   

  The tilt behavior of both compounds in the NN direction differed from 

corresponding photochromic amphiphiles with shorter alkyl tails and a flexible spacer 

between the azobenzene and the polar head.  Durbin et al.55 observed a transition in the 

tilt direction of the molecules from the NN direction to the next nearest neighbor (NNN) 

while the tilt angle remained constant.  They found that the azobenzene fragment was 

affecting the cross-sectional area of the molecules while the van der Waals attraction 

between the short alkyl chains determined the packing structure of the molecules.  

Comparison with the bulk structure of azobenzene groups found the amphiphilic 

molecules formed a lattice structure of the H-aggregates of the photochromic group.  In 

contrast, the amphiphilic molecules observed in our study appeared to show no transition 

from the NN to the NNN direction; however, the tilt angle correlated with the angles 

observed for both the shorter chain amphiphiles at the air-water interface55 and literature 

values for the bulk structure56 of azobenzene groups.   
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Figure 3.17  Normalized reflectivity data for (a) 3.17 and (b) 3.18 at different surface pressures observed. 

 

 X-ray reflectivity data was obtained for the Langmuir monolayers of 3.17 and 

3.18.  A two box model was used to fit the data for both molecules at all observed surface 

pressures where the first box was assigned to the hydrophilic polar head and azobenzene 
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group and the second box was assigned to the hydrophobic alkyl tails.  A single well-

defined minimum and an additional subtle minimum were observed at the highest surface 

pressures (Figure 3.17).  For both molecules, at increasing surface pressure a well-

defined minimum indicated an increase in the head group box thickness suggesting the 

azobenzene group transitioned from a tilt from the surface normal to a more vertical 

orientation.  In 3.17, the increase in thickness from 1.17 nm to 1.46 nm indicated a 

transition from 33.3° to an almost vertical orientation for the azobenzene group whereas 

for 3.18, the increase from 1.18 to 1.39 nm indicated a transition from 37.2° to 20.1° at 

20 mN/m.  This difference indicates that the larger epoxy head group induced a larger tilt 

within the azobenzene group that could not easily be changed by the monolayer 

compression.  Unlike the first box, no change in thickness was observed in the second 

box suggesting the alkyl tails remained tilted at 25.7° for 3.17 and 35.3° for 3.18.  The 

areas per alkyl tail calculated from the reflectivity data were comparable to the area per 

tail calculated by GIXD for both 3.17 and 3.18.  In conclusion, the influence of the polar 

head groups on the molecular conformation was demonstrated (Figure 3.18).  In both 

molecules, although the cross-sectional areas decreased, the alkyl tails remained tilted.  

For 3.17, the carboxylic head group and the azobenzene moiety shifted from a tilt to a 

virtually vertical orientation.  The epoxy compound 3.18, however, remained 

significantly tilted in the condensed state with a larger tilt angle of the alkyl tail (Figure 

3.18).  This represents a significant difference in the intramonolayer packing of the two 

molecules suggesting an improved ability of the azobenzene group attached to bulkier 

epoxy heads for photoisomerization in the condensed state.   
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Figure 3.18  Box models for (a) 3.17 and (b) 3.18 in a condensed state at 10 mN/m and their corresponding 
molecular models at the highest surface pressure. 
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 Further insight into the two-dimensional morphology of the compounds was 

provided by AFM imaging (Figure 3.19).  Compound 3.17 showed a domain formation 

prior to the monolayer collapse with lateral domain dimensions below 1 µm.  The 

monolayers deposited at 5 mN/m appeared uniform with an effective thickness of 2.3 nm 

and a surface roughness of 0.35 nm.  A moderate increase in the surface pressure did not 

disrupt the uniform film and also showed negligible changes in monolayer thickness and 

surface roughness.  At higher surface pressures, a second domain layer appeared to form 

on top of the monolayer.  The epoxy compound 3.18 formed a monolayer with a domain 

structure at all observed pressures.  The surface coverage increased at the highest 

pressures as the overall size of the domains decreased, although the shape and structure 

of the semi-continuous domains with lateral dimensions below 1 µm remained 

unchanged.   
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Figure 3.19  AFM images of (a) 3.17 at 20 mN/m and (b) 3.18 at 30 mN/m.  The topographical images (z-
range of 5 nm) are shown on the left and phase images (z-range of 30° for 3.17 and 5° for 3.18) are on the 
right. 

 

3.3.2 Conclusions 

At the air-water interface, 3.17 and 3.18 formed orthorhombic packing structures 

with larger than expected areas per molecule and higher orders of symmetry than 

traditional amphiphiles composed of a single alkyl tail and a compact polar head.  The 

azobenzene group forced the alkyl tails to form a herringbone structure with modest long 

range order.  Both molecules were observed to tilt in the NN direction at all pressures.   

 The type of polar head also affected the packing structures of the compounds.  

Compound 3.17 with a carboxylic acid head group had a smaller tilt angle than that 

observed for 3.18 or other bulk azobenzene structures.  The tail of 3.17 was determined to 
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be tilted 25° from the surface normal while the tail of 3.18 had a larger tilt at 

approximately 35°.  In the condensed monolayer, the tail of 3.18 was significantly tilted 

in contrast with 3.17 with virtually vertical orientation of the dodecyl chain.  In 

conclusion, we suggest that compound 3.18, with a bulky epoxy head group, is more 

loosely packed and tilted thus allowing for a more efficient photoisomerization process 

due to the increased free volume around the compound.   

 

3.4 Thermotropic Properties of Small Molecule and Dendritic Azobenzenes 

3.4.1 Introduction 

Two particular areas of our recent research efforts include monolayers composed 

of photochromic dendrons (Chapter 2), and azobenzene-containing dendritic building 

blocks that form liquid crystalline phases.  Chapter 1 introduced the field of liquid 

crystalline dendrimers.  We saw that there are three types of liquid crystalline 

dendrimers:  side-chain liquid crystalline dendrimers; main-chain liquid crystalline 

dendrimers; and supramolecular self-assembled LC dendrimers.  In particular the 

Percec57-59 group has shown that Frechet-type benzyl aryl ether dendrons functionalized 

with long alkyl tails at the periphery can self-assemble into supramolecular liquid 

crystalline phases.   

The fact that azobenzenes can serve as both a photochromic moiety and as a 

mesogen coupled with results from Percec and others led us to believe that dendrimers 

functionalized with azobenzenes can self-assemble into liquid crystalline phases.  This 

section focuses on small molecule and dendritic azobenzenes and their abilities to form 



 218 

mesophases.  More specifically, our interest lies in the structure-property relationship of 

liquid crystalline azobenzenes and to investigate if the dendritic structure has any effect 

on the mesogeneity of the azobenzene.   

 

3.4.2 Small Molecule Azobenzenes 
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Figure 3.20  Small molecule azobenzenes. 

 

 The small molecule azobenzenes in this study are shown (Figure 3.20).  

Compounds 3.17, 3.19, 3.20, and 2.24 all contain a dodecyloxy moiety at the 4’-position 
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of an azobenzene fragment.  In addition, a family of butyl azobenzenes (3.21 – 3.23) was 

also investigated.  Compounds 3.23 and 3.24 were synthesized as model compounds.  

The mesogenic properties of the small molecule azobenzenes were studied using 

differential scanning calorimetry (DSC) (Figure 3.21, Figure 3.22, Figure 3.23, and 

Figure 3.24).  The temperature range for the DSC data acquisition was from -50 °C to 

150 °C unless limited by the compound’s melting point.   

 

 

Figure 3.21  DSC of the first cooling of a family of 4-dodecyloxy azobenzenes. 
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Figure 3.22  DSC traces of the second heating of a family of 4-dodecyloxy azobenzenes. 

 

 

Figure 3.23  DSC traces of the first cooling of a family of butyl and small molecule azobenzenes. 
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Figure 3.24  DSC traces of the second heating of a family of butyl and small molecule azobenzenes. 

 

The DSC traces of the first cooling of the dodecyl family reveal that 3.17 with a 

carboxylic head group has a large crystallization point at -25 °C.  The benzyl alcohol 3.20 

has a sharp transition at 115 °C correlating to a freezing point.  Compound 2.24 with 

dodecyl chains attached at both the 4- and 4’- positions has transitions at 22 °C, 37 °C, 82 

°C, and 84 °C.  These transitions may correlate to transitions from a crystalline phase to a 

nematic phase and nematic to a smectic phase before melting.  In fact, in the study by 

Angeloni et al.34 discussed in the previous section, it was found that increasing the chain 

length of acrylic monomers enhanced the mesogenic propensity of the compound and 

also increased its transition to higher order liquid crystalline phases from nematic to 

smectic.  Upon heating, carboxylic acid 3.17 has a large transition at -25 °C, and benzyl 

alcohol 3.20 undergoes a melt to an isotropic phase at 119 °C.  For ester 2.24, only three 
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transitions are observed upon heating at 36 °C, 76 °C, and 90 °C corresponding to 

possible crystalline, nematic, and isotropic phases.   

In comparing the DSC traces, the results were somewhat surprising.  The only 

compound that showed any mesophases was the ester 2.24 with long dodecyl chains at 

the 4- and 4’- positions.  It was expected that the carboxylic acid would possess 

mesophases due to the additional anisotropy provided by the hydrogen bonding between 

the terminal acid groups.  Intermolecular hydrogen bonding between the acids would 

form carboxylic acid dimers which aid the formation of smectic A phases due to the 

dynamic nature of the noncovalent interactions.60  However, no transitions were seen for 

3.17 other than the crystallization point.  In fact, compound 2.20, a small molecule 

azobenzene with a dodecyl chain at the 4-position and a crown ether at the focal point 

was crystalline also as evidenced by the sharp peaks in the wide-angle region of X-ray 

corresponding to d-spacings from 0.9 to 0.3 nm which are typical for organic compounds 

containing phenyl fragments (Figure 2.27a).  
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Figure 3.25  DSC of the first cooling of Ikeda's model compounds. 

 

Figure 3.26  DSC trace of the second heating of Ikeda's model compounds. 
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The DSC traces of the butyl and small molecule azobenzenes are shown (Figure 

3.23, Figure 3.24, Figure 3.25, and Figure 3.26).  Compounds 3.23 and 3.24 were 

synthesized because they have reported mesogenic phases.35  Upon cooling, Ikeda has 

reported that 3.23 has an isotropic to nematic phase change at 45 °C and a nematic to 

crystalline phase change at 8 °C.35  For compound 3.24, there are reported phase 

transitions from isotropic to nematic at 110 °C, nematic to smectic at 94 °C, and smectic 

to crystalline at 92 °C upon cooling.  During heating, 3.23 has a crystalline to nematic 

phase change at 30 °C and a nematic to isotropic phase change at 45 °C.  For 3.24, upon 

heating, there is a reported crystalline to nematic phase change at 98 °C and a nematic to 

isotropic phase change at 111 °C.  As illustrated in the enlargements of the DSC traces 

for 3.23 and 3.24, the results here are in agreement with Ikeda. 

Within the butyl family, in the first cooling there appear to be phase transitions in 

compound 3.22, an azobenzene with alkyl chains at both the 4- and 4’-positions.  These 

transitions may correlate to a crystalline to nematic transition at 41 °C, nematic to 

smectic at 53 °C, and smectic to isotropic at 68 °C.  As Angeloni et al. observed earlier, 

an enhancement of the mesogenic propensity of a polymer occurs when the chain length 

of the alkyloxy moiety is increased.34  However, when comparing the polymer to the 

model compound with alkyl chains at both the 4- and 4’-positions (Figure 3.7), no 

mesophase was observed.34  As shown in Figure 3.24, only a large peak (65 °C) with a 

small shoulder (73 °C) is observed for the 3.22 upon the second heating indicating the 

possibility that the peaks observed upon the first cooling were enantiotropic nematic and 

monotropic smectic transitions.  
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3.4.3 Dendritic Azobenzenes 
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Figure 3.27  Dendritic azobenzene acids. 
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We extended our study of liquid crystalline azobenzenes to dendrons attached to 

azobenzenes with various focal points.  The thermal behaviors of the dendrons were first 

characterized by the combination of thermal polarized optical microscopy (POM) and 

differential scanning calorimetry (DSC) and later, powder X-ray diffraction.  The 

azobenzenes studied contained a carboxylic acid at the focal point (Figure 3.27).  

 

 

Figure 3.28  DSC traces of the first cooling of a series of dendritic azobenzene acids. 
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Figure 3.29  DSC traces of the second heating of a series of dendritic azobenzene acids. 

 

The DSC traces for the first cooling and second heating of the 3,4-bis-

dodecyloxyazobenzene benzoic acids (3.25 – 3.27) are shown in Figures 3.28 and 3.29.  

With increasing generation dendron, the isotropic point decreases with the second 

generation acid 3.27 having the lowest melting point at 110°.  The zeroth generation 

azobenzene acid 3.25 had no clear transitions upon the first cooling and a small broad 

peak upon the second heating.  X-ray analysis will later show that this peak is a 

crystalline transition. 

Interesting transitions were found for the first generation acid.  Upon a closer look 

at the first cooling transition at 129 oC, a possible liquid crystalline phase between 129 oC 

and 70 oC is observed (Figures 3.28 and 3.30).    
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Figure 3.30  DSC of the first cooling and the corresponding POM of the transitions for 3.26. 

 

The POM illustrates a focal-conic fan texture that separates from the preceding isotropic 

liquid on cooling in the form of batonnets.  The batonnets consist of growing focal-conic 

domains.  This type of microscopic texture is seen in smectic A mesophases.61 

In order to determine if our methods for determining mesophases through DSC 

and polarized optical microscopy were on par with other research groups, we synthesized 

and studied the thermotropic properties of a known liquid crystalline dendron.  Percec et 

al. synthesized the first generation benzyl alcohol of the 3,4-bisdodecyloxy series 2.40 

and reported a columnar hexagonal phase upon the first cooling between 49 oC and 37 

oC.37  In our experiments, no textures were observed by POM between 40 oC and 49 oC 
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on the first cooling.  However, textures were readily seen below 40 oC (Figure 3.31).  The 

texture reported by Percec closely matches the microscopy pictures achieved at 37 oC 

where large isotropic domains have areas of fan-shaped anisotropic texture (Figure 3.32 

and Figure 3.33).  The fact that there are no textures between 49 oC and 40 oC could be 

attributed to a homeotropic arrangement of the hexagonal columns on the glass slide. 

 

 

 

Figure 3.31  First cooling of Percec's benzyl alcohol dendron 2.40. 

 

Comparing the microscopy results of the first generation 3,4-bisdodecyloxy 

benzyl alcohol dendron 2.40 at 37 oC (Figure 3.32) to the texture of the first generation 

3,4-bisdodecyloxy azobenzene benzoic acid 3.26 at 129 oC (Figure 3.33), similar fan-

shaped anisotropic textures within the larger isotropic domain are observed.   
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Figure 3.32  POM texture of 2.40 at 37 °C upon cooling from isotropic (200X). 

 

 

Figure 3.33  POM texture of growing focal-conic domains from batonnets of 3.26 at 129 °C upon cooling 

from isotropic (200X). 
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The DSC of the second generation azobenzene benzoic acid also had several broad 

transitions besides the sharp isotropic point at 110 °C.  However, no clear POM were 

attained for the transitions.   

 

3.4.4 X-Ray Diffraction 

Powder X-ray diffraction (XRD) data was collected on the azobenzene acids.  The 

d spacings are determined by the Bragg equation, 

nλ = 2d sin θ     eq. 2.1 

where the θ angle is half the scattering angle at which the diffraction peak is observed 

and λ is the wavelength of the radiation (n = 1, λ = 1.5418 Å for CuKα).  The X-ray 

diffraction profiles for three different generations of dendritic azobenzene acids are 

shown in Figures 3.34, 3.35, and 3.38. 

 

 

Figure 3.34  X-Ray diffraction of 3.25 at 130° C. 
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 For the zeroth generation acid 3.25, a number of sharp peaks are seen in the wide-

angle range corresponding to d spacings from 0.4 nm to 0.6 nm, typical for organic 

compounds with phenyl-containing fragments (Figure 3.34).  This illustrated that the 

zeroth generation acid 3.25 was crystalline with no short-range ordering of molecular 

fragments.  This conclusion was also supported by the lack of any transitions in the 

corresponding DSC.  

 

 

Figure 3.35  X-ray diffraction of 3.26 at 130° C. 

 

 The first generation acid 3.26 has a reflection at 2θ = 1.8° and a broad diffuse 

halo at about 2θ = 21° (Figure 3.35).  A diffuse halo in the wide-angle range indicates 

that the long alkyl tails are liquid-like in nature between the layers and the acid has short-

range ordering of molecular fragments.  The main periodicity for 3.26 was 4.9 nm for the 

reflection at 2θ = 1.8° and a smaller d spacing of 0.4 nm for the broad halo at 2θ = 21°.  
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Comparison of these spacings with the length of the molecule in the extended 

conformation (L = 4.0 nm) supports a double layer of interdigitated molecules or tilted 

dimers since L < d < 2L.  If the mesophase had been a smectic A mesophase composed of 

a single layer of 3.26, a reflection correlating to a d spacing of 4.0 nm (2θ = 2.2 Å) would 

have been observed.  With d > L, only mesophases composed of dimers or interdigitated 

bilayers can result in a reflection with a d spacing greater than the theoretical extended 

length of the molecule (Figure 3.36 and Figure 3.37).  

 



 234 

O

OO

O

O O

N N

O
OH

O

O

OO

O

O O

N N

O
OH

O

O

OO

O

O O

N N

O
OH

O

O

O
O

O

OO

NN

O

HO

O

O

O
O

O

OO

NN

O

HO

O

O

O
O

O

OO

NN

O

HO

O

d = 4.9 nm

! = 37°

 

Figure 3.36.  A SmC mesophase composed of acid dimers of 3.26 tilted at 37°. 

 

Saminathan and Pillai reported that 4,4’-hydroxycarboxylic acid azobenzenes 

give rise to carboxylic acid dimers with the azobenzene in a trans conformation.60  Since 

3.26 was synthesized from 4,4’-hydroxyphenylazobenzoic acid, a smectic C phase 

composed of acid dimers tilted at 37° is possible as typical polymeric and liquid 
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crystalline azobenzenes have tilt angles of 40 – 60° (Figure 3.36).62-64  The breadth of the 

wide angle reflection and the absence of additional wide angle signals indicate that the 

carboxylic acid dimers pack with substantial lateral disorder.60  The SmC phase generally 

only exhibits the first order reflection which implies that the smectic layering is a result 

of density rather than perfect 1-D positional ordering.65   
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Figure 3.37.  A SmA mesophase composed of interdigitated acid dimers of 3.26. 
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A SmA mesophase composed of interdigitated bilayers is also possible (Figure 

3.37).  Since L < d < 2L, the alkyl chains of the dendrimer must interdigitate, otherwise a 

reflection corresponding to twice the length of the molecule would have been observed at 

2θ = 1.1° (d = 8.0 nm).  Also, since POM revealed a focal-conic fan texture formed from 

batonnets upon cooling from the istropic point, a SmA mesophase cannot be ruled out.      

 When taking into consideration the DSC, POM, and the X-ray diffraction data, 

the mesophase formed by the first generation dendritic acid 3.26 is either smectic A 

(SmA) with interdigitated bilayers or SmC composed of tilted acid dimers.  The focal 

conic texture observed in the polarized microscopy is typical of smectic A mesophases as 

well as columnar hexagonal phases.  However, POM revealed the growing domains of 

focal-conic fan texture from batonnets, a characteristic property of SmA mesophases.   

A columnar nematic phase (or any nematic phase) can be ruled out as no 

Schlieren textures (curved dark brushes) were observed under microscopy.  X-ray 

diffraction data illustrated only one sharp peak in the low angle region and a broad halo 

in the wide angle region.  If the mesophase had been a columnar hexagonal phase, three 

consecutive reflections having d spacing ratios of 1 : 0.577 : 0.500 would have been 

observed within the low angle region.  As these peaks were not visible, we conclude that 

the mesophase formed by 3.26 is a bilayer SmA or SmC composed of acid dimers tilted 

at 37°.   
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Figure 3.38  X-ray diffraction of 3.27 at 110 °C. 

 

 The X-ray diffraction data of 3.27 is shown in Figure 3.38.  Four reflections at 2θ 

= 1.88°, 2.56°, 2.98°, and 3.60° are seen in the low angle region.  These reflections 

correspond to d spacings of 47.0 Å (d1), 34.5 Å (d2), 29.7 Å (d3), and 24.5 Å (d4) 

respectively.  A broad halo with a d spacing of 4.23 Å is observed in the wide angle 

region. This is indicative of the liquid-like nature of the long alkyl chains within the 

compound and the fluid nature between the layers.  The theoretical extended length of the 

molecule is 46.6 Å.  The higher order reflections are close to multiples of √2, √3, and √4 

of the first maximum (ratios d2/d1 = .734, d3/d1 = .631, d4/d1 = .522).  This sequence of d 

spacings may correspond to the geometry of a body-centered cubic array of spheres 

(Table 3.2).66  A cubic liquid crystalline phase is optically isotropic37 which may explain 

why no textures were observed through polarized optical microscopy.  However, the d2 

reflection is quite sharp and intense indicating the possibility that 2 phases may be 
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coexisting.  If there was only a cubic array of spheres, the reflections after the first 

maximum are often weak and broad with only the (100) or d1 peak corresponding to a 

first order diffraction.  In the case with 3.27, the d2 peak is also sharp and intense, 

indicating another first order diffraction.         

 

Table 3.2.  Ratios of consecutive Bragg spacings for different model morphologies.66  

Morphology Ratios 
Body-centered cubic array of spheres 1 : 0.706 : 0.577 : 0.500 
Face-centered cubic array of spheres 1 : 0.866 : 0.612 : 0.521 

Hexagonally packed cylinders 1 : 0.577 : 0.500 : 0.378 : 0.333 
Lamellae 1 : 0.500 : 0.333 : 0.250 : 0.200 
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3.5 Synthesis 
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Scheme 3.1  Synthesis of 3.17 and 3.18. 

 

 The synthesis of 3.17 and 3.18 are shown in Scheme 3.1.  The synthetic route to 

benzoic acid 3.17 followed the synthesis of 2.14 as previously described in Chapter 2.  

Direct alkylation of 4,4’-hydroxyphenylazobenzoic acid 2.16 with 1-bromododecane 

failed to yield the desired acid 3.17 but instead resulted in the ester and dialkylated 

products (Scheme 2.3).  Esterification of acid 2.16 with ethanol followed by alkylation 

with 1-bromododecane and subsequent saponification gave the desired acid 3.17 in 90% 

yield (Scheme 3.1).   
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 For the synthesis of epoxide 3.18, a different azobenzene was utilized.  Instead of 

4-(4’-hydroxyphenylazo)benzoic acid 2.16, an azobenzene with phenols at both the 4- 

and 4’-positions was used.  4-Hydroxyazophenol 3.28 was monoalkylated with 1-

bromododecane (K2CO3/DMF) to add the dodecyloxy moiety at the 4’-position.  At the 

free phenol at the 4-position, an epoxide was attached using epichlorohydrin under basic 

conditions (Scheme 3.1).  An initial attempt at synthesizing the epoxide analog included 

the reduction of ester 2.24 to the benzyl alcohol 3.20 (KBH4/LiCl/THF), alkylation with 

allyl bromide (NaH/THF) and epoxidation with mCPBA (Scheme 3.2).  However, the 

epoxidation of the allyl group was unsuccessful.  By using 4-hydroxyazophenol and  

subsequent epoxide formation through epichlorohydrin, the desired epoxide was 

generated albeit with a phenolic rather than benzylic attachment.       

 

N
N

OH

H(H2C)12ON
N

OC12H25

H(H2C)12O O

3.202.24

KBH4
LiCl

THF
70 °C
41%  

Scheme 3.2  Reduction of ester 2.24 to the benzyl alcohol 3.20. 

 

 Initial attempts at the alkylation of 4-(4’-hydroxyphenylazo)anisole 3.30 using 1-

bromododecane, K2CO3 and DMF were unsuccessful.  Instead, a procedure by 

Tsutsumi67 for the preparation of 4-(ethoxy-4’-(6-hydroxyhexyloxy)azobenzene was 

followed (Scheme 3.3).   
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Scheme 3.3  Alkylation of anisole 3.30 using a procedure from Tsutsumi.67 
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Figure 3.39  Synthesis of dendritic azobenzene acids. 

 

 The synthesis of the dendritic acids is shown in Figure 3.39.  With the dendritic 

fragments in hand (see Chapter 2), the route to the dendritic azobenzene acids was similar 
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to the synthesis of 3.17.  As seen previously, alkylation of 4-(hydroxyphenylazo) benzoic 

acid 2.16 leads to the undesired ester formation rather than the ether formation at the 4- 

position.  Instead, the dendritic mesylates (chloride for the zeroth generation) were 

attached to ethyl 4-(hydroxyphenylazo)benzoate 2.17 under Williamson ether conditions.  

Subsequent saponification with LiOH gave the desired acids.   

 

3.6 Experimental 

 

Materials and Methods 

 NMR spectra were recorded on a Bruker AM-250 or DRX-500 

spectrometer available at the University of Arizona.  Chemical shifts are reported in ppm 

(δ) referenced to internal residual solvent nuclei (1H). Differential scanning calorimetry 

measurements were performed using a TA Instruments DSC 2920 Modulated DSC at a 

scanning rate of 10oC/minute.  Powder X-ray diffraction was performed at Georgia 

Technical University on a Scintag Diffractometer in θ−θ mode.  Mass spectrometry (MS) 

was performed by the MS Instrument Facility at the University of Arizona.  All 

chemicals were purchased from commercial suppliers and used as received.  Flash 

chromatography using silica (EMD Chemicals, Inc., 40-63 µm silica gel) was performed 

by the method of Still et al.68  Thin-layer chromatography (TLC) was performed on 

precoated TLC plates (Merck precoated 0.25mm silica gel 60 F254 plates). 

 For the collaborative work with the Tsukruk group at Iowa State University, 

monomolecular films of the amphiphilic compounds were prepared by the Langmuir 
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technique on an RK-1 trough located in a laminar flow hood.  The compounds were 

dissolved in chloroform (Fisher, reagent grade) to concentrations of 0.5-1.0 mmol/L.  The 

solution was spread over the water subphase (NanoPure, >18 MΩ x cm).  Monolayers 

were deposited on a cleaned silicon wafer (Semiconductor Processing Co.) of the {100} 

orientation.  Liquid surface measurements were performed on monomolecular films 

spread on a temperature controlled, Teflon trough.  A combination of grazing incident X-

ray diffraction (GIXD) (in-plane and rod-scans) and X-ray reflectivity experiments were 

conducted on a liquid-surface X-ray spectrometer at the 6ID line at the Advanced Photon 

Source synchrotron at Argonne National Laboratory.  The geometrical parameters of all 

molecules were estimated from molecular models built with the Cerius2 3.8 package on a 

SGI workstation by using the Dreiding 2.21 force field library and with the Materials 

Studio 3.0 package on a PC workstation using the PVCC force field library.  Molecular 

models were treated with a molecular dynamics and a minimization procedure to obtain 

conformations with minimized energy.   

4-(4-Dodecyloxyphenylazo)benzoic acid (3.17). A slurry of 2.26 (1.00 g, 2.28 

mmol), LiOH (0.27 g, 11.4 mmol), H2O, and THF (15 mL) was maintained at reflux under 

nitrogen for 18 h.  After TLC (SiO2; 70:30 hexane-ethyl acetate) indicated that the reaction 

was complete, the solvent was removed in vacuo.  The resulting solid residue was dissolved 

in H2O (100 mL) and acidified (conc. H2SO4).  3.17 (0.85 g, 90%) was collected as an 

orange solid through vacuum filtration after recrystallization in acetone: 1H NMR (500 

MHz, CDCl3, 313K) δ 8.21 (AA’BB’ pattern, J = 8.0, 2H), 7.93 (m, 4H), 7.01 (AA’BB’ 
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pattern, J = 8.5, 2H), 4.06 (t, J = 6.5, 2H), 1.27 – 1.50 (overlapped, 20H), 0.88 (t, J = 6.5, 

3H). 

4-Oxiranylmethoxyphenyl-4-dodecyloxyphenyldiazene (3.18).  A mixture of 3.29 

(0.18 g, 0.47 mmol) and K2CO3 (0.10 g, 0.71 mmol) in 15 mL of DMF was heated to 85oC 

under nitrogen for 1h.  Epichlorohydrin (0.07 g, 0.71 mmol) was added to the mixture and 

heating was continued.  After TLC (SiO2; 7:3 hexanes-ethyl acetate) indicated that the 

reaction was complete, the solvent was removed in vacuo.  The resulting mixture was 

partitioned between H2O (25 mL) and CH2Cl2 (25 mL).  The organic layer was separated 

and the aqueous layer was further extracted with CH2Cl2  (3 x 25 mL).  The combined 

organic layers were washed with H2O and brine, dried (Na2SO4), filtered, and concentrated.   

Flash chromatography of the residue (SiO2, 7:3 hexanes:EtOAc dryloaded in CH2Cl2) gave 

the desired product (0.28 g, 85%) as a yellow solid:  1H NMR (250 MHz, CDCl3) δ 7.86- 

7.82 (m, 4H), 7.02- 6.95 (m, 4H), 4.32-4.26 (dd, J = 3.1 Hz, 1H), 4.03-3.97 (m, 3H), 3.40-

3.34 (m, 1H) 2.93-2.90 (m, 1H), 2.79-2.76 (m, 1H), 1.27-1.86 (overlapped, 20H), 0.88 (t, J 

= 5.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 161.4, 160.4, 147.6, 147.0, 124.5, 124.4, 

124.3, 124.2, 114.9, 114.7, 69.1, 68.5, 50.0, 44.7, 31.9, 29.68, 29.65, 29.61, 29.59, 29.4, 

29.35, 29.28, 26.1, 22.7, 14.1.  

4-(4-Dodecyloxyphenylazo)anisole (3.19).  A mixture of 4-(4’-

hydroxyphenylazo)anisole (1.90 g, 8.32 mmol) and 1-bromododecane (3.0 mL, 13 mmol) 

was dissolved in EtOH (25 mL).  KOH (0.72 g, 12.9 mmol) in a minimal amount of H2O 

was added dropwise to the solution.  The resulting solution was refluxed under nitrogen 

for 18h.  After removal of the solvent by rotary evaporation, the resulting solid residue 
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was dissolved in CH2Cl2 (100 mL), washed with H2O, and concentrated.  

Recrystallization from n-hexane gave anisole 3.19 (2.38 g, 72%) as a yellow-green solid:  

mp 93-94 oC; 1H NMR (250 MHz, CDCl3) δ 7.88 and 7.84 (AA’BB’ pattern, J = 2.8 Hz, 

4H), 7.00 and 6.97 (AA’BB’ pattern, J = 3.4 Hz, 4H), 4.02 (t, J = 6.5 Hz, 2H), 3.88 (s, 

3H), 1.26-1.83 (overlapped, 20H), 0.87 (t, J = 5.8 Hz, 3H). 13C NMR (125 MHz, CDCl3) 

δ 161.5, 161.2, 147.1, 146.9, 124.3, 124.27, 114.6, 114.1, 68.3, 55.5, 31.9, 29.68, 29.65, 

29.61, 29.58, 29.41, 29.36, 29.2, 26.0, 22.7, 14.1; MS (FAB+) m/z 397.28 (M+H+, 

C25H37N2O2 requires 397.29). 

4-(4-Dodecyloxyphenylazo)benzyl alcohol (3.20).  A solution of  benzoate 2.24 

(578 mg, 1.32 mmol), KBH4 (374 mg, 6.94 mmol), LiCl (288 mg, 6.80 mmol), and dry 

THF (25 mL) was maintained at reflux for 18h under argon.  The solution was quenched 

with H2O, acidified (5% H2SO4), and extracted with ether (3 x 20 mL).  The combined 

organic layers were washed with water and brine, dried (Na2SO4).  Recrystallization in 

acetone gave benzyl alcohol 3.20 (213 mg, 41%):  mp 112-113 oC; 1H NMR (250 MHz, 

CDCl3) δ 7.92 and 7.01 (AA’BB’ pattern, J = 8.9 Hz, 4H), 7.88 and 7.51 (AA’BB’ 

pattern, J = 8.2 Hz, 4H), 4.79 (s, 2H), 4.05 (t, J = 6.6 Hz, 2H), 1.28-1.83 (overlapped, 

20H), 0.89 (t, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 161.7, 152.3, 146.8, 143.0, 

127.4, 124.7, 122.7, 114.7, 68.4, 65.0, 31.9, 29.67, 29.65, 29.61, 29.58, 29.40, 29.36, 

29.2, 26.0, 22.7, 14.1; MS (FAB+) m/z 397.34 (M+H+, C25H37N2O2 requires 397.29). 

(4-Butyl-phenyl)-(4-dodecyloxy-phenyl)-diazene (3.22).  Following the 

procedure described by Ikeda et al.,35 3.21 (0.55 g, 2.2 mmol), 1-bromododecane (0.54 g, 

2.2 mmol), K2CO3 (1.52 g, 11.0 mmol), and 25 mL of DMF gave 3.22 (0.76 g, 84%) as 
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an orange solid:  1H NMR (250 MHz, CDCl3) δ 7.85 and 6.95 (AA'BB' pattern, J = 9.0 

Hz, 4 H), 7.72 and 7.24 (AA'BB' pattern, J = 8.3 Hz, 4H), 3.99 (t, J = 6.5 Hz, 2H), 2.64 

(t, J = 7.6 Hz, 2H), 1.2 - 1.8 (overlapped, 24H), 0.81 - 0.93 (overlapped, 6H). 

4-(4-(3, 4-bis(dodecyloxy)benzyloxy)phenylazo)benzoic acid (3.25)  A slurry of 

3.31 (0.16 g, 0.22 mmol), LiOH (0.06 g, 2.50 mmol), H2O (5.0 mL), and THF (15 mL) 

was kept at reflux under nitrogen for 18 h.  After TLC (SiO2; 1:9 MeOH-CH2Cl2) 

indicated that the reaction was complete, the solvent was removed in vacuo.  CH2Cl2 (25 

mL) was added to the resulting slurry which was acidified (conc. H2SO4). Benzoic acid 

3.25 (0.22 g, 98%) was collected as an orange solid:  1H NMR (500 MHz, CDCl3, 313K) 

δ 8.21 (m, 2H), 7.92 (m, 4H), 7.08 (m, 2H), 6.95 (m, 2H), 6.87 (m, 1H), 5.05 (s, 2H), 

3.99 (m, 4H), 1.25 - 1.47 (overlapped, 40H), 0.86 (t, J = 4.7, 6H); MS (FAB+) m/z 701.69 

(M+H+, C44H65N2O5 requires 701.49).  

3,4-bisdodecyloxy-[G1]-azobenzene benzoic acid (3.26).  Following the 

procedure described for 3.25, 3.32 (0.070 g, 0.053 mmol), LiOH (0.010 g, 0.267 mmol), 

H2O (5.0 mL), and THF (15 mL) gave the first generation azobenzene acid 3.26 (0.03 g, 

43%) after acidification with conc. H2SO4: 1H NMR (250 MHz, CDCl3, 298K) δ 8.24 

(AA’BB’ pattern, J = 8.5, 2H), 7.93 (m, 4H), 7.06 (AA’BB’ pattern, J = 9.08, 2H), 6.83 – 

6.94 (overlapped, 6H), 6.67 (m, 2H), 6.58 (m, 1H), 5.09 (s, 2H), 4.93 (s, 4H), 3.94 – 4.00 

(overlapped, 8H), 1.24 – 1.44 (overlapped, 80H), 0.86 (overlapped, 12H); 13C NMR (125 

MHz, CDCl3) δ 171.0, 161.7, 160.3, 155.9, 149.3, 149.1, 147.1, 138.6, 131.2, 130.2, 

129.2, 125.3, 122.5, 120.5, 115.2, 113.8, 113.7, 106.3, 101.7, 70.27, 70.21, 69.4, 69.3, 
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31.9, 29.70, 29.66, 29.65, 29.58, 29.45, 29.44, 29.37, 29.32, 29.30, 29.22, 26.1, 26.0, 

22.7, 18.4, 14.1; MS (FAB+) m/z 1281.40 (M+H+, C82H125N2O9 requires 1281.94).   

3,4-bisdodecyloxy-[G2]-azobenzene benzoic acid (3.27). Following the 

procedure described for 3.25, 3.33 (2.58 g, 1.02 mmol), LiOH (0.05 g, 2.05 mmol), H2O 

(25 mL), and THF (50 mL) gave the second generation azobenzene acid 3.27 (0.03 g, 

43%) after acidification with conc. H2SO4 and recrystallization in acetone: 109-111 °C; 

1H NMR (500 MHz, CDCl3, 313K) δ 8.25 (m, 2H), 7.95 (m, 4H), 7.08 (m, 2H), 6.96-

6.86 (overlapped, 13H), 6.69 (m, 4H), 6.58 (m, 2H), 5.10 (s, 2H), 5.00 (s, 4H), 4.94 (s, 

8H), 4.00 (m, 16H), 1.82 (m, 16H), 1.27 (overlapped, 144H), 0.89 (m, 24H); 13C NMR 

(125 MHz, CDCl3) δ 170.4, 161.8, 160.22, 160.16, 155.8, 149.3, 149.0, 147.1, 139.0, 

138.7, 131.2, 130.2, 129.2, 125.3, 122.5, 120.5, 115.2, 113.76, 113.66, 106.34, 106.30, 

101.6, 101.5, 70.24, 70.17, 70.10, 69.36, 69.28, 31.94, 31.93, 31.91, 30.3, 29.71, 29.70, 

29. 67, 29.65, 29.46, 29.45, 29.37, 29.33, 29.31, 26.07, 26.05, 22.7, 14.1. 

4-(4-Dodecyloxyphenylazo)phenol (3.29).  A mixture of 4-hydroxyazophenol 

(3.28) (1.00 g, 4.66 mmol), K2CO3 (1.06 g, 7.62 mmol), 18-crown-6 (cat.), 1-

bromododecane (0.39 g, 1.56 mmol), and 100 mL of acetone was maintained at reflux under 

nitrogen.  After TLC (SiO2; 3:1 hexanes-ethyl acetate) indicated that the reaction was 

complete, the solvent was removed in vacuo.  The resulting mixture was partitioned 

between H2O (25 mL) and CH2Cl2 (25 mL).  The organic layer was separated and the 

aqueous layer was further extracted with CH2Cl2 (3 x 25 mL).  The combined organic layers 

were washed with H2O and brine, dried (Na2SO4), and concentrated.  Flash chromatography 

of the residue (SiO2, gradient – 100% CH2Cl2 -> 3:1 hexanes:EtOAc dryloaded from 
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CH2Cl2) gave the desired product 3.29 (0.39 g, 67%) as a yellow solid:  1H NMR (250 MHz, 

CDCl3) δ 7.86- 7.82 (m, 4H), 7.02- 6.95 (m, 4H), 4.05 (t, J = 6.5 Hz, 2H), 1.27-1.86 

(overlapped, 20H), 0.88 (t, J = 5.9 Hz, 3H). 

Ethyl 4-(4-(3, 4-bis(dodecyloxy)benzyloxy)phenylazo)benzoate (3.31).  A 

mixture of ethyl 4-(4'-hydroxyphenylazo)benzoate 2.17 (0.28 g, 1.04 mmol), K2CO3 

(0.72 g, 5.21 mmol), 2.38 (0.52 g, 1.05 mmol), and DMF (25 mL) was kept at reflux 

under nitrogen for 18h.  After TLC (SiO2; 70:30 hexane-ethyl acetate) indicated that the 

reaction was complete, the solvent was removed in vacuo.  The resulting solid residue 

was partitioned between H2O (25 mL) and CH2Cl2 (25 mL).  The organic layer was 

separated, and the aqueous layer extracted with CH2Cl2 (3 x 20 mL).  The combined 

organic layers were washed with water and brine, dried (Na2SO4), and concentrated.  

Recrystallization in acetone yielded 3.31 (0.22 g, 29%) as an orange solid:  1H NMR (250 

MHz, CDCl3) δ 8.14 (m, 2H), 7.89 (m, 4H), 7.07 (m, 2H), 6.89 (m, 3H), 5.03 (s, 2H), 

4.38 (q, J = 7.3, 2H), 3.97 (t, J = 4.5, 4H), 1.22 - 1.52 (overlapped, 43H), 0.84 (t, J = 6.2, 

6H). 13C NMR (125 MHz, CDCl3) δ 166.1, 161.9, 155.4, 149.6, 149.5, 147.2, 131.7, 

130.5, 129.0, 125.1, 122.3, 120.6, 115.3, 114.3, 114.0, 70.6, 69.6, 61.1, 31.9, 29.72, 

29.68, 29.66, 29.47, 29.43, 29.37, 26.1, 22.7, 14.4, 14.1. 

Ethyl 3,4-bisdodecyloxy-[G1]-azobenzene benzoate (3.32).  Following the 

procedure for 3.31, ethyl 4-(4'-hydroxyphenylazo)benzoate 2.17 (0.24 g, 0.88 mmol), 

K2CO3 (0.18 g, 1.32 mmol), 2.42 (1.00 g, 0.88 mmol), and DMF (50 mL) gave benzoate 

3.32 (0.60 g, 52%) as an orange solid after recrystallization in EtOH: 1H NMR (250 

MHz, CDCl3, 298K) δ 8.24 (AA’BB’ pattern, J = 8.5, 2H), 7.93 (m, 4H), 7.06 (AA’BB’ 
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pattern, J = 9.08, 2H), 6.83 – 6.94 (overlapped, 6H), 6.67 (m, 2H), 6.58 (m, 1H), 5.09 (s, 

2H), 4.93 (s, 4H), 4.42 (m, 2H), 3.94 – 4.00 (overlapped, 8H), 1.24 – 1.44 (overlapped, 

83H), 0.86 (overlapped, 12H); 13C NMR (125 MHz, CDCl3) δ 166.1, 161.6, 160.3, 155.3, 

149.3, 149.1, 147.1, 138.6, 131.6, 130.5, 129.16, 129.12, 125.1, 122.3, 120.5, 115.2, 

113.7, 113.6, 107.1, 106.3, 101.6, 70.2, 69.3, 61.2, 31.9, 29.71, 29.67, 29.65, 29.44, 

29.37, 29.33, 29.31, 26.1, 22.7, 14.3, 14.1. 

Ethyl 3,4-bisdodecyloxy-[G2]-azobenzene benzoate (3.33). Following the 

procedure for 3.31, ethyl 4-(4'-hydroxyphenylazo)benzoate 2.17 (0.55 g, 2.02 mmol), 

K2CO3 (0.42 g, 3.03 mmol), 2.44 (4.70 g, 2.02 mmol), and DMF (75 mL) gave benzoate 

3.33 (2.75 g, 54%) as an orange solid after flash chromatography (SiO2; 4:0.5:0.5 

hexanes-dichloromethane-ethyl acetate dryloaded in methylene chloride): 1H NMR (500 

MHz, CDCl3, 313K) δ 8.16 (m, 2H), 7.90 (m, 4H), 7.08 (m, 2H), 6.96-6.86 (overlapped, 

13H), 6.69 (m, 4H), 6.58 (m, 2H), 5.08 (s, 2H), 4.98 (s, 4H), 4.92 (s, 8H), 4.40 (q, J = 

7.00 Hz, 2H), 4.00 (m, 16H), 1.78 (m, 16H), 1.26 (overlapped, 147H), 0.89 (m, 24H). 13C 

NMR (125 MHz, CDCl3) δ 166.1, 161.7, 160.4, 160.3, 155.4, 149.6, 149.3, 147.3, 139.2, 

138.9, 131.7, 130.5, 129.5, 125.1, 122.3, 120.6, 115.3, 114.3, 114.1, 106.5, 101.9, 101.8, 

70.35, 70.29, 70.24, 69.6, 69.55, 61.1, 31.9, 29.72, 29.66, 29.47, 29.46, 29.37, 26.13, 

26.11, 22.7, 14.4, 14.1.      
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4. Tris(azobenzene) Dendrimers 

 

4.1 Introduction  

4.1.1 Bent-core Molecules 

Thermotropic liquid crystals are formed by rod-like molecules (calamitic liquid 

crystals) or disc-shaped molecules (discotic liquid crystals).  Both types can exhibit 

nematic phases.  Calamitic mesogens, in addition, form lamellar (smectic) phases while 

discotic mesogens form columnar phases.  These basic molecular structures can be 

modified in different ways giving rise to structural features of the mesophases. 

Interest in the liquid crystalline behavior of bent-core molecules was sparked by 

the synthetic work of Matsunaga and colleagues in 1993.1,2  They designed and 

synthesized compound 4.1 and its homologs.   

 

O O

O O

HC CH

N N

C9H19O OC9H19

4.1

 

Figure 4.1  The first mesogenic banana shaped molecule.1,2 

 

The compound exhibited a smectic C (SmC) phase at the highest temperature, and 

using x-ray layer spacing measurements of the homologous series, the authors argued that 

the tails are nearly normal to the smectic layers whereas the cores are tilted.  In addition, 
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they found an 18.5 Å core thickness and, assuming a core conformation giving a 27.5 Å 

spacing between the alkoxy oxygens of the compound, obtained a core tilt of 48°.1,2   

Findings by Niori et al. in 1996 prompted more investigations into bent-core 

molecules.3  They reported the first ferroelectric smectic liquid crystal formed from a 

banana shaped achiral molecule.  Ferroelectric and antiferroelectric liquid-crystalline 

materials are of special interest because such polar materials can be switched with 

external electric fields.  This makes them useful for electro-optic devices, for information 

storage, and as switchable nonlinear optical materials.  Originally, smectic phases with 

tilted arrangements of nonracemic chiral molecules were used for such applications until 

Niori et al. illustrated that polar order in liquid-crystalline systems can be achieved 

without molecular chirality.    

 

O O

O O

HC CH

N N

C8H17O OC8H17

crystal S2 S1 isotropic
97.7°

72.2°

156.4°

139.9°

161.4°

158.1°

4.2

 

Figure 4.2  The first ferroelectric bent-core mesogen.3 

 

Niori prepared compound 4.2.  The banana shape of the molecule comes from linking 

two benzylideneaniline groups to 1,3-dihydroxybenzene by an ester linkage.  Upon 

heating, they observed several phases:  crystal, S2, S1, and isotropic, as shown in Figure 
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4.2.  The X-ray diffraction pattern of the S1 phase shows an inner sharp reflection with a 

spacing of 37.4 Å and an outer broad reflection with a spacing of about 4.6 Å.  The 

spacing between the layers is approximately the length of the molecule in the bent 

conformation as seen in Figure 4.2, a strong indication that the molecules in each layer 

are in the bent form.  The outer broad reflection indicates the disordered lateral packing 

of the molecules within each layer as seen in conventional smectic A and smectic C 

phases.  The S1 phase had a low viscosity and a fan-like texture was observed upon 

cooling from the isotropic melt.  Birefringence was exhibited by the homeotropic texture 

as observed under polarized optical microscopy.  This indicated that a c-director existed 

in the layers and that the bent molecules are packed with the molecules aligned in the 

direction of bending and parallel to the layers.   

 In ferroelectric materials, the macroscopic polarization should change its sign on 

reversal of the applied electric field.  Using the triangular wave method, the switching 

current was examined in a pseudo-planar cell where the layer normal lies parallel to the 

glass surface but is randomly oriented between domains.  When the polarity of the 

electric field was changed, a switching current peak is clearly observed with a 

spontaneous polarization estimated to be about 50 nC cm-2.  The authors concluded that 

the S1 phase of the material is ferroelectric with the tip of the bent molecule orienting to 

the electric field and reversing its orientation on reversal of the polarity of the field.  In 

addition, the achiral smectic phase is ascribed to the C2v symmetry of the packing of the 

banana shaped molecules into a layer.   
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Both compounds synthesized by Matsunaga and Niori were studied by Link et al. 

using optical microscopy studies in the freely suspended film and “bookshelf” electro-

optical geometries.4  They found that the smectic liquid-crystal phase made from these 

achiral molecules with bent cores had fluid layers that exhibit two spontaneous 

symmetry-breaking instabilities:  polar molecular orientational ordering about the layer 

normal and molecular tilt.  These instabilities combine to form a chiral layer structure 

with a handedness that depends on the sign of the tilt.  The bulk states were either 

antiferroelectric-racemic, with the layer polar direction and handedness alternating in 

sign from layer to layer, or antiferroelectric-chiral, which is of uniform layer handedness.  

 

 

Figure 4.3  Organization of bent-core molecules in polar smectic phases:  (a) antiferroelctric (PA) and 
ferroelectric organization (PF); (b) shows the projections of the molecules parallel to the bent direction.5 

 

Both states exhibit an electric field-induced transition from antiferroelectric to 

ferroelectric.  In essence, these molecules form layered structures in which the aromatic 



 254 

bent cores and the flexible terminal chains are segregated.  Within these aromatic 

sublayers the bent rigid cores are mostly tilted (SmC) and additionally forced into a 

directed arrangement so that they point in the same direction, which leads to the polar 

order within the individual layers.   

In order to distinguish the special features of the liquid crystalline phases formed 

by the banana-shaped molecules, a nomenclature B1-B7 is used.  In the pentyloxy and 

hexyloxy homologs of the parent series illustrated in Figure 4.1 and Figure 4.2, the 

smectic high-temperature phase is designated as B1 whereas the switchable phase of 

longer-chained homologs are assigned as B2.6  Further smectic phases formed by banana-

shaped compounds get the code letters B3-B7  in the sequence of their discovery.   

Banana-shaped compounds represent a new sub-field of liquid crystals because 

they are able to form several new smectogenic phases which are specific for this class.  

These new phases are not miscible with any smectic phase of calamitic liquid crystals.  

The new mesophases are interesting from the structural point of view but also with 

respect to some unusual physical properties.   

 

4.1.2 Photoresponsive Azobenzene-Containing Dendrimers 

Dendritic macromolecules with photochromic azobenzene units have only 

recently been a developing area.7-15  Azobenzene groups have been incorporated at 

several positions in the dendritic framework including the core, branches and periphery.  

Earlier in Chapter 2, the investigation of Meijer et al. prepared five generations of 

amphiphilic dendrimers with peripheral azobenzene chromophores.16  Our effort in 
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dendrimer chemistry seeks to construct materials that undergo property changes in 

response to external, non-invasive stimuli, in particular light.  Previously, we have 

synthesized several structural classes of azobenzene-containing dendrimers that undergo 

reversible configurational changes – and concomitant property changes – in response to 

light energy.17-22  These dendrimers possess a single azobenzene as central linkers, 

multiple azobenzenes proximal to the core, and azobenzenes on the periphery (Figure 

4.4).  Our results demonstrated that the photochromic behavior of the azobenzene is not 

perturbed by incorporation into the dendrimer structure. 
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Figure 4.4.  Azobenzene isomerism within a dendritic architecture. 
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Figure 4.5.  Azobenzene-containing dendrimers reported by Vogtle and co-workers.8,23 

 

Archut et al. were the first to investigate the use of azobenzene-containing 

dendrimers for holographic applications.24  Thin films of poly(propylene imine) 

dendrimers functionalized with meta-carboxamide-substituted azobenzene goups were 

prepared by casting chloroform solutions on glass substrates.  A first generation para-

substituted dendrimer was also prepared.  π−π* and n-π* absorption bands did not 
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change within each family indicating the presence of strong interchromophoric 

interaction even within the higher generations.  Diffraction gratings were written into the 

films using two orthogonally circularly polarized beams at 488 nm (argon ion laser at 

1400 mW cm-2).  Diffraction efficiencies (χ) of ca. 20% are achieved after 60 s of 

irradiation.  Interestingly, the 4.4a grating was erased by heat (75 °C) while the grating of 

4.5b remained stable.  AFM investigation revealed that the film of 4.5b had large surface 

relief (up to 1500 nm), while the film of 4.4a had no observed surface relief.  The 

difference in the packing of the chromophores in the meta and para constitutions are 

possibly responsible for the different surface relief and stability of the diffraction 

gratings.  It would be of interest to compare the results reported with those for linear 

azobenzene-containing polymers of similar structure.     

Vogtle and his group have prepared dendrimers with azobenzenes on the 

periphery, including the first example of an azobenzene-containing dendrimer 4.3, and 

most recently provided evidence in support of these types of structures acting as 

photoswitchable hosts.8,23  The dendrimers prepared most recently by Vogtle were 

poly(propylene imine) dendrimers with azobenzenes attached to the periphery by 

carboxamide linkages.24  The position of the amide linkage with respect to the azo 

function was either para or meta.  Absorption spectra of the para and meta carboxamide 

substituted azobenzene show that the λmax of the π−π* and n−π* absorption bands do no 

change within each family of dendrimers (generations 1-4) indicating a lack of strong 

interchromophoric interactions.  Photoisomerization experiments on these dendrimers 

demonstrate conclusively that there are no effective steric constraints imposed on the 
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azobenzene by incorporation into dendrimers of all generations studied.  All the 

azobenzene type compounds undergo E to Z and Z to E photoisomerization and Z to E 

thermal isomerization.  The meta-substituted dendrimer had higher quantum yields for 

both the E to Z and Z to E photoreactions than the para-substituted azobenzene.  This is 

due to the electronic factors caused by the different substitution.  In addition, the overall 

quantum yields decreased with increasing chromophoric groups, but the quantum yield 

due to a single chromophoric unit remained almost constant implying that there is no 

steric constraint towards photoisomerization on increasing generations of dendrimers.   

In collaboration with the group of Balzani, fourth generation dendrimers 4.4d and 

4.5d were studied as potential hosts for eosin Y (4.6), which was chosen for its strong 

fluorescence and its ability to sensitize the photoisomerization of the peripheral 

azobenzenes in the dendrimer.24  Fluorescence experiments indicated that when 

dendrimers were present in an eosin Y DMF solution, the fluorescence internsity was 

decreased.  When eosin was present with a non-dendritic azobenzene, no quenching was 

observed.  Both the E and Z forms of 4.4d and 4.5d were active at quenching eosin Y 

fluorescence, although the Z form was more effective.  Quenching of the fluorescence of 

eosin Y is smaller for first generation 4.4a as compared to that of 4.4d.  It was 

determined that the quenching most likely occurred by a static mechanism of electron 

transfer from the dendrimer amine units to the lowest singlet fluorescent excited state of 

eosin Y.  These results lead the authors to conclude that both forms of the dendrimers are 

indeed hosts for eosin Y and that the Z form is a more effective host. 
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Scheme 4.1.  Synthesis of azobenzene-containing dendrimers with 1,3-alternate calix[4]arene core.25 

 

Using a 1,3-alternate calix[4]arene as a core, Nagasaki et al. synthesized third and 

fourth generation dendrimers with azobenzene-based subunits.10  Amide bond formation 

between the branching subunits was achieved using isobutyl chloroformate mediated 

mixed anhydride couplings.  Both dendrimers 4.10a and 4.10b showed typical switching 

of the azobenzene moieties with the E-azobenzene absorption band at 347 nm decreasing 
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upon 365 nm irradiation light while the absorption at 441 nm increased due to the Z form 

of the azobenzene.  Dendrimer 4.10a reached a 20/80 E/Z mixture upon irradiation while 

dendrimer 4.10b reached an equilibrium of 35/65 in THF.  The authors claim that this 

difference in photostationary states between the two dendrimers is due to increased steric 

repulsions in the branches of the larger dendrimer.  Upon irradiation at 436 nm, E-

azobenzenes were recovered in both dendrimers.  The authors surmised that these 

materials might exhibit photocontrolled size differences.  Size differences were 

confirmed in the second generation version of dendrimers 4.10 modified with lysine 

residues on the periphery by gel filtration chromatography in aqueous medium.  This was 

corroborated by dynamic light scattering measurements in ethanol on Boc-protected 

versions of this lysine modified dendrimer.  UV irradiation purportedly decreased the size 

of this dendrimer from 7.3 nm to 5.6 nm. 

The lysine modified dendrimer in this latter paper of Nagasaki et al. was prepared 

with the intention of using the photochromic nature of the azobenzene to alter the size to 

charge ratio, or surface cation density of the structure.9  Indeed, the zeta potential was 

repeatedly switched upon 365 nm UV irradiation between 16.7 ± 1.7 mV and 13.3 ± 0.9 

mV.  The authors claim that this indicates a decrease in cationic density that is ascribable 

to the deprotonation of surface primary amines due to an increase in electronic repulsion.  

The interaction of this polycationic dendrimer and plasmid DNA (pCH110) was 

confirmed by light scattering and electrophoresis.  Apparently the irradiated form of the 

dendrimer has a higher affinity for DNA.  The transfer of pCH110 containing LacZ 

encoding β-galactosidase into COS-1 cells was demonstrated.   
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Scheme 4.2.  Dendrimer system reported by Jiang and Aida to exhibit low-energy photon harvesting.7,26,27 

 

Jiang and Aida have reported that mono-azobenzene-containing dendrimers 

exhibited remarkable generation-dependent energy harvesting capabilities.7,26,27  This 

series of dendrimers containing an azobenzene core with four attached benzyl aryl ether 

dendrons was prepared and structurally characterized.  Proton spin relaxation data (T1) 

show a transition between third generation and fourth generation dendrimer.  The T1 

values for the exterior methoxy protons decrease sharply at this transition while the T1 

values for the interior aromatic protons remain fairly constant over the entire range of 

structures.  This suggests that 4.11c and 4.11d possess relatively rigid exterior shells 

while the interior of the dendrimer remains non-constrained. 

As expected, compounds 4.11a-4.11d undergo ultraviolet photoinduced 

isomerization from the E form to the Z form of the core azobenzene and thermally 

isomerize in the reverse direction with typical half-lives.  However, when individual 
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solutions of the Z forms of 4.11c and 4.11d were irradiated with infrared irradiation (75 

W glowing nichrome source), isomerization to the E form was accelerated over 250 times 

that of the thermal isomerization and, remarkably, over 20 times that of the rate found on 

irradiation with visible light (440 nm).  Yet, the rates of Z→ E isomerization of 4.11a and 

4.11b were unaffected by the infrared irradiation.  Two control experiments suggested 

that spatial isolation of the azobenzene is crucial for this effect.  First, the infrared 

irradiated isomerization of 4.11a was carried out in the presence of 4 equiv. of a large 

generation dendritic alcohol (unanchored to the azobenzene unit).  Second, the infrared 

irradiated isomerization of 4.12, comparable in molecular weight to 4.11d but with a 

monosubstituted azobenzene, was carried out.  In neither case was the isomerization 

accelerated by the infrared irradiation. 

The Z →E isomerization for 4.11d was further investigated.  Infrared irradiation 

of Z-4.11d was carried out using three specific wavelengths:  (a) a stretching vibration for 

aromatic rings (1597 cm-1); (b) a stretching vibration for CH2-O (1155 cm-1); and (c) a 

transparent region (2500 cm-1).  Only the 1597 cm-1 radiation accelerates the Z→ E 

isomerization reaction.  In addition, irradiation of Z forms of the entire series of 

dendrimers (4.11a-4.11d) with 280 nm light (λmax of the benzyl aryl ether dendrimer 

framework) accelerated the Z→ E isomerization, but only for 4.11c and 4.11d and not 

4.11a or 4.11b.  These two results taken in concert strongly suggest that a matrix to core 

intramolecular energy transfer is partly responsible for the acceleration effect.  Hence, the 

authors postulate that the dendrimer frameworks in 4.11c and 4.11d insulate the interior 

units from collisional energy scattering as well as serve as light harvesting antenna.  
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Photon harvesting is necessary to account for how 1597 cm-1 light (0.2 eV) could 

accelerate a process that has an activation free energy (ΔG÷) of 19.4 kcal mol-1 (0.84 eV) 

at 21° C.  Indeed, photon flux experiments indicated that 4.9 photons at 1597 cm-1 (0.98 

eV total) are involved in this photochemical process.   

 

 

Figure 4.6.  Structure of Shibaev's carbosilane dendrimers with terminal azobenzene groups.28 

 

4.13 (n = 1, p = 1, q = 1, m = 8) 

4.14 (n = 3, p = 7, q = 4, m = 32) 

4.15 (n = 5, p = 31, q = 16, m = 128) 
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Shibaev et al. studied the photooptical properties of the first, third, and fifth 

generations of carbosilane dendrimers with 8, 32, and 128 terminal azobenzene groups 

(Figure 4.6).28  A dramatic spectral change corresponding to the E→ Z 

photoisomerization process during UV-irradiation at 365 was observed in dichloroethane.  

A marked decrease in absorption in the π−π* region (λmax = 359 nm) and a small increase 

in the n-π* transition occurred.  The authors conclude that based on the spectral changes, 

the isomerization process is thermally reversible; even at ambient temperature, a 

complete recovery of the initial shape of the spectra of the dendrimers occurs.   
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Figure 4.7.  Advincula's photoresponsive poly(benzyl ester) dendrimer with all-azobenzene repeating 
units.29 

 

In 2001, the Advincula research group reported the design and synthesis of  

photoresponsive poly(benzyl ester) dendrimers with all-azobenzene repeating units 

(Figure 4.7).29  Four generations of poly(benzyl ester) dendrimers containing up to 29 

azobenzene units were synthesized using the convergent approach.  The dendrons and 

dendrimers were constructed by using orthogonal azobenzene groups as repeating units 

and benzyl ester bonds as linkers.     
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4.1.3 Photoresponsive Liquid Crystalline Dendrimers 

As seen in Chapter 1, the field of liquid crystalline dendrimers has attracted 

considerable attention from researchers working in the areas of polymers and low-molar-

mass liquid crystals.  However, there is almost no information on photochromic 

dendrimers forming liquid crystalline phases.   

Photochromic liquid crystalline dendrimers have a potential to be a new type of 

photooptical media for optical recording, as liquid crystalline dendrimers have physical 

properties falling between macromolecular compounds and low-molar-mass liquid 

crystals.  They could potentially combine the low viscosity inherent to all dendrimers and 

a rapid response to the action of external fields (mechanical, electric, and magnetic) 

similar to low-molar-mass liquid crystals.  These two properties could be very important 

in the synthesis of new promising photochromic liquid crystalline materials.   
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Figure 4.8.  Shibaev's photosensitive liquid crystalline dendrimers.30,31  

4.17 

4.18 
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The first photosensitive liquid crystalline dendrimer was reported by Shibaev et 

al. in 2001.30  The dendrimer contained eight terminal mesogenic cinnamoyl groups and 

is able to form a SmA mesophase over a large temperature range (Figure 4.8).  The 

authors noted that a spontaneous homeotropic orientation of mesogenic groups 

(perpendicular to the support) is observed in thin films obtained by either a slow 

evaporation of the dichloroethane-LC dendrimer solution, or spin coating.  Upon the first 

minutes of UV-irradiation, the optical density of the homeotropically oriented films 

grows rapidly accompanied by a breakdown in the homeotropic orientation of the 

mesogenic groups.  Upon further irradiation, the optical density of the films decreases, 

the isosbestic point is lost, and the dendrimer films become insoluble, forming a strongly 

cross-linked structure.   
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Figure 4.9.  Spectral changes for (a) solution and (b) LC film of 4.18.31 
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The Shibaev group also studied the photoresponsive properties of liquid 

crystalline dendrimers with terminal azobenzene groups (Figure 4.8).31  The dendrimers 

form SmA mesophases over a wide temperature range.  Upon irradiation of 

dichloroethane solutions of the dendrimers, marked spectral changes are seen with the 

isomerization of the azobenzene groups (Figure 4.9).  When comparing the film to the 

solution spectra, the absorption maximum corresponding to the π−π* electron transition 

is shifted towards the short-wavelength in the films (Figure 4.9).  The authors attributed 

this behavior to the aggregation of the azobenzene chromophores which they also stated 

as the result of the smectogeneity of the dendrimers.   

Upon irradiation, the azobenzene-containing liquid crystalline dendrimers lose 

their mesogenic properties and are transformed into an amorphous state.  The loss of 

liquid crystalline order is attributed to the fact that the Z-isomer of the azobenzene 

fragment is characterized by low anisometry.  The loss of the LC order is also 

accompanied by a breakdown of aggregates as evidenced by the wavelength maxima 

shifts to longer wavelengths upon irradiation of the films (λmax = 328 nm in SmA 

mesophase and 350 nm in the isotropic melt).    

The kinetics of the back thermal process of the liquid crystalline dendrimer 4.18 

was also studied.  The film was irradiated for 20 min and annealed at different 

temperatures.  The back isomerization of the films was found to depend on temperature, 

as expected, with the activation energy of about 19.5 kcal/mol, typical of azobenzene 

derivatives.   
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4.1.4 Research Goals 

Our research goals consist of designing, preparing, and investigating new 

dendritic tris(azobenzene)s consisting of a core of three azobenzene molecules connected 

to hydrophobic amphiphilic dendrons.  Two classes of dendritic tris(azobenzene)s have 

been prepared:  linear tris(azobenzene)s and nonlinear tris(azobenzene)s.  The linear 

tris(azobenzene)s consist of three azobenzene molecules connected through ester linkages 

in a linear fashion with hydrophobic amphiphilic dendrons of varying generations at the 

periphery.  The nonlinear tris(azobenzene)s utilize a benzene ring core with azobenzene-

containing amphiphilic dendrons at the 1-, 3-, and 5-positions.  In the linear 

tris(azobenzene)s, the azobenzene moieties are tethered to each other whereas in the 

nonlinear tris(azobenzene)s, the azobenzenes are separated from each other by the 

benzene ring. 
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Figure 4.10.  Linear and nonlinear tris(azobenzene)s. 

 

More specifically, our goals are:  (a) to determine if photochromic trans-cis and 

thermochromic cis-trans isomerization of the azobenzene group is observed in both types 
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of tris(azobenzene)s and if there are any structural influences on the processes; (b) to 

investigate the kinetics and activation parameters for the thermal cis-trans isomerization 

to ascertain the effect of incorporation of the azobenzene into the dendritic structures; (c) 

study the effects of the isomerization process on the hydrodynamic volumes of both types 

of azobenzene-containing tris(azobenzene)s; (d) to determine the nature of any liquid 

crystalline phases present. 

 

4.2 Synthesis 

 

Our work involves the design and preparation of new dendritic linear and 

nonlinear tris(azobenzene)s consisting of three azobenzene molecules connected to 

hydrophobic amphiphilic dendrons.  The structure of these linear multi-azobenzene-

containing dendrimers consists of a core of three photochromic azobenzenes and a 

periphery of hydrophobic dendrons ranging from zeroth to second generation as shown in 

Figure 4.11.  The dendritic nonlinear tris(azobenzene)s are comprised of dendritic 

azobenzenes attached to a benzene core through ester linkages at the 1-, 3-, and 5-

positions (Figure 4.11).   
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Figure 4.11  Structures of the linear and nonlinear tris(azobenzene)s. 

 

The general synthetic strategy for these compounds is convergent.  Dendritic 

mesylates were prepared using a strategy found in literature (see Chapter 2), and 

Williamson etherification with 4-(4’-hydroxyphenylazo)benzyl alcohol 4.26 yielded the 

azobenzene dendritic alcohols.  Condensation of two equivalents of 4.27-4.29 with 
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phenylazo-4,4’-diacyl chloride (4.30) provided the linear tris(azobenzene) compounds 

4.19-4.21 with hydrophobic amphiphilic dendrons at the periphery.  We initially tried to 

synthesize the tris(azobenzene)s by coupling two equivalents of 4.27-4.29 with a diacid 

azobenzene central linker under coupling conditions (DCC, DMAP, CH2Cl2, RT).  

However, the poor solubility of the diacid in a variety of organic solvents prevented 

formation of the desired products.   
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Figure 4.12.  Model tris(azobenzene) compound. 

 

For model compound 4.25, the lack of solubility of the compound in CH2Cl2 also 

posed problems for the subsequent work-up of the reaction.  Instead of purification 

through flash chromatography, 4.25 was isolated through hot filtration of the residue in 

CHCl3.  Characterization of the compound was achieved through 1H NMR (500 MHz, 

320 K, CDCl3) and mass spectrometry (MS).  Subsequent attempts to isolate the product 

utilizing the standard work-up procedure have been unsuccessful.   
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Scheme 4.3.  Synthesis of linear tris(azobenzene)s. 
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Scheme 4.4.  Synthesis of nonlinear tris(azobenzene)s. 
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For the nonlinear series, condensation of three equivalents of dendritic 

azobenzene benzyl alcohol to 4.31 afforded the family of nonlinear tris(azobenzene)s 

containing amphiphilic azobenzene dendrons (Scheme 4.4).   
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Scheme 4.5.  Initial synthetic route to benzyl alcohol 4.26. 

 

 The route to the tris(azobenzene)s was initially hampered by the synthesis of 4.26.  

Compound 4.26 was first synthesized through a stepwise diazotization, esterification, and 

reduction (Scheme 4.5).  The poor yield of the esterification of 2.16 was due to the 

formation of the dialkylated product in addition to 2.17 (see Chapter 2).  Since benzyl 

alcohol 4.26 was the primary azobenzene linker for the attachment to the amphiphilic 

dendrons in both the linear and nonlinear series, a more efficient synthetic pathway to its 

synthesis was required.  Reduction and subsequent diazotization afforded the desired 

benzyl alcohol in two steps and higher yield (Scheme 4.6).  Ethyl 4-aminobenzoate 4.27 

is reduced to the benzyl alcohol with LAH and immediately diazotized with NaNO2 

without isolating the benzyl alcohol.  Coupling with phenol under basic conditions gave 

the desired azobenzene benzyl alcohol 4.26 in good yield.         
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Scheme 4.6.  A two-step one-pot synthetic route to azobenzene benzyl alcohol 4.26. 

 

With an efficient route to 4.26, a different set of linear tris(azobenzene)s using 

3,5-bisdodecyloxy dendrons were synthesized.  As can be seen in Scheme 4.7, the 

synthesis of these linear tris(azobenzene)s is identical to the 3,4-bisdodecyloxy series.  In 

the synthesis of the dendrons, however, dendritic bromides 4.34 and 4.35 were used 

instead of the mesylates as seen in the synthesis of the 3,4-bisdodecyloxy series (Scheme 

4.3).  Chlorination of the 3,5-bisdodecyloxy dendrons was unsuccessful due to excessive 

cleavage of the dodecyl chains under standard chlorination conditions (SOCl2, CH2Cl2, 

RT).  Instead, 4.34 and 4.35 were synthesized from their corresponding alcohols using 

CBr4 and PPh3 in THF.       
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Scheme 4.7.  Synthesis of linear tris(azobenzene)s with 3,5-bisdodecyloxy dendrons. 

4.3 Photoresponsive Behavior and Kinetic Measurements  

 

4.3.1 Linear 3,4-bisdodecyloxy tris(azobenzene)s 

In this section we address the question of what is the effect of the dendrimers on 

the photochromic character of the azobenzene subunits.  In addition, does the 

arrangement of the azobenzenes (linear vs nonlinear) affect their photoresponsive 

behavior within a dendritic scaffold?  
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 The clean reversible photoisomerization of azobenzenes can easily be detected by 

UV/Vis spectroscopy.  The isomerization of the trans azobenzene to the cis configuration 

is induced by the excitation of the π–π* band.  A concomitant increase in the n–π* band 

is observed with this isomerization to the cis form.  Depending on the attachment at the 

4- and 4’- positions of the azobenzene, the π-π* band is often observed around 350 nm 

and the n-π* band at 450 nm.  This large energy gap allows for facile detection of the 

isomerization process as a decrease in the absorption maxima of the π-π* band (trans 

form) and an increase in the n-π* band (cis form) will be observed upon irradiation. 
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Figure 4.13.  Isomerization wavelengths of various azobenzenes. 
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A closer look at the structure of the linear tris(azobenzene)s reveals that there are 

two types of azobenzenes within the core (Figure 4.13).  The central azobenzene has ester 

linkages at both the 4- and 4’-positions whereas the peripheral azobenzenes have ether 

and benzyl linkages at the 4- and 4’-positions respectively.  These structural differences 

should affect their isomerization wavelengths.   

 

 

Figure 4.14.  UV/Vis of 4.27 and 4.43. 

 

The wavelengths of isomerization of both types of azobenzenes were investigated 

by studying the photoresponsive behavior of two model compounds, 4.27 and 4.43.  

Compound 4.27 has ether and benzyl linkages at the 4- and 4’-positions comparable to 

the peripheral azobenzenes within the linear core.  The diester 4.43, synthesized from the 

esterification of the diacyl chloride azobenzene 4.30, has the same connectivity as the 
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central azobenzene of the linear tris core.  As can be seen from the UV/Vis spectra of 

4.27 and 4.43 (Figure 4.14), the maximum wavelength of isomerization for 4.27 is at 350 

nm whereas the diester 4.43 has a maximum wavelength of absorption at 331 nm.  

 

 

Figure 4.15.  UV/Vis of 3,4-bisdodecyloxy linear tris(azobenzene)s. 

 

 There are two maximum wavelengths of isomerization for the linear 3,4-

bisdodecyloxy tris(azobenzene)s (Figure 4.15).  There is a maximum wavelength of 

absorbance at 350 nm and a shoulder at 331 nm for all three generations of dendritic 

linear tris(azobenzene)s.  The maximum absorbances are attributed to the two types of 

azobenzenes found in the core of the linear series.  In addition, the peak at 280 nm 

(corresponding to the dendron’s absorbance) increases with increasing generation 

showing the generational growth of the dendrimers.   
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Figure 4.16.  UV/Vis of increasing irradiation time of 4.19 at 350 nm (30 sec intervals). 

 

 

Figure 4.17.  UV/Vis of increasing irradiation of 4.19 at 331 nm (30 sec intervals). 
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Figure 4.18.  UV/Vis of increasing irradiation of 4.20 at 350 nm (30 sec intervals). 

 

 

Figure 4.19.  UV/Vis of increasing irradiation of 4.20 at 331 nm (30 sec intervals). 

 



 287 

 

Figure 4.20.  UV/Vis of increasing irradiation of 4.21 at 350 nm (30 sec intervals). 

 

 

Figure 4.21.  UV/Vis of increasing irradiation of 4.21 at 331 nm (30 sec intervals). 
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 Irradiation of the 3,4-bisdodecyloxy linear tris(azobenzene)s at these respective 

wavelengths (331 and 350 nm) resulted in  E → Z isomerization of the azobenzenes 

(Figures 4.15 – 4.20) as indicated by a decrease in the absorbances at 331 nm and 350 nm 

and an increase in the n – π* transition at 440 and 450 nm respectively.  When the 

tris(azobenzene)s are irradiated at 350 nm, there is a greater decrease in the absorbance at 

350 nm with increasing irradiation time.  However, when the wavelength of irradiation is 

changed to 331 nm, the absorbance at 350 nm continues to decrease with increasing 

irradiation time until the predominant wavelength of absorbance is at 331 nm.  This 

observation is attributed to the overlap of the higher energy irradiation at 331 nm onto the 

350 nm wavelength region causing the isomerization of the peripheral azobenzenes.  The 

presence of isosbestic points in the absorption spectra under both types of irradiation 

indicates that the trans and cis forms of the azobenzenes are interconvertible and no 

intermediates accumulate during the process.    

 Since the trans form of the azobenzene is more thermally stable than the cis form 

by about 50 kj/mol, the thermal back isomerization occurs.  This process can be observed 

by monitoring the reappearance of the trans isomer at 350 and 331 nm respectively by 

using UV/Vis spectroscopy.  To determine if the dendritic scaffold affects the 

isomerization process and if there is any influence of the linear position of the 

tris(azobenzene)s, the activation energies (Ea) and first-order rate constants of the thermal 

isomerization were measured.   
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Figure 4.22.  Absorbance at 350 nm of 4.19 kept in the dark at 35, 40, and 60 °C after irradiation at 350 nm 

for 10 min. 

 

Figure 4.23.  First order rate constant plot of 4.19 at 350 nm after irradiation at 350 nm. 
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Figure 4.24.  Plot of absorbance at 331 nm of 4.19 kept in the dark at 35, 40 and 60 °C after irradiation at 
350 nm for 10 min. 

 

Figure 4.25.  First order rate constant plot for 4.19 at 331 nm after irradiation at 350 nm. 
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Figure 4.26. Plot of absorbance at 331 nm of 4.19 kept in the dark at 35, 40 and 60 °C after irradiation at 
331 nm for 10 min. 

 

 

Figure 4.27. First order rate constant plot for 4.19 at 331 nm after irradiation at 331 nm. 
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Figure 4.28.  Plot of absorbance at 350 nm of 4.19 kept in the dark at 35, 40 and 60 °C after irradiation at 
331 nm for 10 min. 

 

Figure 4.29. First order rate constant plot for 4.19 at 350 nm after irradiation at 331 nm. 

 

 Samples of all the dendrimers were irradiated to a photostationary state of 

predominantly Z isomer (10 min irradiation) and the thermal recovery of the π-π* band 
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was monitored over the course of several hours at 3 different temperatures.  Since the 

linear tris(azobenzene)s have two wavelengths of isomerization, they were irradiated at 

both wavelengths (331 nm and 350 nm) to their respective photostationary states and 

both wavelengths were then monitored at 35, 40, and 60 °C as reversion to the trans 

forms occurred.  The thermal isomerization of the azobenzene follows a first-order rate 

law.  The rate constant, k, was determined by the slope of ln (A∞- A) vs. time.     

 

Table 4.1.  Rates and Activation Energies for Thermal Isomerization of Dendrimers 4.19 - 4.21 Under 350 

nm Irradiation. 

λ irradiation = 350 nm k35(x10-5s-1) k40(x10-5s-1) k60(x10-4s-1) Ea(kcal/mol) 
4.19     

λmax = 350 nm 1.64 3.27 2.65 22.4 
λmax = 331 nm 1.66 3.66 2.82 22.6 

4.20     
λmax = 350 nm 1.73 3.39 2.68 21.8 
λmax = 331 nm 1.63 4.37 2.60 22.0 

4.21     
λmax = 350 nm 2.05 3.82 2.91 21.5 
λmax = 331 nm 1.17 3.59 2.12 22.2 

 

 

 

 

 

 

 



 294 

Table 4.2.  Rates and Activation Energies for Thermal Isomerization of Dendrimers 4.19 – 4.21 Under 331 

nm Irradiation. 

λ irradiation = 331 nm k35(x10-5s-1) k40(x10-5s-1) k60(x10-4s-1) Ea(kcal/mol) 
4.19     

λmax = 350 nm 2.22 3.07 2.87 21.5 
λmax = 331 nm 1.51 2.61 2.64 21.7 

4.20     
λmax = 350 nm 2.07 3.02 2.63 21.2 
λmax = 331 nm 1.30 4.20 2.46 22.5 

4.21     
λmax = 350 nm 2.59 1.81 2.27 20.0 
λmax = 331 nm 1.51 4.81 2.78 22.3 

 
 

Tables 4.1 and 4.2 illustrate the rate constants and activation energy for the 

thermal isomerization of the 3,4-bisdodecyloxy linear tris(azobenzene)s under both 

wavelengths of irradiation.  These results show that the linear arrangement within the 

core has no effect on the thermal isomerization process of both types of azobenzenes as 

the rate constants are in agreement with previous results from our group.17,18,20-22,32  

Second, the wavelength of irradiation does not favor the isomerization process of either 

azobenzene.  Finally, there is no generational effect on the thermal isomerization since 

the activation energy values vary only slightly from an average value of 21.8 kcal/mol 

from generation to generation.   

 

4.3.2   Nonlinear 3,4-bisdodecyloxy tris(azobenzene)s 

UV/Vis studies were also performed on the nonlinear tris(azobenzene)s 4.22 – 

4.24.  As illustrated in the irradiation studies of these compounds, these dendrimers only 
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have a single wavelength of isomerization at 350 nm corresponding to the one type of 

azobenzene within the structure.  Upon irradiation at 350 nm, the expected decrease in 

absorbance at 350 nm and a concomitant increase in the absorbance at 450 nm 

corresponding to the isomerization from the trans to the cis forms is observed. 

 

 

Figure 4.30.  Irradiation of 4.22 at 350 nm at 30 sec. intervals. 
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Figure 4.31.  Irradiation of 4.23 at 350 nm at 30 sec intervals. 

 

 

Figure 4.32.  Irradiation of 4.24 at 350 nm at 30 sec intervals. 

 

The thermal isomerization from the cis to the trans form was monitored in the 

dark at 55, 40, and 35 °C by UV/Vis spectroscopy.  The absorbance at 350 nm was 
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measured for several hours as the azobenzene reverted back to the trans form.  The rates 

of the thermal isomerization and their corresponding activation energies are reported in 

Table 4.3.   

 

 Table 4.3.  Rates and Activation Energies for Thermal Isomerization of Dendrimers 4.22 – 4.24 Under 350 

nm Irradiation. 

λ irradiation = 350 nm k35(x10-5s-1) k40(x10-5s-1) k55(x10-4s-1) Ea(kcal/mol) 
4.22     

λmax = 350 nm 1.95 3.41 1.51 20.5 
4.23     

λmax = 350 nm 1.94 3.36 1.53 20.7 
4.24     

λmax = 350 nm 2.45 3.54 1.76 20.2 
 

The results in Table 4.3 indicate that the size of the dendrimer does not affect the 

thermal isomerization of the azobenzene within the nonlinear tris(azobenzene)s.  All of 

the corresponding rates of isomerization were within an order of magnitude from 

generation to generation at all 3 temperatures.  In addition, the average activation energy 

for the thermal isomerization for the 3 generations is 20.5 kcal/mol.    These results are in 

agreement with previous experiments performed in our laboratory.17,18,20-22,32 

 

4.3.2.1  Conclusions  

The isomerization behavior of both the linear and nonlinear tris(azobenzene)s 

were studied by UV/Vis spectroscopy.  Their activation energies and rates of thermal 

back isomerization were measured.    In comparing the linear and nonlinear series of 3,4-
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bisdodecyloxy tris(azobenzene)s, there is no effect of the arrangement of the azobenzenes 

on their rates of back isomerization.  The rates of the nonlinear dendrimers were within 

an order of magnitude of the linear series.  In addition, within the linear series, the 

wavelength of isomerization had no impact on the rates of thermal isomerization of both 

types of azobenzenes.  Both types of azobenzenes reverted back to their trans forms at 

similar rates regardless of the wavelength of irradiation used.  Finally, no generational 

effects were observed in either types of tris(azobenzene)s.  The average activation energy 

for the linear series was 21.8 kcal/mol whereas the nonlinear series had an activation 

energy average of 20.5 kcal/mol.   

 

4.4 Size Exclusion Chromatography Studies 

4.4.1 Linear 3,4-bisdodecyloxy tris(azobenzene)s 
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Figure 4.33.  Wavelengths of isomerization of linear tris(azobenzene). 

 



 299 

As seen in the previous section, the linear series of tris(azobenzene)s has two 

types of azobenzene within the linear core with wavelengths of isomerization at 331 and 

350 nm respectively (Figure 4.33).  There are two peripheral azobenzenes with a 

wavelength of isomerization at 350 nm and a central azobenzene with a wavelength of 

isomerization at 331 nm.  This section investigates the effects of isomerization of both 

types of azobenzenes on their hydrodynamic volumes as determined by size exclusion 

chromatography (GPC).   

The dendrimers were irradiated with either 331 nm or 350 nm light for 45 minutes 

and their hydrodynamic volumes measured by GPC in the dark.  The GPC traces of the 

dendrimers before and after irradiation are shown (Figure 4.34 and Figure 4.35).   

 

 

Figure 4.34.  GPC traces of 4.19, 4.20, and 4.21 before (---) and after () 45 min. of irradiation at 350 nm 
light (CH2Cl2; 1 mL/min; 500 Å, 1000 Å, 10,000 Å DVB (Jordi) columns (250 x 10mm)). 
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Figure 4.35.  GPC traces of 4.19, 4.20, and 4.21 before (---) and after () 45 min. of irradiation at 331 nm 
light (CH2Cl2; 1 mL/min; 500 Å, 1000 Å, 10,000 Å DVB (Jordi) columns (250 x 10mm)).  

 

Upon irradiation with 350 nm and 331 nm light, the isomerization of the 

azobenzenes caused a decrease in the hydrodynamic volume of the dendrimers and a 

longer elution time through the GPC columns.  The plot of hydrodynamic volume versus 

generation indicates a generational effect on the magnitude of change in the 

hydrodynamic volume upon irradiation.   
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Figure 4.36.  Plot of hydrodynamic volume versus generation of dendrimers 4.19 - 4.21 before and after 
irradiation at 350 nm. 
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Figure 4.37.  Plot of hydrodynamic volume versus generation of dendrimers 4.19 - 4.21 before and after 
irradiation at 331 nm. 

 

The greatest change in hydrodynamic volume occurred in the zeroth generation 

linear tris(azobenzene) 4.19.  The hydrodynamic volume decreased by 19.8 % after 

irradiation at 350 nm and 16.4 % after irradiation at 331 nm (Table 4.4).  As the linear 

tris(azobenzene) dendrimers grew in size, the change in volume as measured by GPC due 

to azobenzene isomerization decreases with the second generation dendrimer 4.21 

changing only 10.6 % and 7.29 % under 350 nm and 331 nm irradiation respectively.  

Since the size of the dendrimer increases with increasing generation and the number of 

azobenzene moieties stays constant, the isomerization of the azobenzenes has less of an 

effect on the hydrodynamic volume with increasing generation accounting for the lower 

% change in hydrodynamic volume upon irradiation.   
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Table 4.4.  Hydrodynamic Volumes as Measured by Size Exclusion GPC of Dendrimers 4.19 – 4.21 
Before and After Irradiation. 

 4.19 4.20 4.21 
Vh (nm)3 (dark incubated) 4.88 10.0 20.5 
Vh (nm)3 (after irradiation at 350 nm) 3.91 8.78 18.3 
% Δ Vh (nm)3  19.8 % 12.6 % 10.6 % 
Vh (nm)3 (after irradiation at 331 nm) 4.08 8.92 19.0 
% Δ Vh (nm)3 16.4 % 11.2 % 7.29 % 

 

Since the linear series has two types of azobenzenes that can be isomerized, we 

investigated the effect of the wavelength of irradiation upon the hydrodynamic volume 

searching for evidence of “selective” isomerization within the dendrimers.  The 

isomerization of the central azobenzene (λmax = 331 nm) should have the greatest effect 

on the hydrodynamic volume in comparison to the peripheral azobenzenes (λmax = 350 

nm).     
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Figure 4.38.  Proposed structural changes due to isomerization of the azobenzenes. 
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In comparing the % change in hydrodynamic volume of the dendrimers versus the 

wavelength of irradiation used, the greatest change in hydrodynamic volume occurred 

when the dendrimers were irradiated with 350 nm light (Figure 4.39).   

 

 

Figure 4.39.  Change in hydrodynamic volumes due to the wavelength of irradiation used. 

 

For all generations, the greatest change in hydrodynamic volume occurred when 

the dendrimers were irradiated with the longer wavelength of light.  Since isomerization 

of the central azobenzene alone should have caused the greatest decrease in 

hydrodynamic volume, we suggest that upon irradiation with the higher energy 331 nm 

light, isomerization of the peripheral azobenzenes (λmax = 350 nm) also occurred due to 

energy transfer to the longer wavelength of isomerization.  Complete energy transfer to 



 305 

the longer wavelength of isomerization did not occur as this would have resulted in the 

same hydrodynamic volumes as the ones observed under 350 nm irradiation.  

 

4.4.2  Nonlinear 3,4-bisdodecyloxy tris(azobenzene)s 

 

350 nm

Gn

Gn
Gn

Gn
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Figure 4.40.  Isomerization of nonlinear tris(azobenzene)s. 

 

Irradiation at 350 nm led to the isomerization of all the azobenzenes in the 

nonlinear dendrimers 4.22 – 4.24.  The predominantly cis dendrimers have a smaller 

hydrodynamic volume as measured by size exclusion chromatography (Figure 4.41).  
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Figure 4.41. GPC traces of 4.22, 4.23, and 4.24 before (---) and after () 45 min. of irradiation at 350 nm 
light (CH2Cl2; 1 mL/min; 500 Å, 1000 Å, 10,000 Å DVB (Jordi) columns (250 x 10mm)). 

 

 

Figure 4.42.  Hydrodynamic volume versus generation of nonlinear tris(azobenzene) dendrimers before 
and after irradiation at 350 nm. 
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 Upon irradiation, the greatest change in hydrodynamic volume occurred in the 

zeroth generation dendrimer 4.22 with a decrease in hydrodynamic volume of 50 % while 

the first (4.23) and second generations (4.24) had decreases of 12.5 % and 9.70 % 

respectively.  As seen earlier in the linear tris(azobenzene)s, with increasing generation, 

the effect of azobenzene isomerization upon the hydrodynamic volume decreases (Figure 

4.42).   

 

4.4.3 Conclusions 

The isomerization behavior and its effects on hydrodynamic volume of linear and 

nonlinear 3,4-bisdodecyloxy tris(azobenzene)s were studied by size exclusion 

chromatography.  For both series of compounds, isomerization of azobenzenes lead to 

smaller hydrodynamic volumes of the dendrimers.  The largest decrease in hydrodynamic 

volume occurred in the zeroth generation tris(azobenzene).  With increasing generation of 

the dendrimers, the change in hydrodynamic volume decreased upon irradiation in both 

the nonlinear and linear tris(azobenzene)s.   

  The linear tris(azobenzene)s isomerized under both 331 nm and 350 nm 

irradiation as monitored by GPC.  The greatest change in hydrodynamic volume occurred 

under 350 nm irradiation.  We suggest that irradiation under 331 nm light caused both the 

central azobenzene as well as the peripheral azobenzenes to isomerize due to energy 

transfer resulting in a mixture of configurational isomers. 
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4.5 Thermal Characterization 

4.5.1 Nonlinear 3,4-bisdodecyloxy tris(azobenzene)s 

Thermal characterization of both the nonlinear and linear 3,4-bisdodecyloxy 

tris(azobenzene)s were carried out by differential scanning calorimetry (DSC), polarized 

optical microscopy (POM), and X-ray powder diffraction. 

 The DSC trace and X-ray diffractogram of the zeroth generation nonlinear 

bisdodecyloxy tris(azobenzene) 4.22 is shown (Figure 4.43 and Figure 4.44).   

  

 

Figure 4.43.  DSC trace of zeroth generation nonlinear tris(azobenzene) 4.22. 
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Figure 4.44.  XRD of 4.22 at 100 °C upon cooling from 150 °C. 

 

The DSC trace indicates a possible liquid crystalline state between 45 °C and 145 

°C.  X-ray powder diffraction data supports the liquid crystalline state indicated by DSC 

as a broad halo at 2θ = 20° indicates the liquid-like nature of the dodecyl chains on the 

periphery of the dendrimers, and thus the fluid-like nature of the mesophase.  Crystalline 

phases often display a series of sharp peaks over the entire range of 2θ as seen in the X-

ray diffraction of the first generation acid in Chapter 3.  A closer look at the low angles of 

the X-ray diffratogram of 4.22 reveals peaks at 2θ = 1.80°, 3.12°, and 2θ = 3.66°.  Using 

the Bragg equation to solve for d, these peaks give Bragg spacings of 49.1 Å, 28.3 Å, and 

24.1 Å.  Ratios of consecutive Bragg spacings can be used to determine the morphology 

of the sample.  Table 4.5 illustrates the relationships between Bragg spacings and 

possible morphology. 
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Table 4.5.  Ratios of consecutive Bragg spacings for different model morphologies.33 

Morphology Ratios 
Body-centered cubic array of spheres 1 : 0.706 : 0.577 : 0.500 
Face-centered cubic array of spheres 1 : 0.866 : 0.612 : 0.521 

Hexagonally packed cylinders 1 : 0.577 : 0.500 : 0.378 : 0.333 
Lamellae 1 : 0.500 : 0.333 : 0.250 : 0.200 

 

 

Figure 4.45.  Low angle reflections of 4.22 with their associated d spacings. 

 

If the reflection at 49.1 Å is defined as d1, the higher order reflections are found at 

multiples of √3 and √4 of the first maximum (d2/d1 = 28.3 Å / 49.1 Å = 0.576, d3/d1 = 

24.1 Å / 49.1 Å = 0.500) although the peak at 28.3 Å can hardly be detected.  These ratios 

of Bragg spacings describe a morphology of hexagonally packed cylinders.  The 

extended conformation of 4.22 is about 50 Å which is illustrated by the reflection at 2θ = 

1.80°.  A 2-D hexagonal lattice described by these Bragg ratios can be indexed to (hk) = 

(10), (11), and (20) (Figure 4.46). 
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Figure 4.46.  Schematic representation of a columnar mesophase with its associated plane groups, lattice 
parameters, and surface areas.34 

 

 

Figure 4.47.  POM texture of 4.22 at 75 °C upon cooling from melt (200X). 

 

These indices support a hexagonal lattice parameter ahex of 56.3 Å, about the 

width of dendrimer 4.22.  Polarized optical microscopy of 4.22 at 75 °C illustrates the 

texture of the disordered columnar hexagonal phase.  This texture was also observed by 

Tschierske et al. in their study of perylene bisimide dyes that formed disordered columnar 
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hexagonal liquid crystalline phases.35  We chose to describe our columns as disordered 

because an ordered columnar hexagonal phase would have an additional sharp reflection 

at 2θ = 20-25° corresponding to the layer spacing of about 4.5 Å between the disks.35   

 

Figure 4.48.  Disordered stacking within columnar hexagonal mesophase. 

 

Table 4.6.  Structural characterization of nonlinear tris(azobenzene) dendrimers. 

Cmpd Temp 
(°C) 

Bragg 
Spacings 

(Å) 

Ratios of 
Bragg 

Spacings 

Meso-
phase <d100>

[a] a[b] 
(Å) 

Length 
of 

Molecule 
(Å) 

4.22 100 
49.1 
28.3 
24.1 

1:0.577:0.500 Colh 48.8 56.3 50.4 

4.23 80 
56.6 
38.4 
28.3 

1:0.677:0.500 Colh 59.9 69.2 62.0 

4.24 60 38.7 - - - - 73.6 
[a] <d100> = (d10 + √3d11 + 2d20)/3 
[b] a = 2<d100>/√3 
 

The DSC traces and X-ray diffractograms for 4.23 and 4.24 are shown (Figure 

4.49, Figure 4.50, Figure 4.51, and Figure 4.52). 
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Figure 4.49.  DSC trace of 4.23. 

 

 

Figure 4.50.  Powder X-ray diffraction of 4.23 at 80° and corresponding d spaces. 
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Figure 4.51.  DSC trace of 4.24. 

 

 

Figure 4.52.  Powder X-ray diffraction of 4.24 at 60 °C upon cooling from 100 °C.  
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The DSC results of 4.23 illustrate a phase transition at 60 °C corresponding to a 

possible liquid crystalline state. Powder X-ray diffraction of 4.23 at 80 °C shows Bragg 

spacings in hexagonal columnar ratios.  The peak indexed to (hk) = (11) at 38. 4 Å has a 

larger than expected d spacing and thus higher than expected d2/d1 ratio (d2/d1 = 38.4 Å / 

56.6 Å = 0.67).  The extended length of 4.23 is about 62 Å.  The corresponding reflection 

for a d spacing of 62 Å would be found at 2θ = 1.42°, outside the scope of wide angle X-

ray diffraction.   

 

 

Figure 4.53.  POM of 4.23 at 60 °C upon cooling from 100 °C (200X). 

 

The second generation nonlinear dendrimer 4.24 had 1 reflection at 2θ = 2.28° 

corresponding to Bragg spacing of 38.7 Å and no substantial transitions as measured by 

DSC.  No additional reflections were seen within the low angle region of the powder X-

ray diffraction.  Since the extended length of the molecule is about 103 Å, any additional 
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spacing corresponding to the length of the molecule would be below 2θ = 1.5°, outside of 

the parameters of the X-ray.  POM of 4.24 at 70 °C showed a birefringent texture 

although no clear pictures were able to be collected.  

The second generation nonlinear dendrimer had no definitive texture as measured 

by POM and 1 reflection in the XRD.    Since the Bragg spacing was significantly smaller 

than the extended length of the molecule, smectic phases can be ruled out.  In addition, 

with the peak quite sharp, the possibility of a hexagonal columnar arrangement is low as 

only the (10) peak within hexagonal columns results in first order diffractions.  Due to the 

length of the molecule, the (10) peak would not be observed in the XRD.  A simple 

nematic phase with a distance of 38.7 Å between molecules may be the most logical 

liquid crystalline phase for the second generation dendrimer.            

 

4.5.2 Linear 3,4-bisdodecyloxy tris(azobenzene)s 

In the linear tris(azobenzene)s, the core of the molecules is changed from a disk 

shape (nonlinear series) to a linear series of azobenzenes.  This change in structure should 

affect the self-assembly of these dendrimers as the discotic anisotropy of the core has 

been removed. 
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Figure 4.54.  First cooling of 4.19. 

 

The DSC of 4.19 is shown (Figure 4.54).  There are sharp transitions at 90 °C and 

160 °C.  The transition at 160 °C is the isotropic point for 4.19.  The peak at 90 °C is a 

liquid crystalline phase transition as indicated by X-ray diffraction data.  
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Figure 4.55.  XRD of 4.19 at 100 °C upon cooling from 160 °C. 

 

Since the zeroth generation 3,4-bisdodecyloxy dendron has been shown to be 

crystalline and possess no self-assembly properties, any mesophase formed by 4.19 is due 

to the shape anisotropy of the molecule.  The Bragg spacing of the 1 reflection observed 

by XRD is calculated to be 46.4 Å.  The texture of 4.19 at 100 °C is different from the 

textures of dendrimers 4.22 and 4.23 which assemble into LC hexagonal columns.  

Tris(azobenzene) 4.19 has a sandy mosaic texture often observed in smectic C liquid 

crystalline phases (Figure 4.56).36 
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Figure 4.56.  POM texture of 4.19 at 100 °C upon cooling from melt (200X). 

 

The X-ray diffraction of a powder sample of a smectic C phase often shows a 

sharp inner and a diffuse outer ring, because of the liquid-like ordering of the molecules 

within the layers.  Because of the tilt angle, layer spacings are smaller than the molecular 

length.36  The XRD of 4.19 has a diffuse halo at 2θ = 20° and a sharp peak at 2θ = 1.9°.  

The extended conformation of 4.19 is 79.5 Å (L) and the single reflection observed in the 

XRD was 46.4 Å (d).  Tilt angle (θ) is defined as arcsin (d/L).  This would indicate a tilt 

angle of 36° for 4.19 (Figure 4.57).     
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Figure 4.57.  Schematic of a smectic C liquid crystalline phase and the associated tilt angle θ for 4.19. 

 

The DSC, XRD, and POM for 4.20 were quite different from 4.19.  The DSC had 

no sharp transitions other than the isotropic points (Figure 4.58).  Rather, several small 
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broad peaks are observed.  These broad peaks are similar to the second order transitions 

seen in the DSC traces of 4.22 and 4.23.   

 

 

Figure 4.58.  DSC of 4.20. 

 

The XRD of 4.20 shows 4 reflections in the low angle region and a broad halo at 

2θ = 20° (Figure 4.59).  These 4 reflections at 2θ= 1.6°, 2.7°, 3.0°, and 4.1° result in 

Bragg spacings of 56.6 Å, 32.7 Å, 29.5 Å, and 21.6 Å respectively (Figure 4.60).  These 

Bragg spacings are in the ratio of 1: √3 : √4 : √7 indicative of hexagonally packed 

cylinders. 
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Figure 4.59.  XRD of 4.20 at 80 °C upon cooling from 160 °C. 

 

 

 

Figure 4.60.  Low angle region of the XRD of 4.20.   
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The broken focal-conic POM texture of 4.20 at 80 °C is indicative of both smectic 

C and columnar hexagonal phases (Figure 4.61).  However, since there are multiple 

reflections in the low angle region and no sharp transitions in the DSC, the phase 

observed is that of a columnar hexagonal liquid crystalline phase. 

 

 

Figure 4.61.  POM texture of 4.20 at 80 °C upon cooling from melt (200X). 

 

The DSC and X-ray diffraction and POM of 4.21 are shown (Figure 4.62 and 

Figure 4.63).  The single reflection in the low angle region of the XRD has a d spacing of 

31.6 Å (Figure 4.63).  With a theoretical extended length of 103 Å, any spacing 

associated with the molecular length will be found at extremely low angles.  A nematic 

phase with the molecules separated by an average distance of 31.6 Å is possible.  If in 

fact the phase formed by the second generation dendrimer is a simple nematic, a 
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Schlieren texture would be observed under microscopy.  However, although the POM 

revealed a birefringent texture at 40 °C upon cooling from melt, the texture was not 

identified.    

 

 

Figure 4.62.  DSC of 4.21. 
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Figure 4.63.  XRD of 4.21. 

 

 

Figure 4.64.  POM texture at 40 °C upon cooling from melt (200X). 
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The table below summarizes the results for the linear 3,4-bisdodecyloxy 

tris(azobenzene)s.  The zeroth generation dendron 4.19 had one sharp reflection in the 

low angle region and a broad diffuse halo.  Together with the POM texture, we conclude 

that the dendrimer formed a smectic C phase with a tilt angle of 36°.  The first generation 

4.20 had multiple reflections in the low angle region that resulted in consecutive Bragg 

spacings with columnar hexagonal ratios.  The hexagonal phase was supported by the 

broken focal-conic texture observed under microscopy.  Dendrimer 4.21 had 1 reflection 

corresponding to 31.6 Å and a birefringent texture that was unable to be identified.  The 

fluid-like nature of the phase was illustrated by the broad halo seen at 2θ = 20°.  It may 

be possible that this dendrimer formed a simple nematic phase although no Schlieren 

textures were observed under microscopy.          

 

Table 4.7.  Structural characterization of linear tris(azobenzene) dendrimers. 

Cmpd Temp 
(°C) 

Bragg 
Spacings 

(Å) 

Ratios of Bragg 
Spacings 

Meso-
phase <d100>

[a] a[b] 
(Å) 

Length 
of 

Molecule 
(Å) 

4.19 100 46.5 - SmC - - 79.5 

4.20 80 

56.6 
32.7 
29.5 
21.6 

1:0.577:0.500:0.38 Colh 57.4 66.3 91.1 

4.21 40 31.6 - - - - 103 
[a] <d100> = (d10 + √3d11 + 2d20)/3 
[b] a = 2<d100>/√3 
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4.5.3 Conclusions 

All the 3,4-bisdodecyloxy tris(azobenzene)s showed evidence for forming liquid 

crystalline phases.  The fluid-like nature of the phases was evidenced by the broad halo 

seen in the wide-angle region of all the powder X-ray diffraction spectra.  Due to the 

discotic nature of the core, the nonlinear tris(azobenzene)s formed hexagonal columnar 

mesophases in both the zeroth and first generations with broken focal-conic fan textures.  

The liquid crystalline phase for the second generation was unable to be identified.   

 The linear tris(azobenzene)s formed a mixture of mesophases.  Since the discotic 

core was changed to calamitic azobenzenes, the zeroth generation linear tris(azobenzene) 

showed properties of a smectic C mesophase with a tilt angle of 36° and a sandy mosaic 

texture.  The first generation, however, had consecutive Bragg spacings that supported a 

hexagonal columnar liquid crystalline phase.  The second generation linear dendrimer 

also had only 1 reflection correlating to a Bragg spacing of 31.6 Å, well below its 

extended length of 103 Å.  The birefringent texture observed under crossed polarizers 

was unable to be identified.   
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4.6 Additional Figures 

 

Figure 4.65.  Absorbance at λ = 350 nm at 3 temperatures of 4.20 after irradiation at 350 nm. 

 

Figure 4.66.  First-order rate constant plot for 4.20 at λ = 350 nm at 3 temperatures after irradiation at 350 

nm. 
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Figure 4.67.  Absorbance at λ = 331 nm at 3 temperatures of 4.20 after irradiation at 350 nm. 

 

Figure 4.68.  First-order rate constant plot for 4.20 at λ = 331 nm at 3 temperatures after irradiation at 350 

nm. 
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Figure 4.69.  Absorbance at λ = 331 nm at 3 temperatures of 4.20 after irradiation at 331 nm. 

 

 

Figure 4.70.  First-order rate constant plot of 4.20 at λ = 331 nm after irradiation at 331 nm. 
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Figure 4.71.  Absorbance at λ = 350 nm at 3 temperatures of 4.20 after irradiation at 331 nm. 

 

 

Figure 4.72.  First-order rate constant plot of 4.20 at λ = 350 nm after irradiation at 331 nm. 
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Figure 4.73.  Absorbance at λ = 350 nm at 3 temperatures of 4.21 after irradiation at 350 nm. 

 

 

Figure 4.74.  First-order rate constant plot of 4.21 at λ = 350 nm after irradiation at 350 nm. 
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Figure 4.75.  Absorbance at λ = 331 nm at 3 temperatures of 4.21 after irradiation at 350 nm. 

 

 

 

Figure 4.76.  First-order rate constant plot of 4.21 at λ = 331 nm after irradiation at 350 nm. 
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Figure 4.77.  Absorbance at λ = 331 nm at 3 temperatures of 4.21 after irradiation at 331 nm. 

 

 

 

Figure 4.78.  First-order rate constant plot of 4.21 at λ = 331 nm after irradiation at 331 nm. 
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Figure 4.79.  Absorbance at λ = 350 nm at 3 temperatures of 4.21 after irradiation at 331 nm. 

 

 

Figure 4.80.  First-order rate constant plot of 4.21 at λ = 350 nm after irradiation at 331 nm. 
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Figure 4.81.  Absorbance at λ = 350 nm at 3 temperatures of 4.22 after irradiation at 350 nm. 

 

 

 

Figure 4.82.  First-order rate constant plot of 4.22 at λ = 350 nm after irradiation at 350 nm. 
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Figure 4.83.  Absorbance at λ = 350 nm at 3 temperatures of 4.23 after irradiation at 350 nm. 

 

 

 

Figure 4.84.  First-order rate constant plot of 4.23 at λ = 350 nm after irradiation at 350 nm. 
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Figure 4.85.  Absorbance at λ = 350 nm at 3 temperatures of 4.24 after irradiation at 350 nm. 

 

 

 

Figure 4.86.  First-order rate constant plot of 4.24 at λ = 350 nm after irradiation at 350 nm. 
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4.7 Experimental Procedures 

 

Materials and Methods 

 NMR spectra were recorded on a Bruker AM-250 or DRX-500 

spectrometer available at the University of Arizona.  Chemical shifts are reported in ppm 

(δ) referenced to internal residual solvent protons (1H). Differential scanning calorimetry 

measurements were performed using a TA Instruments DSC 2920 Modulated DSC at a 

scanning rate of 10oC/minute.  Powder X-ray diffraction was performed at Georgia 

Technical University on a Scintag Diffractometer in θ−θ mode.  Mass spectrometry (MS) 

was performed by the MS Instrument Facility at the University of Arizona.  Gel-

permeation chromatography (GPC) was performed on a system consisting of a Shimadzu 

LC-10AD pump, a Shimadzu RID-6 RI detector, and a Rheodyne 7725I injector running 

CH2Cl2 at 1 mL/min through 3 columns (Jordi Gel 500 Å, 1000 Å, and 10,000 Å DVB, 

250 X 10 mm) in series at ambient temperature.  All chemicals were purchased from 

commercial suppliers and used as received.  Flash chromatography using silica (EMD 

Chemicals, Inc., 40-63 µm silica gel) was performed by the method of Still et al.37  Thin-

layer chromatography (TLC) was performed on precoated TLC plates (Merck precoated 

0.25mm silica gel 60 F254 plates).  Compounds 4.34, 4.35, and 4.36 were prepared 

elsewhere.ref   

 Linear 3,4-bisdodecyloxy-[G0]-tris(azobenzene) (4.19). A slurry of 4.27 (0.36 

g, 0.53 mmol), 4.30 (0.08 g, 0.26 mmol), DMAP (0.10 g, 0.79 mmol), and benzene (25 

mL) was kept at reflux under nitrogen under Dean-Stark conditions for 48 h.  After TLC 
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(SiO2; 1:5.5:3.5 ether-CH2Cl2-hexanes) indicated that the reaction was complete, the 

solvent was removed in vacuo.  The residue was partitioned between CH2Cl2 (50 mL) 

and H2O (50 mL).  The organic layer was separated, and the aqueous layer extracted with 

CH2Cl2 (3 x 25 mL).  The combined organic layers were washed with water and brine, 

dried (MgSO4), and concentrated.  Compound 4.19 (0.12 g, 29%) was collected as an 

orange solid after purification by flash chromatography (SiO2; 1:5.5:3.5 ether-CH2Cl2-

hexanes dryloaded in CH2Cl2):  mp 162 – 164 oC; 1H NMR (250 MHz, CDCl3) δ 8.25 (m, 

4H), 7.89 – 8.01 (overlapped, 12H), 7.59 (m, 4H), 7.08 (m, 4H), 6.79 – 6.97 (overlapped, 

6H), 5.46 (s, 4H), 5.04 (s, 4H), 3.97 – 4.03 (overlapped, 8H), 1.84 (m, 8H) 1.25 – 1.86 

(overlapped, 72H), 0.87 (t, J = 5.3, 12H). 13C NMR (125 MHz, CDCl3) δ 165.1, 161.2, 

154.8, 152.4, 149.1, 149.0, 146.8, 137.6, 132.0, 130.6, 128.6, 128.5, 124.6, 122.7, 122.6, 

120.2, 114.9, 114.5, 113.5, 113.3, 70.2, 69.1, 69.0, 66.4, 31.7, 29.5, 29.41, 29.39, 29.2, 

29.1, 29.05, 29.04, 25.8, 22.4, 13.9; MS (MALDI) m/z 1609.1 (M+H+, C102H138N6O10 

requires 1609.2. 

 Linear 3,4-bisdodecyloxy-[G1]-tris(azobenzene) (4.20). Following the 

procedure for 4.19, 4.28 (1.00 g, 0.79 mmol), 4.30 (0.12 g, 0.39 mmol), and DMAP (0.14 

g, 1.18 mmol) in benzene (15 mL) gave 4.20 (0.37 g, 17%) after purification by flash 

chromatography (SiO2; 1:5.5:3.5 ether-CH2Cl2-hexanes dryloaded in CH2Cl2):  mp 96 – 

98 oC; 1H NMR (250 MHz, CDCl3) δ 8.26 (m, 4H), 8.00 (m, 4H), 7.90 – 7.93 

(overlapped, 8H), 7.60 (m, 4H), 7.07 (m, 4H), 6.83 – 6.95 (overlapped, 12H), 6.69 (m, 

4H), 6.58 (s, 2H), 5.46 (s, 4H), 5.09 (s, 4H), 4.93 (s, 8H), 3.96 – 4.01 (overlapped, 16H), 

1.82 (m, 16H), 1.24 – 1.44 (overlapped, 144H), 0.84 – 0.89 (overlapped, 24H). 13C NMR 
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(125 MHz, CDCl3) δ 165.4, 161.0, 160.0, 154.8, 152.4, 149.1, 148.9, 146.9, 138.5, 137.6, 

132.0, 130.6, 128.9, 128.6, 124.6, 122.7, 122.6, 120.3, 114.9, 113.5, 113.4, 106.0, 101.4, 

70.0, 69.9, 69.1, 69.0, 66.3, 31.7, 31.5, 29.45, 29.41, 29.39, 29.2, 29.11, 29.07, 29.04, 

28.97, 25.80, 25.79, 22.4, 13.9; MS (MALDI) m/z 2768.9 (M+H+, C102H138N6O10 requires 

2770.0. 

Linear 3,4-bisdodecyloxy-[G2]-tris(azobenzene) (4.21). Following the 

procedure for 4.19, 4.29 (1.50 g, 0.60 mmol), 4.30 (0.09 g, 0.30 mmol), and DMAP (0.11 

g, 0.90 mmol) in benzene (15 mL) gave 4.21 (0.68 g, 43 %) after purification by flash 

chromatography (SiO2; 1:5.5:3.5 ether-CH2Cl2-hexanes dryloaded in CH2Cl2):  mp 92 – 

94 oC; 1H NMR (500 MHz, CDCl3) δ 8.28 (m, 4H), 8.00 (m, 4H), 7.90 – 7.92 

(overlapped, 8H), 7.60 (m, 4H), 7.07 (m, 4H), 6.85 – 6.95 (overlapped, 26H), 6.69 (m, 

8H), 6.58 (m, 4H), 5.48 (s, 4H), 5.09 (s, 4H), 5.00 (s, 8H), 4.93 (s, 16H), 4.00 (m, 32H), 

1.82 (m, 32H), 1.27 (overlapped, 288), 0.84 – 0.89 (overlapped, 48H). 13C NMR (125 

MHz, CDCl3) δ 165.6, 161.2, 160.2, 160.1, 155.0, 152.6, 149.3, 149.1, 147.1, 139.0, 

138.8, 137.9, 132.2, 130.8, 129.2, 128.8, 124.8, 122.9, 122.8, 120.5, 115.1, 113.8, 113.7, 

106.3, 101.7, 101.6, 70.3, 70.2, 70.1, 69.4, 69.3, 66.6, 31.9, 29.7, 29.67, 29.66, 29.47, 

29.46, 29.37, 29.35, 29.32, 26.08, 26.06, 22.7, 14.1. 

 Nonlinear 3,4-bisdodecyloxy-[G0]-tris(azobenzene) (4.22). Following the 

procedure for 4.19, 4.27 (2.77 g, 4.03 mmol), 4.31 (0.36 g, 1.34 mmol), and DMAP (0.66 

g, 5.38 mmol) in benzene (50 mL) gave 4.22 (0.57 g, 19%) after purification by flash 

chromatography (SiO2; 1:4:4 ether-CH2Cl2-hexanes dryloaded in CH2Cl2): 1H NMR (500 

MHz, CDCl3) δ 8.95 (s, 3H), 7.91 – 7.94 (overlapped, 12H), 7.59 (m, 6H), 7.08 (m, 6H), 
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6.79 – 6.97 (overlapped, 9H), 5.49 (s, 6H), 5.06 (s, 6H), 3.97 – 4.03 (overlapped, 12H), 

1.86 (m, 12H) 1.25 – 1.56 (overlapped, 108H), 0.87 (m, 18H). 13C NMR (125 MHz, 

CDCl3) δ 164.6, 161.4, 152.7, 149.3, 149.2, 147.0, 137.5, 134.9, 131.2, 128.9, 128.8, 

124.8, 122.8, 120.5, 115.1, 113.8, 113.6, 70.4, 69.4, 69.3, 66.9, 31.9, 29.72, 29.68, 29.66, 

29.58, 29.45, 29.38, 29.32, 22.7, 14.1. 

 Nonlinear 3,4-bisdodecyloxy-[G1]-tris(azobenzene) (4.23). Following the 

procedure for 4.19, 4.27 (1.29 g, 1.00 mmol), 4.31 (0.09 g, 0.33 mmol), and DMAP (0.16 

g, 1.34 mmol) in benzene (25 mL) gave 4.23 (0.42 g, 31%) after purification by flash 

chromatography (SiO2; 0.5:2:2.5 ethyl acetate-CH2Cl2-hexanes dryloaded in CH2Cl2): 1H 

NMR (500 MHz, CDCl3) δ 8.95 (s, 3H), 7.91 (m, 12H), 7.58 (m, 6H), 7.04 (m, 6H), 6.83 

– 6.95 (overlapped, 18H), 6.69 (m, 6H), 6.58 (m, 3H), 5.46 (s, 6H), 5.09 (s, 6H), 4.93 (s, 

12H), 3.96 – 4.01 (overlapped, 24H), 1.80 (m, 24H) 1.24 – 1.44 (overlapped, 216H), 0.84 

– 0.89 (overlapped, 36H). 13C NMR (125 MHz, CDCl3) δ 164.6, 161.2, 160.2, 152.7, 

149.3, 149.1, 147.1, 138.7, 137.5, 134.9, 131.2, 129.1, 129.05, 128.9, 124.8, 122.9, 122.8, 

120.5, 115.1, 113.7, 113.6, 106.2, 101.6, 70.2, 70.1, 69.3, 69.2, 66.9, 31.9, 31.8, 29.68, 

29.64, 29.62, 29.43, 29.42, 29.34, 29.31, 29.28, 29.14, 26.04, 26.02, 25.90, 22.8, 22.7, 

22.5, 14.09, 13.95.   

 Nonlinear 3,4-bisdodecyloxy-[G2]-tris(azobenzene) (4.24). Following the 

procedure for 4.19, 4.28 (1.50 g, 0.61 mmol), 4.31 (0.05 g, 0.20 mmol), and DMAP (0.01 

g, 0.80 mmol) in benzene (25 mL) gave 4.24 (0.38 g, 27%) after purification by flash 

chromatography (SiO2; 1.0:2.5:6.5 ether-CH2Cl2-hexanes dryloaded in CH2Cl2): 1H NMR 

(500 MHz, CDCl3) δ 8.95 (s, 3H), 7.91 (m, 12H), 7.58 (m, 6H), 7.04 (m, 6H), 6.95 (d, 
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12H, J = 2.0 Hz), 6.91 – 6.93 (overlapped, 12H), 6.85-6.86 (overlapped, 12H), 6.68 (dd, 

18H, J = 2.0 Hz), 6.60 (t, 6H, J = 2.0 Hz) 6.57 (t, 3H, J = 2.0 Hz) 5.49 (s, 6H), 5.08 (s, 

6H), 4.99 (s, 12H), 4.93 (s, 24H), 3.97 – 4.01 (overlapped, 48H), 1.80 (m, 48H) 1.24 – 

1.44 (overlapped, 432H), 0.84 – 0.89 (overlapped, 72H). 13C NMR (125 MHz, CDCl3) 

δ 164.6, 160.22, 160.15, 152.7, 149.3, 149.1, 139.0, 138.79, 131.3, 129.2, 129.0, 124.9, 

122.9, 120.5, 115.1, 113.8, 113.7, 106.4, 106.3, 101.6, 70.3, 70.2, 70.1, 69.4, 69.3, 67.0, 

31.9, 29.7, 29.66, 29.48, 29.47, 29.38, 29.37, 29.34, 26.1, 26.07, 14.1.   

 Linear 3,4-bisdodecyloxy-[G(-1)]-tris(azobenzene) (4.25). Following the 

procedure for 4.19, 3.20 (0.11 g, 0.28 mmol), 4.30 (0.04 g, 0.13 mmol), and DMAP (0.05 

g, 0.41 mmol) in benzene (15 mL) gave 4.25 (0.05 g, 38%) after hot filtration and 

recrystallization in CHCl3:  mp 213 – 214 oC; 1H NMR (500 MHz, CDCl3, 320K) δ 8.23 

(m, 6H), 7.99 (m, 4H), 7.88 – 7.90 (overlapped, 6H), 7.57 (m, 4H), 6.98 (m, 4H), 5.46 (s, 

4H), 5.09, 4.02 (t, J = 5.0 Hz, 4H), 1.80 (overlapped, 4H), 1.22 (overlapped, 36H), 0.86 

(t, J = 6.5 Hz, 6H).  MS (MALDI) m/z 1027.6 (M+H+, C64H78N6O6 requires 1028.3. 

 4-Hydroxyphenylazobenzyl alcohol (4.26).  A mixture of LiAlH4 (11.5 g, 0.30 

mol) in 300 mL of THF was stirred at 0 °C.  Compound 4.32 (20.0 g, 0.12 mol) was 

slowly added to the mixture.  When TLC (SiO2; 1:4 hexanes-ethyl acetate) indicated that 

the reaction was complete, H2O was added dropwise to quench the reaction.  The solution 

was filtered and concentrated.  Approximately 250 mL of 2N HCl was added to the 

residue which was stirred at 0 °C.  A solution of NaNO2 (12.5 g, 0.18 mol) in H20 

(minimum to dissolve) was added dropwise to the acidic solution.  The resulting solution 

was added dropwise to a cold (5 °C) solution of phenol (17.5 g, 0.18 mol) and 2N NaOH 
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(250 mL).  After stirring for an additional 1.5h, the solution was slowly neutralized with 

conc. HCl and the orange precipitate collected by vacuum filtration and dried.  

Purification of the residue by flash chromatography (SiO2, 4:1 ethyl acetate-hexanes) 

gave 4.26 (16.0 g, 58%) as an orange solid:  mp 174-175oC; 1H NMR (250 MHz, d6-

acetone) δ 7.85 and 7.54 (AA’BB’ pattern, J = 8.3 Hz, 4H), 7.86 and 7.02 (AA’BB’ 

pattern, J = 8.8 Hz, 4H), 4.73 (s, 2H), 3.05 (br, 1H). 

 4-(4-(3, 4-bis(dodecyloxy)benzyloxy)phenylazo)benzyl alcohol (4.27). A 

mixture of 4.26 (0.92 g, 4.04 mmol) and K2CO3 (0.84 g, 6.06 mmol) in 25 mL of DMF 

was heated to 85oC under nitrogen for 1h.  Compound 2.38 (2.00 g, 4.04 mmol) was 

added to the mixture and heating was continued.  After TLC (SiO2; 4:4:0.5 hexanes-

CH2Cl2-ethyl acetate) indicated that the reaction was complete, the solvent was removed 

in vacuo.  The resulting mixture was partitioned between H2O (25 mL) and CH2Cl2 (25 

mL).  The organic layer was separated and the aqueous layer was further extracted with 

CH2Cl2  (3 x 25 mL).  The combined organic layers were washed with H2O and brine, 

dried (Na2SO4), filtered, and concentrated.   Flash chromatography of the residue (SiO2, 

4:4:0.5 hexanes:CH2Cl2:EtOAc dryloaded in CH2Cl2) gave the desired product 4.27 (1.59 

g, 57%) as a yellow solid:  1H NMR (500 MHz, CDCl3) δ 7.86-7.92 (overlapped, 4H), 

7.48 (m, 2H), 7.07 (m, 2H), 6.94-6.97 (overlapped, 2H), 6.87 (m, 1H), 5.04 (s, 2H), 4.77 

(d, 2H, J = 6.0 Hz), 3.99 (t, 4H, J = 7.0 Hz), 1.83 (m, 4H), 1.26 (m, 36H), 0.85 (t, 6H, J = 

5.0 Hz). 13C NMR (125 MHz, CDCl3) δ 161.3, 152.2, 149.4, 149.2, 147.1, 143.1, 128.8, 

127.4, 124.7, 122.8, 120.5, 115.1, 113.8, 113.6, 70.4, 69.4, 69.3, 65.0, 31.9, 29.70, 29.65, 

29.64, 29.4, 29.36, 29.29, 29.28, 26.0, 22.7, 14.1.  
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 3,4-bisdodecyloxy-[G1]-azobenzene benzyl alcohol (4.28). Following the 

procedure for 4.27, 4.26 (1.36 g, 5.95 mmol), 2.42 (6.76 g, 5.95 mmol), and K2CO3 (1.23 

g, 8.92 mmol) in DMF (25 mL) gave 4.28 (3.08 g, 40%) after purification by flash 

chromatography (SiO2; 0.5:0.5:3.0 ethyl acetate-CH2Cl2-hexanes dryloaded in CH2Cl2): 

1H NMR (500 MHz, CDCl3) δ 7.91 (m, 4H), 7.50 (m, 2H), 7.08 (m, 2H), 6.95 (m, 2H), 

6.92-6.95 (overlapped, 2H), 6.87-6.88 (overlapped, 2H), 6.71 (d, 2H, J = 2.0 Hz), 6.59 (t, 

1H, J = 2.0 Hz), 5.10 (s, 2H), 4.96 (s, 4H), 4.79 (s, 2H), 3.96 – 4.01 (overlapped, 8H), 

1.83 (m, 8H) 1.28 (overlapped, 72H), 0.84 – 0.89 (overlapped, 12H). 13C NMR (125 

MHz, CDCl3) δ 161.1, 160.2, 152.2, 149.3, 149.1, 147.1, 138.8, 129.2, 127.4, 124.7, 

122.8, 120.5, 115.1, 113.8, 113.7, 106.3, 101.6, 70.3, 70.2, 69.4, 69.3, 64.9, 31.9, 29.71, 

29.67, 29.65, 29.45, 29.44, 29.37, 29.34, 29.31, 26.07, 26.05, 22.7, 14.1. 

 3,4-bisdodecyloxy-[G2]-azobenzene benzyl alcohol (4.29). Following the 

procedure for 4.27, 4.26 (0.10 g, 0.42 mmol), 2.44 (1.00 g, 0.42 mmol), and K2CO3 (0.10 

g, 0.64 mmol) in DMF (25 mL) gave 4.29 (0.30 g, 28%) after purification by flash 

chromatography (SiO2; 1.0:3.0 ethyl acetate-hexanes dryloaded in CH2Cl2): 1H NMR 

(500 MHz, CDCl3) δ 7.85 (m, 4H), 7.44 (m, 2H), 7.04 (m, 2H), 6.95 (m, 4H), 6.89-6.91 

(overlapped, 4H), 6.83-6.85 (overlapped, 4H), 6.67 (m, 6H), 6.56-6.57 (overlapped, 2H), 

5.10 (s, 2H), 4.97 (s, 4H), 4.91 (s, 8H), 4.71 (d, 2H, J = 6.0 Hz) 3.96 – 4.01 (overlapped, 

16H), 1.80 (m, 16H) 1.26 (overlapped, 144H), 0.86 – 0.89 (overlapped, 24H). 13C NMR 

(125 MHz, CDCl3) δ 161.0, 160.18, 160.09, 152.1, 149.3, 149.1, 147.1, 143.3, 139.0, 

138.8, 129.2, 127.3, 124.7, 122.7, 120.5, 115.1, 113.8, 113.7, 106.3, 106.2, 101.6, 101.5, 
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70.2, 70.0, 69.3, 69.2, 64.8, 31.9, 29.71, 29.61, 29.4, 29.33, 29.31, 29.29, 26.04, 26.02, 

22.7, 14.1. 

 Phenylazo-4,4-diacyl chloride (4.30).  A solution of phenylazo-4,4'-dibenzoic 

acid (0.50 g, 1.9 mmol), SOCl2 (10 mL), and DMF (2 drops) was kept at reflux under 

nitrogen for 18 h.  The solvent was removed in vacuo to give the diacid chloride (0.55 g, 

96%) as a red solid:  1H NMR (250 MHz, d6-acetone) δ 8.17 - 8.42 (AA'BB' pattern, 

overlapped, 8H).  

 3,5-bisdodecyloxy-[G0]-azobenzene benzyl alcohol (4.37). Following the 

procedure for 4.27, 4.34 (0.53 g, 0.98 mmol), 4.26 (0.23 g, 1.00 mmol), and K2CO3 (0.68 

g, 4.91 mmol) in DMF (25 mL) gave 4.37 (0.61 g, 91%) after purification by flash 

chromatography (SiO2; 1:2 ethyl acetate-hexanes dryloaded in CH2Cl2): 1H NMR (250 

MHz, CDCl3) δ 7.86 (m, 4H), 7.44 (m, 2H), 7.03 (m, 2H), 6.55 (m, 2H), 6.39 (t, J = 2.0 

Hz, 1H), 5.03 (s, 2H) 4.73 (d, J = 4.0 Hz, 2H), 3.92 (t, J = 6.0 Hz, 4H), 1.83 (m, 4H) 1.28 

(overlapped, 36H), 0.84 – 0.89 (overlapped, 6H). 13C NMR (125 MHz, CDCl3) δ 161.1, 

160.5, 152.1, 147.1, 143.2, 138.5, 127.3, 124.7, 122.7, 115.1, 105.6, 100.8, 70.2, 68.1, 

64.8, 31.9, 29.66, 29.63, 29.60, 29.57, 29.39, 29.34, 29.24, 26.0, 22.7, 14.1.   

 3,5-bisdodecyloxy-[G1]-azobenzene benzyl alcohol (4.38). Following the 

procedure for 4.27, 4.34 (0.53 g, 0.98 mmol), 4.26 (0.23 g, 1.00 mmol), and K2CO3 (0.68 

g, 4.91 mmol) in DMF (25 mL) gave 4.37 (0.61 g, 91%) after purification by flash 

chromatography (SiO2; 1.0:2.0 ethyl acetate-hexanes dryloaded in CH2Cl2): 1H NMR 

(250 MHz, CDCl3) δ 7.90 (m, 4H), 7.47 (m, 2H), 7.05 (m, 2H), 6.69 (m, 1H), 6.57 (m, 

6H), 6.42 (t, J = 2.0 Hz, 2H), 5.08 (s, 2H), 4.97 (s, 4H), 4.77 (s, 2H), 3.94 (t, J = 6.5 Hz, 
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8H), 1.78 (m, 8H), 1.28 (overlapped, 72H), 0.87 – 0.92 (overlapped, 12H). 13C NMR 

(125 MHz, CDCl3) δ 161.1, 160.5, 160.2, 152.2, 147.1, 143.1, 138.85, 138.79, 127.4, 

124.7, 122.8, 115.1, 106.3, 105.7, 101.7, 100.8, 70.20, 70.15, 68.1, 64.9, 31.9, 29.68, 

29.65, 29.63, 29.60, 29.42, 29.36, 29.28, 26.1, 22.7, 14.1. 

 3,5-bisdodecyloxy-[G2]-azobenzene benzyl alcohol (4.39). Following the 

procedure for 4.27, 4.36 (1.20 g, 0.54 mmol), 4.26 (0.12 g, 0.54 mmol), and K2CO3 (0.10 

g, 0.72 mmol) in DMF (25 mL) gave 4.39 (0.98 g, 75%) after purification by flash 

chromatography (SiO2; 1.0:2.0 ethyl acetate-hexanes dryloaded in CH2Cl2): 1H NMR 

(250 MHz, CDCl3) δ 7.89 (m, 4H), 7.46 (m, 2H), 7.03 (m, 2H), 6.66 (m, 4H), 6.54 (m, 

14H), 6.31 (m, 3H), 5.07 (s, 2H), 4.98 (overlapped, 12H), 4.75 (d, J = 5.0 Hz, 2H), 3.88 – 

3.94 (overlapped, 16H), 1.77 (m, 16H) 1.28 (overlapped, 144H), 0.84 – 0.89 (overlapped, 

24H). 13C NMR (125 MHz, CDCl3) δ 161.0, 160.4, 160.1, 152.1, 147.1, 143.2, 139.0, 

138.86, 138.83, 127.3, 124.7, 122.7, 115.1, 106.3, 105.7, 101.60, 101.55, 100.8, 70.13, 

70.07, 70.03, 68.0, 64.9, 31.9, 29.67, 29.63, 29.61, 29.58, 29.47, 29.41, 29.35, 29.27, 

26.1, 22.7, 14.1.  

 Linear 3,5-bisdodecyloxy-[G0]-tris(azobenzene) (4.40). A slurry of 4.37 (0.25 

g, 0.36 mmol), 4.30 (0.06 g, 0.17 mmol), DMAP (0.10 g, 0.79 mmol), and benzene (25 

mL) was kept at reflux under nitrogen under Dean-Stark conditions for 48 h.  After TLC 

(SiO2; 1:5.5:3.5 ether-CH2Cl2-hexanes) indicated that the reaction was complete, the 

solvent was removed in vacuo.  The residue was partitioned between CH2Cl2 (50 mL) 

and H2O (50 mL).  The organic layer was separated, and the aqueous layer extracted with 

CH2Cl2 (3 x 25 mL).  The combined organic layers were washed with water and brine, 
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dried (MgSO4), and concentrated.  Compound 4.40 (0.22 g, 70%) was collected as an 

orange solid after purification by flash chromatography (SiO2; 1:5.5:3.5 ether-CH2Cl2-

hexanes dryloaded in CH2Cl2): mp 96 – 98oC; 1H NMR (250 MHz, CDCl3) δ 8.24 (m, 

4H), 7.94 (m, 4H), 7.88 – 7.92 (overlapped, 8H), 7.58 (m, 4H), 7.06 (m, 4H), 6.55 (d, J = 

2.1, 4H), 6.40 (m, 2H), 5.60 (s, 4H), 5.06 (s, 4H), 3.92 (t, J = 6.5, 8H), 1.78 (m, 8H) 1.24 

– 1.80 (overlapped, 72H), 0.86 (t, J = 6.8, 12H). 13C NMR (125 MHz, CDCl3) δ 165.6, 

161.3, 160.5, 154.9, 152.6, 147.0, 138.5, 137.8, 132.2, 130.8, 128.8, 124.8, 122.9, 122.8, 

115.1, 105.6, 100.8, 70.3, 68.1, 66.6, 31.9, 29.66, 29.63, 29.60, 29.58, 29.39, 29.34, 

29.25, 26.0, 22.7, 14.1; MS (MALDI) m/z 1608.9 (M+H+, C102H138N6O10 requires 1609.2. 

 Linear 3,5-bisdodecyloxy-[G1]-tris(azobenzene) (4.41). A slurry of 4.38 (0.10 

g, 0.08 mmol), 4.30 (0.01 g, 0.04 mmol), DMAP (0.01 g, 0.11 mmol), and benzene (15 

mL) was kept at reflux under nitrogen under Dean-Stark conditions for 48 h.  After TLC 

(SiO2; 1:1 EtOAc-hexanes) indicated that the reaction was complete, the solvent was 

removed in vacuo.  The residue was partitioned between CH2Cl2 (50 mL) and H2O (50 

mL).  The organic layer was separated, and the aqueous layer extracted with CH2Cl2 (3 x 

25 mL).  The combined organic layers were washed with water and brine, dried 

(MgSO4), and concentrated.  Compound 4.41 (0.05 g, 49%) was collected as an orange 

solid after purification by flash chromatography (SiO2; 1:1 EtOAc-hexanes dryloaded in 

CH2Cl2):  mp 162 – 164 oC; 1H NMR (500 MHz, CDCl3) δ 8.27 (m, 4H), 8.01 (m, 4H), 

7.93 – 7.94 (overlapped, 8H), 7.61 (m, 4H), 7.08 (m, 4H), 6.70 (m, 4H), 6.60 (t, J = 2.0 

Hz, 2H), 6.57 (m, 8H), 6.42 (t, J = 2.0 Hz, 4H), 5.48 (s, 4H), 5.08 (s, 4H), 4.97 (s, 8H), 

3.94 (t, J = 6.5 Hz, 16H), 1.78 (m, 16H), 1.28 (overlapped, 144H), 0.87 – 0.92 
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(overlapped, 24H). 13C NMR (125 MHz, CDCl3) δ 165.6, 161.2, 160.5, 160.2, 155.0, 

152.6, 147.1, 138.8, 138.7, 137.9, 132.2, 130.8, 128.8, 124.8, 123.0, 122.8, 115.1, 106.3, 

105.7, 101.7, 100.8, 70.18, 70.15, 68.1, 66.6, 31.9, 29.67, 29.64, 29.61, 29.59, 29.41, 

29.35, 29.27, 29.08, 26.1, 22.7, 14.1.    

 Linear 3,5-bisdodecyloxy-[G2]-tris(azobenzene) (4.42). Following the 

procedure for 4.40, 4.39 (0.28 g, 0.12 mmol), 4.30 (0.02 g, 0.06 mmol), and DMAP (0.03 

g, 0.23 mmol) in benzene (15 mL) gave 4.42 (0.13 g, 22 %) after purification by flash 

chromatography (SiO2; 1:5.5:3.5 ether-CH2Cl2-hexanes dryloaded in CH2Cl2):  1H NMR 

(250 MHz, CDCl3) δ 8.24 (m, 4H), 8.02 (m, 4H), 7.88 – 7.92 (overlapped, 8H), 7.61 (m, 

4H), 7.06 (m, 4H), 6.70 (m, 12H), 6.61 (m, 4H), 6.59 (m, 24H), 6.43 (t, J = 2.0 Hz, 8H), 

5.48 (s, 4H), 5.07 (s, 4H), 4.98 (overlapped, 28H), 3.93 (t, J = 6.5 Hz, 32H), 1.75 (m, 

32H) 1.27 (overlapped, 288H), 0.86 – 0.99 (overlapped, 48H). 13C NMR (125 MHz, 

CDCl3) δ 165.6, 161.2, 160.5, 160.1, 155.0, 152.6, 147.1, 139.0, 138.86, 138.80, 137.8, 

132.3, 130.8, 128.8, 124.8, 122.96, 122.83, 115.1, 106.4, 105.7, 101.63, 101.57, 100.8, 

70.2, 70.1, 68.1, 66.6, 31.9, 29.67, 29.64, 29.62, 29.59, 29.42, 29.35, 29.28, 26.1, 22.7, 

14.1. 

 Phenylazo-4,4-diethylbenzoate (4.43).  A slurry of K2CO3 (0.17 g, 1.2 mmol) in 

10 mL of anhyd. EtOH was stirred at 0oC for 10 min.  Phenylazo-4,4'-diacyl chloride 

4.30 (0.11 g, .36 mmol) was added slowly to the solution.  After all the acid chloride had 

dissolved, the solution was kept at reflux under nitrogen for 20h.  The solution was 

cooled (0oC) and solid precipitate was collected, washed (H2O), and dried to yield the 

diethylbenzoate 5 (0.03 g, 26%) as an orange solid:  1H NMR (250 MHz, CDCl3) δ 8.22 
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and 7.99 (AA'BB' pattern, J = 8.5 Hz, 8H), 4.43 (q, J = 7.0 Hz, 4H), 1.44 (t, J = 7.0 Hz, 

6H). 13C NMR (125 MHz, CDCl3) δ 165.9, 154.9, 132.8, 130.6, 122.9, 61.3, 14.3.  
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5. Conclusions and Future Work 

 

Small molecule and dendritic liquid crystalline azobenzenes have been prepared 

and studied.  By incorporating a photochromic moiety such as the azobenzene within a 

dendritic framework that is able to self-assemble into a larger organized assembly such as 

a liquid crystalline phase, the possibility of creating wavelength controlled self-

assembled multifunctional objects becomes apparent.  Furthermore, the application of the 

azobenzene as a photochromic group within monodendrons is a promising way to control 

the surface properties of dendritic monolayers at various interfaces.  The work described 

in this research entailed the preparation and studies of photochromic dendritic 

compounds with irradiation wavelength dependent properties and dendritic liquid 

crystalline compounds with photochromic response.  The dendritic azobenzenes were 

studied for:  (a) their behavior at various interfaces, (b) the ability of the azobenzene to 

act not only as a photoresponsive trigger but as a mesogen, and (c) to determine the 

effects of a mesogenic dendritic framework on the isomerization behavior of 

azobenzenes.  These studies are summarized below.    

 

5.1 Photoresponsive Amphiphilic Dendrons on Surfaces 

5.1.1 Conclusions 

Azobenzene-containing dendrons were studied for their ability to form 

monolayers at a variety of interfaces.  The photochromic dendrons were comprised of a 

polar head group (crown, carboxylic acid, or epoxide) and a dendritic shell comprised of 
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long alkyl chains.  All the dendrons were able to form stable monolayers at both the air-

water and air-solid interfaces.  At the air-water interface, only an optimal balance 

between the areas of the polar head groups and the dendritic shells results in an 

observable and significant photomechanical response.  At the air-solid interface, all the 

dendrons formed smooth monolayers with photochromic response.  The bulky dendritic 

shell prohibits the aggregation of the azobenzenes.  Within the monolayers, the molecules 

are in a tilted molecular orientation.  When changing the head group from a carboxylic 

acid to a bulky epoxide, the monolayers become more loosely packed suggesting for a 

more efficient photoisomerization process due to increased free volume around the 

compound. 

5.1.2 Future Work 

The effects of the size of the head group on the photoisomerization and 

monolayer packing abilities of azobenzene-containing dendrons have been studied.  Only 

when there is a balance between the area of the dendrons and the head group is a 

photomechanical response observed.  Future work may entail the incorporation of 

different surface anchoring groups such as amines and determining the effects on 

molecular packing.  Also, the insertion of a spacer group between the anchoring group 

and the dendritic azobenzene may lead to a better understanding of the isomerization 

behavior of photoresponsive dendrons on surfaces. 

 



 353 

5.2 Photoisomerization Behavior 

5.2.1 Conclusions 

The isomerization behavior of both the linear and nonlinear tris(azobenzene)s 

were studied by UV/Vis spectroscopy.  The linear series had 2 wavelengths of maximum 

absorption as a result of the 2 types of azobenzenes within the linear core.  The 

wavelength of irradiation, however, does not impact the rates of thermal back 

isomerization.  In comparing the linear and nonlinear series of tris(azobenzene)s, the 

arrangement of the azobenzenes within the dendritic framework (radial vs. linear) had no 

effect on the rates of back isomerization as all the rates were within an order of 

magnitude of each other.  This implies that isomerization of the azobenzene is an 

independent process.  No generational effects were observed in either types of 

tris(azobenzene)s.  The average activation energy for the linear series was 21.8 kcal/mol 

whereas the nonlinear series had an activation energy average of 20.5 kcal/mol.   

5.2.2 Future Work 

Future work within the linear series may include the incorporation of a central 

azobenzene linker with benzyl-type linkages at both the 4- and 4’-positions.  This type of 

azobenzene will have a different maximum wavelength of absorption in the trans form 

(λmax = 313 nm) as compared to the two types of azobenzenes currently used in the 

McGrath group (diester  (λmax = 331 nm) and ether-benzyl (λmax = 350 nm)).  The 

incorporation of this azobenzene within the linear core would lead to a tris(azobenzene) 

that contains 3 types of azobenzenes with 3 different maximum wavelengths of 

absorption.  In addition, bis(azobenzene)s may be synthesized from a dendritic 
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azobenzene acid and dendritic azobenzene benzyl alcohol to investigate the effects of a 

shorter linear core on the isomerization behavior of the azobenzenes.  Finally, the 

attachment of different types of dendrimers to the periphery of the azobenzene core 

would lead to a better understanding of the actual influence of the dendritic structure on 

the molecule as a whole.     

 

5.3 Hydrodynamic Volume  

5.3.1 Conclusions 

For both types of tris(azobenzene)s, isomerization leads to smaller hydrodynamic 

volumes.  The largest decrease in volume occurred in the zeroth generation 

tris(azobenzene)s.  With increasing generation of the dendrimers, the changes in the 

hydrodynamic volumes decreased upon irradiation.  The linear tris(azobenzene)s 

isomerized under both 331 nm and 350 nm irradiation.  The greatest change occurred 

under 350 nm irradiation.  This would suggest that irradiation at 331 nm (the central 

azobenzene) caused isomerization of the peripheral azobenzenes as a consequence of 

energy transfer resulting in a mixture of configurations.   

5.3.2 Future Work 

In order to elucidate the effects of different types of azobenzenes isomerizing 

within a structure, azobenzenes with wavelengths of irradiation that do not overlap need 

to be studied.  By changing the connectivity of the linear core through the insertion of 

spacer groups between the core azobenzene and the peripheral ones, the wavelengths of 

irradiation can be modified.  For instance, an azobenzene with benzyl-type linkages at 
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both the 4- and 4’-positions may be used as the central azobenzene fragment as its 

wavelength of maximum absorbance is 313 nm, significantly higher in energy than the 

peripheral azobenzenes.  

 

5.4 Mesogeneity of Azobenzenes  

5.4.1 Conclusions 

5.4.1.1 Dendritic Acids 

The structure-liquid crystalline properties of small molecule and dendritic 

azobenzenes were investigated.  With the discovery that trans azobenzenes support 

nematic liquid crystalline phases whereas the bent cis form destroys mesophases, many 

groups have used the azobenzene moiety to control liquid crystalline phases.  These 

mesogenic azobenzenes were incorporated into dendrimers that already have an inherent 

tendency to self-assemble into supramolecular liquid crystalline columns to determine the 

mesogeneity of both the azobenzene and the dendrons.  At the zeroth generation, neither 

the azobenzene acid nor the dendron were able to induce a liquid crystalline phase.  

However, the first generation 3,4-bisdodecyloxy azobenzene acid forms a smectic 

mesophase.  This mesophase is induced by the hydrogen bonding between the molecules.  

The hydrogen bonding is strong enough to prevent the formation of liquid crystalline 

supramolecular hexagonal columns preferred by the first generation dendron.  The second 

generation 3,4-bisdodecyloxy azobenzene acid revealed several sharp reflections in the 

low angle region of the XRD which fit ratios for a body-centered array of spheres.  

However, the possibility of 2 phases coexisting has not been ruled out since the reflection 
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at (11) is sharper than the (10) indexed peak.  Normally, only the (10) peak is observed as 

a first order diffraction in XRD.   

5.4.1.2 Nonlinear tris(azobenzene)s 

Due to the discotic nature of the core, the nonlinear tris(azobenzene)s formed 

hexagonal columnar mesophases in both the zeroth and first generations with broken 

focal-conic fan textures.  The zeroth generation nonlinear dendrimer formed the 

hexagonal columns as a result of the discotic nature of the core.  With the first generation 

dendrimer, both the discotic core and the dendrons facilitate the formation of the liquid 

crystalline phase.  The second generation nonlinear dendrimer had no definitive texture 

as measured by POM and 1 reflection in the XRD.  Since the Bragg spacing was 

significantly smaller than the extended length of the molecule, smectic phases can be 

ruled out.  In addition, since the peak is quite sharp, the possibility of a hexagonal 

columnar arrangement is low as only the (10) peak within hexagonal columns results in 

first order diffractions.  Due to the length of the molecule, the (10) peak would not be 

observed in the XRD.  A simple nematic phase with a distance of 31.6 Å between 

molecules may be the most logical liquid crystalline phase for the second generation 

dendrimer.      

5.4.1.3 Linear tris(azobenzene)s 

All generations of the linear tris(azobenzene)s formed liquid crystalline phases.  

With the core consisting of a linear series of azobenzenes rather than a discotic benzene 

ring, the self-assembly of these dendrimers is a result of the azobenzene attached to the 

dendrons.   The zeroth generation linear tris(azobenzene) formed a smectic C mesophase 
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with a tilt angle of 36°.  A nematic phase was ruled out since no Schlieren textures were 

observed by POM.  Rather, a sandy mosaic texture indicative of a smectic phase formed 

upon cooling from the melt.  Since the zeroth generation dendron by itself is crystalline, 

this mesophase is a result of the shape anisotropy driven by the linear core of 

azobenzenes with dendrons attached at the perphery.  The first generation linear 

dendrimer formed hexagonally packed columns as evidenced by the reflections in XRD 

and the focal-conic textures observed under microscopy.  Only 1 sharp reflection was 

reported by XRD for the second generation linear dendrimer.  This may imply a nematic 

phase within the molecules as no textures were readily observed under microscopy. 

5.4.2 Future Work 

In order to accurately identify the liquid crystalline phases of the dendrimers, 

small angle X-ray diffraction data and better resolved powder X-ray spectra needs to be 

collected.  Since the second generation dendrimers are quite large, their interplanar 

spacings are often found at extremely low angles.  To measure these diffractions at low 

angles, a synchrotron source and a small angle set up of the diffractometer would be 

required.  Additionally, clearer POM images of the compounds would help identify any 

mesophase.  Molecular modeling and reconstruction of the electron density maps of the 

compounds would give a better resolution of the proposed structures.  Using the observed 

diffraction intensities, the electron density maps of the unit cell may be calculated.  The 

electron density maps and the X-ray diffractograms may then be correlated to give a clear 

description of the proposed liquid crystalline phases.  Synthetically, attaching larger 
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generations of dendrons to the azobenzene cores would lead to a greater understanding of 

the mesogenic properties of both the azobenzenes and the dendritic azobenzenes. 
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