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CHAPTER I 

INTRODUCTION 

Liquid Crystals. Liquid crystals are highly anisotropic fluids that exist between 

the boundaries of the crystalline solid and isotropic liquid phases. Liquid crystalline phases 

are referred to as mesophases. Any substance which exists as a liquid crystal is also 

referred to as a mesogen. There are two kinds of liquid crystals. Thermotropic liquid 

crystals change phases with change of temperature. Lyotropic liquid crystals change 

phases with change in the amount of solvent.1-3 Many organic compounds and some 

polymers exhibit thennotropic liquid crystallinity. Most liquid crystalline compounds are 

calamitic, composed of rod-like molecules. Two distinctive structural classes of liquid 

crystals have been identified for calamitic phases: nematic (N) and smectic (S). In nematic 

phases the long ax.es of molecules remain substantially parallel. Smectic phases are 

distinguished not only by parallel long ax.es of the molecules, but also by a layering of the 

molecules in two-dimensional planes. Based on the layer structure, ten smectic phases 

labeled by the alphabet letters A through K have been described. The order of the letters 

indicates the order of the discovery. The letter I has been excluded to avoid confusion with 

the isotropic phase. Besides the classical calamitic liquid crystals based on rod-like 

molecules, thermotropic discotic liquid crystals have been extensively studied since 1977. 4-

18 Discotic liquid crystals are formed from disc-like molecules, which have more or less 

planar cores with usually six or more lateral substitutents. The structures are based on the 

tendency of the molecular discs to align with their short ax.es parallel. To date, two 

different classes of discotic phases have been described: nematic (No) and columnar (D). 

In the nematic phase, the discs tend to align parallel and the disc-normals tend to point 
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along a common direction. The columnar liquid crystal phases are characterized by stacked 

columns of molecules, the columns being packed together with two-dimensional order. 

Within the columns, the disc-like molecular positions may have short- or long-range order, 

but the columns are not in register along their axes. There are four known columnar 

phases, Db.o, Db.d, Ord and D0b.l The differences among these four phases are attributed to 

the order or disorder of the molecular stacking in the columns and the two-dimensional 

lattice symmetry of the columnar packing. The main classifications and the schematic 

structures of thermotropic liquid crystals are given in Figures 1 and 2. 

Thermotropic Liquid Crystals 

Calamitic 

~ 
Nematic(N) Smectic 

r-1--i 
SA SB Sc Sn SE 

SF Sa SH S1 SK 

I 
Discotic 

I 
l 

Nematic (No) 

Hexagonal 

~ 

I 
Columnar 

I 
Rectangular 

(DrcV 

Ordered Disordered 

(Dho) (0iid) 

Figure 1. Classification of thermotropic liquid crystal structures. 
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Figure 2. Schematic representation of typical mesophasic structures. (a) nematic; (b) 

smectic A; (c) smectic C; (d) discotic nematic; (e) discotic hexagonal disordered · 

columnar; (f) discotic hexagonal ordered columnar. (The drawings are reproduced from 

reference 1). 

Liquid crystals may have low or high molar mass. If the rod-like or disc-like 

mesogens are incorporated into the main chain or side chain of a polymer, usually a 

polymer liquid crystal is formed (Figure 3). In a side chain liquid crystal polymer the rigid 

mesogenic molecules are connected with the polymer backbone by flexible spacers, which 

are alkylene or alkyleneoxy chains. These spacers enable the mesogenic units to order 

anisotropically by decoupling of the motions between the mesogenic units and the polymer 

backbone.I 
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a 

{ 

C 

Figure 3. Schematic representation of liquid crystal polymers. ( a) main chain liquid 

crystal polymer with rod-like mesogens; (b) side chain liquid crystal polymer with rod-like 

mesogens; (c) main chain liquid crystal polymer with disc-like mesogens; (d) side chain 

liquid crystal polymer with disc-like mesogens. 

Polymer liquid crystals combine the anisotropic physical properties of the liquid 

crystals with the characteristic properties of the polymers. At elevated temperature the 

polymers can be ordered in the liquid crystal phases, and the order often can be retained in 

an anisotropic glass by cooling quickly to room temperature. These functional polymers 

also can be processed to films for technical applications. Drawbacks to polymer liquid 

crystals are the more difficult identification of the phases, the occurrence of phase 

transitions over broad ranges of temperature, and the higher viscosity, which makes them 

slow to change their supramolecular structures. So far the most common polymer liquid 
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crystals are based on the rod-like mesogens, and only a few disc-like mesogen based 

polymer liquid crystals have been reported.18-26 One reason is that it is more difficult to 

· synthesize a discotic mesogen with one or two of six or more side chains f unctionalized. 

Azamacrocyclic Liquid Crystals. Azamacrocyclic compounds, which consist 

of cyclic carbon structures containing nitrogen, have been studied as macrocyclic ligands 

for a long time. The azamacrocycle having a ring of 12 carbons and 6 nitrogens is known 

as hexacyclen or 1,4,7,10,13,16-hexaazacyclooctadecane. It is similar in structure to the 

crown ether 18-crown-6 ([18]-06), So it also is known as azacrown [18]-N,. 

H 
I 

H __rN 
N ~ 

) N-H 

H-N ) 

~_rN, 
N H 

I 
H 

Crown Ether [18]-06 Azacrown [18]-N6 

In recent years some liquid crystalline macrocyclic ligands have been 

synthesized.27-55 These new materials combine the complexing properties of ligands with 

the anisotropic properties provided by thermotropic liquid crystals. An effort has been 

made to investigate the structure-liquid crystal property relationships of macrocycles and 

metal cation transport in liquid crystalline phases. The first liquid crystalline macrocyclic 

ligand with a columnar mesophase was reported by Lehn, Malthete, and Levelut in 1985.27 

He, Wada, Kikukawa and Matsuda reported the first macrocyclic ligand with calamitic 
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mesophases in 1987.41 The first liquid crystalline macrocyclic ligands bound to side chain 

polymers were prepared by Percec and Rodenhouse in 1989.48 

In search of novel liquid crystals by using macrocycles fitted with suitable lateral 

chains as basic units, Lehn, Malthete, and Levelut found three hexa-acylated 

azamacrocyclic compounds that exhibited mesophases. Based on the measurements of X

ray diffraction using low resolution techniques as well as optical microscopy, they 

suggested the new mesophases to have a hexagonal-tubular structure. In this "tubular 

mesophase" the macrocyclic molecules stack into parallel columns placed at the vertices of a 

hexagonal lattice (Figure 4). 

Figure 4. Schematic representation of the "tubular mesophase" formed by stacking of 

macrocycles. (The drawings are reproduced from reference 27). 
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If the stacked disc-like macrocycles really form hollow columns, this kind of 

supramolecular architecture would be very interesting. They might be used as molecular or 

ionic channels, such as phase-dependent ion-conducting channels for controllable cation

selective semipermeable membranes. Since the first report of Lehn, more effort has been 

made to synthesize and study liquid crystalline azacrown[18]-N6 derivatives.28-38 A 

summary of the reported structures and phases is given in Table I. 

R 
I 

R. F.· N 

'N-'. " 
) N-R 

R-N ) 

~ rN, 
N_/ R 

i 

Azacrown[18]-N6 Derivatives 
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Table I. Phase Transitions of Azacrown[18]-N6 Derivatives 

R Phases (° Cyt Reference 

1 -co-Q- O(CH2)11CH3 see Table III 27 

2 -co-Q-occH2)10CH3 C 106D 142I 32 

3 -co-Q-occH2)13CH3 C 106 D 136 I 30 

4 -co-0 O(CH2hCH3 C 120D 139I 29 

s -co-Q-occH2>.sCH3 C 109 I 31 

6 -co-0 O(CH2)3CH3 glassy 32 

7 -co-Q C 160 I 32 

8 -CH2 -Q-occH2)5CH3. C73 I 32 

9 - S02 -0 O(CH2hCH3 C 186I 30 

10 -co-0- N=N-OO(CH2)9CH3 C237 D245I 30 

11 -CO-(CH2)4CH3 C 961 32 

12 -CO-(CH2) 12CHJ C 107I 32 

13 -CO-(CH2)14CHJ C 1071 32 
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Table I. ( continued) 

R· Phases (°C) Reference 

14 -CO-CH=CH-OO(CH2)13CH3 C217 D233 I 30 

Br 

15 -CO-CH=CH-0 O(CH2)11CH3 C 180 Dito 326 I 35 

Cl 

16 -CO-CH=CH-0 O(CH2)11CH3 
g 25 Dito 344 I 35 

CI 

OCH3 

17 
-CO-CH=CH-OO(CH2)11CH3 

g4D.b0 356I 35 OCH3 

N02 

18 -CO-CH=CH-OO(CH2)11CH3 C 204 Dito 325 I 35 

Cl 

19 -CO-CH=CH-0 O(CH2)11CH3 C 168 Dito 325 I 35 

OCH3 

20 -CO-CH=CH-0 O(CH2)11CH3 C 164 Dito 348 I 35 

O(CH2)9CH3 

21 -CO-OO(CHv9CH3 C 104D 1401 34 

O(CHv9CH3 

22 -c0-Q glassy 34 

O(CHv9CH3 



Table I. ( continued) 

R Phases (°C) Reference 

O(CH2)sCH3 

23 -co-Q-occHz)8cH3 glassy 
O(CH2)gCH3 

a C = crystal; D = discotic columnar; Dtio = discotic ordered hexagonal columnar; 

I = isotropic; g = glass 

30 

To be able to form a columnar mesophase usually the disc-like molecule contains a 

rigid, flat core with six or more flexible aliphatic tails. For azamacrocyclic liquid crystals 

the conformation of the disc depends on the planar rigid substitutents. Only aromatic 

carboxylic acid derivatives of [18]-N, are known to be liquid crystalline. The optimized 

space filling of aliphatic hydrocarbon tails is also important. For example, a minor change 

of molecular structure from 3,5-bis(alkoxy)benzoyl substituents (22) to the 3,4-isomer 

(21) leads to different liquid crystalline properties (Table I). The important influence of 

substituent group on the liquid crystallinity of azacrowns is also confirmed by comparison 

of diaza-18-crown ether derivatives 24-26.56~59 
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0 0 

24: R= ~-o-o1-Q-O(CHz)6CH3 Oiquidcrystal) 

0 

25: R = ~-o-O(CH2) 11CH3 (non liquid cryslal) 

~ 1r w 
26:R= C-N-P [OC(CH3h]z (liquid crystal) 

The "tubular mesophase", i.e., the hexagonal columnar mesophase, can be 

identified by X-ray diffraction and polarizing microscopy, and differential scanning 

calorimetry (DSC) measurements can be used to identify phase transitions. For hexagonal 

order both 100 and 110 diffraction peaks should be visible in the high resolution X-ray 

diffractograms.33 The typical polarizing microscopic texture ofan ordered hexagonal 

phase is a mosaic with sonie linear birefringent defects. Most disordered hexagonal phases 

show focal conic or fan-shaped textures, which are similar to those observed with an SA 

phase. On cooling from the isotropic liquid, the Dhd phase grows like a crystal with 

straight boundaries. The D.b.o - I transition heats determined from DSC measurements are 

higher (typically 2 kcal/mol) than Diid - I transition heats (typically 0.3 kcal/mol). 6 
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The hexagonal order in the "tubular mesophase" of two hexcyclene derivatives (14, 

15, in Table I) has been confirmed by the existence of higher order diffraction peaks in 

high resolution powder X-ray diffraction.33 So far the evidence of hexagonal order of 

compound 1 is still not clear, and there is argument about whether compound 1 fonns a 

columnar mesophase.32,37 

The strong interest in the liquid crystalline and complexation properties has led to 

increased concern for the synthesis of azamacrocycles. The multi-step synthesis of the 

unsubstituted [18]-Nc, is tedious but not very difficult, and several methods have been 

reported.60-64 The synthesis of hexsubstituted [18]-N6 derivatives is also not 

difficult.27,30,32,34,38 The mono N-functionalized polyaza macrocycles can be synthesized 

by two different strategies. 65-83 One method is first to prepare the mono N-functionalized 

or protected half macrocycle and then finish cyclization. The other method requires an 

initial cyclization followed by the mono N-f unctionalization with an excess amount of 

macrocycle. So far, there is no report about the synthesis of a liquid crystalline polymer 

containing [18]-N6 derivatives. 

Complexation of Azacrowns with Cations in Aqueous Solution. The 

coordination behavior of azacrown[18]-N6 has been studied in recent years. 84-91 The 

stepwise protonation constants, which were determined by potentiometry, of 

azacrown[18]-N6 are pK1=10.15, pK2=9.48, pK3=8.89, pK4=4.27, pKs=2.21, and 

pl<(;=l.0.87 This macrocyclic amine behaves as a relatively strong base in the first half of 

its protonation steps and as a weaker base in the second half. This behavior was ascribed 

to the electrostatic repulsions among the positive charges on the protonated cyclic 

polyamines. The complexation equilibrium constants of azacrown[18]-N6 with various 

metal ions in-aqueous solutions were measured potentiometrically by Kodama as reported 

in Table II.86 Unlike crown ether[18]-06, azacrown[18]-N6 has appreciable affinity for 

transition metals. 
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Table II. Equilibrium Constants (log K:Mr.Jfor Azacrown[18]-N6 

Complexation. a . 

Metal ion: Hg2+ Ni2+ 

log KML: 29.1 19.6 

co2+ 
18.9 

Cd2+ zn2+ Pb2+ 

17.9 17.8 14.1 

Sr2+ 

3.2 

Ca2+ 

2.5 

The coordination behavior of substituted azacrown[l8]-N6 hexamide 27 and 

hexamine 28 for organic cations was also reported. 92-95 

R 
I 

\_rN~ 
) N-R 

R-N ) 

~_rN, 
N R 

rf 

0 

27: R= ~-o 
28: R= CH2-0 

K+ 

0.8 

Hexamine 28 shows specific binding and cation-transport ability for the ammonium 

cations of amino acid ester salts, such as glycine ethyl ester (GlyOEt) and phenylalanine 

ethyl ester (PheOEt). By appropriate design of the donor sites, the ring size of the 

azacrown and the co-transported anions, it is possible to transport selectively amino acid 

derivatives and other biological organic cations.92-94 Hexamide 27 did not show strong 

affinity for metal cations. It only showed weak complexing with amino acid salts. 
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A silica gel-bound [18]-N6 hexamine (29) was prepared and bound with metal 

cations, and the acidity constants were measured. The results are cited in Table III.96 

29 

Table III (a). Binding Constants (log K) for Silica Gel-Bound 29 to Metal Cations 

metal ion Hg2+ Cu2+ Pb2+ H+ Cd2+ Zn2+ Ni2+ Ag+ Sr2+ K+ 

log K 28.8 16.3 14.0 11.4 11.2 10.0 9.8 9.3 <0.2 <0.2 

Table III (b). Acidity Constants (log K) of Protonated Silica Gel-Bound 29 

H+ HL/H·L H2UHHL H3UH·H2L H4l.JHH3L HsLJHH4L H~HH5L 

log K 11.4 8.3 5.6 3.2 1.5 1.3 
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To determine the log K values, small amounts of the silica gel-bound 

azamacrocycles were equilibrated with known concentrations of the cations in well defined 

matrices. After equilibrium was reached, the amount of bound cation was measured by 

stripping the gel with an acidic solution. The metal concentration in the eluent was then 

determined by atomic absorption spectroscopy .96 

Not only cations but also anions can be bound to aza.crowns.97-101 The binding 

ability of a macrocyclic polyamine may be controlled by varying the pH of the solution, 

i.e., by controlling the number and the location of protonated amino groups on the receptor 

and the ionic substrate. For example the macrocyclic hexaamine [24]-N60i, which was 

covalently attached to polystyrene beads, was able to bind nucleotide polyphosphate 

anions, such as adenosine di- and triphosphate, from a solution of pH 4. The uptake was 

due to the binding of the negatively charged polyphosphate chain of the nucleotide by the 

polyprotonated macrocycle. At pH 11, the unprotonated macrocyclic polyamine released 

the bound nucleotide.97 Tsukube investigated anion-binding and transport properties of a 

series of lipophilic polyammonium macrocycles.98 Liquid-liquid extraction experiments 

revealed that picrate and other guest anions were effectively extracted via interactions with 

protonated polyamine macrocycles, and that the extracted amounts of guest anions largely 

depended on the ring-size of the polyamine compounds and the pH value of the aqueous 

phase. 

Other interesting properties of azamacrocycles include reversible binding of 

dioxygen in aqueous solution by Ni(II) and Co(II) complexes,102-105catalysis of the 

hydrolysis of adenosine triphosphate (ATP) by protonated macrocycles,106-109 and the 

binding of carbon dioxide and its electrochemical reduction at Zn(II) and Ni(II) 

complexes.64,65,110 

Usually the cation-binding properties were evaluated by a liquid-liquid extraction 

method. The metal salts, usually picrates, were extracted from water into an equal volume 
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of chloroform or other organic phase containing macrocyclic ligand. 84 The cation transport . 

abilities of ligand were assessed by a liquid membrane method in a U-tube glass ceU.94 

For membrane transport the ligand must possess a specific binding capability for the 

substrate .. However, this binding capability should not be too high, for if the complex is 

too stable there will be insufficient free ligand available to diffuse back across the 

membrane and complete the transport cycle. 

Liquid Crystalline Behavior of Complexed or Doped Azamacrocycles. 

One new research field of liquid crystalline macrocyclic ligands is how the liquid crystalline 

properties are affected by the complexation of metal ions. It has been found that the 

complexed metal has strong influence on the phase behavior.54,95 The non-liquid 

crystalline [18]-N6 hexamine 30 showed columnar mesophases after complexation with 

transition metal ions.95 This phenomenon may be attributed to a conformational 

rigidification of the macrocycle and the interaction between the complexed metal ions. 

30: R= CH2-0-0(CH:,)13CH3 

Charge transfer complexation is another useful tool for varying mesomorphic phase 

behavior. When certain non-liquid-crystalline disc-like electron donor molecules or 

polymers are doped with electron acceptor molecules, such as 2,4,7-trinitrofluorenone 



(TNF), new liquid crystalline phases may be induced.111.112 Doping also can be used to 

functionalize liquid crystals with special physical properties such as color, ferroelectricity 

· or photoconductivity. 

Current Research Activities with Az•crowns. (a) Ionic Channel. There 

is general interest in the preparation of synthetic ionic channels.113-124 While success has 

been rather limited, there are a few reports about the increased ion permeation through 

membranes because of the formation of ion channels.118,120 

The hexagonal columnar mesophase, the so-called "tubular mesophase," represents 

a molecular tube through which ions might flow. The potential development of phase

dependent ion-conducting channels, which may be turned on or off by some sort of 

external thermal, electric, or magnetic regulation, makes them an interdisciplinary research 

target Different methods have been employed in order to reach and stabilize the columnar 

order. One way to prepare the tubular structure was reported by Mertesdorf, Ringsdorf, 

and Stumpe.16 First they f unctionalized azamacrocycle [18]-N6 with photo-sensitive 

cinnamoyl groups (Table I, 14), and then the columnar aggregates were exposed to UV 

irradiation for an intracolumnar (2+2)-photocycloaddition between the adjacent molecules. 

Figure 5. Schematic representation of intracolumnar crosslinking in the columnar ordered 

state. (The drawings are reproduced from reference 16). 
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The photoreaction was expected to stabilize the columnar order. However, in the columnar 

mesophase the liquid crystalline order was disturbed by E/Z-photoisomerization. 

Another possible way to build an ion channel is to prepare Langmuir-Blodgett (LB) 

multilayers of macrocyclic ligands. With hydrocarbon wing groups and polar cores, [18]

N6 derivatives are able to form ordered monomolecular layers by self-organization at the 

gas-water interface. This ordered monolayer structure can be transferred to form the so

called LB multilayers and lead to thin films with ordered columnar phases.30,117,121,124 

Figure 6. Hypothetical structures of Langmuir-Blodgett multilayers obtained from 

discotic liquid crystals. (The drawing is reproduced from reference 117). 

(b) Polymer Bound Azamacrocycles. Macrocyclic ligands have been used 

to selectively separate metal ions from mixtures of metal ions in bulk liquid membrane or 

solvent extraction systems.125,126 One of the problems is that the expensive macrocycles 

may slowly be lost from the organic layer of a liquid membrane or solvent extraction 

system. To solve this problem the macrocyclic ligands are covalently attached to polymers 
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or silica.127-142 Usually the macrocyclic ligand bound to polymer or silica gel has 

approximately the same complexation properties as the corresponding unbound macrocycle 

· for metal ions in aqueous solution. 96 

The high selectivity of azamacrocyclic compounds for transition metals over alkali 

and alkaline earth metal ions has made the immobilized azamacrocycles ideal candidates for 

difficult metal ion separations, recoveries, and detenninations, such as column 

preconcentration of trace metals from sea-water or removal of toxic trace metals from 

industrial wastewater. Different separations can be perfonned with different macrocyclic 

ligands. The silica gel bound oxygen-only macrocycles can be used to concentrate alkali 

metal and alkaline earth metal cations according to size. With a silica gel-bound 

macrocyclic polyamine it was possible to separate ppb levels of heavy metal cations (Hg2+, 

Ag+, Pb2+, Cu2+, Q12+) from concentrated matrices of other cations, such as the alkali 

and alkaline earth cations.96 The bound sulfur-containing macrocycles were good for 

Au3+, Pd2+, Ag+, and Hg2+ cations.142 The macrocycles with both nitrogen and oxygen 

have been used on a preparative scale to separate transition metal ions. These compounds 

are now available commercially from IBC Company. A macrocyclic ligand functionalized 

with a chiral group and bound to a polymer can be used for optical resolution.138 

In recent years macrocyclic ligands have been successfully used in high 

perf onnance ion chromatography. In this application typically the macrocyclic ligand must 

be adsorbed, covalently bonded or polymerized on particulate substrates.143.144 The silica

bound azamacrocycles have been used to separate various phenolic compounds, nucleic 

acids, and proteins in the presence of K+ ions.145.146 

(c) Radioactive Azamacrocyclic Complexes for Imaging and Therapy. 

Azacrown[18]-N6derivative31 can be used for the dissolution of human urinary calculus, 

in which the major components are calcium phosphate and magnesium phosphate.147 
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31 

Mono-functionalized azamacrocycles have been conjugated with antibodies for 

tumor-targeting.148-151 For example, the mono-functionalized azacrown 32, which was 

obtained by a selective mono-N-alkylation process,82 can form kinetically inert complexes 

with radioactive rhodium. These radioactive complexes are attached to antibodies and used 

for therapeutic or diagnostic purposes. 

32 

( d) Azamacrocycles as Fluorophores for Determination of Metal ions. 

Macrocyclic ligands functionalized with chromophores are useful as sensor materials for 
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the determination of metal ions. For example, azacrown 33 was prepared as a fluorescent 

reagent for determination of Cu2+ or Ag+ ions. In the presence of these metal cations the 

fluorescence intensity decreased.152 

(e) Modification of Architecture of Azamacrocycles. Kimura reported 

some methods for the modification of cyclams and other macrocyclic polyamines.153 

(1) Conversion of amine into amide (lactam). This methcxl will enhance the selectivities 

for metal ions, reversibilities of metal uptake controlled by pH and the stabilization of 

enclosed metals at higher oxidation state. 

(2) Replacement of N donors by S donors to increase the selectivity for noble metal ions 

(such as Ag+ and Pt2+). 

(3) Replacement of skeletal C-H by C-F to obtain new complexes with special properties. 

(4) Attachment of a side chain with a potential donor group, such as a cation-ligating donor 
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arm group. The incorporation of the side chain capable off urther coordination will modify 

the complexation properties of the azamacrocyles.154-158 When an armed macrocycle 

forms a host-guest complex, the guest cation is enclosed in such a way that the additional 

donor groups on the flexible arms further coordinate the guest cation trapped in the parent 

ligand ring. This method also has been used to change the reactivity of side chain 

functional groups in macrocyclic metal complexes. The examples include the promoted 

hydrolysis reactions of nitriles and esters and selective acylation.158 Because of its 

coordination and photochemical properties, the 2,2'-bipyridine group has been attached to 

azacrown[18]-N6 by Lehn and Ziessel to study their ability to form polynuclear complexes 

of potential use for catalysis.1.54 

While there is intense effort in the synthesis of azacrown derivatives, the 

exploration for intelligent applications is still in its early stage. To better understand the 

special liquid crystalline properties and the relationship between molecular structure and 

liquid crystalline properties, there is need to synthesize azacrowns with different structures 

and to characterize the phases of the samples. To combine these liquid crystalline 

azacrowns with polymers for new polymeric liquid crystals and to study how the polymer 

environment affects the ordering of the niacrocyclic mesogens in the liquid crystal state, 

mono-functionalized azacrowns and polymers need to be synthesized and characterized. 

To explore potential applications for ion transport or separation with liquid crystalline 

azacrowns, there is need to examine the complexing of the azacrowns in solution and the 

liquid crystalline properties of azacrowns in metal complexes. In this thesis we will report 

some of our research results on azacrown[18]-N6 derivatives and polymers. The synthesis 

and characterization of these macrocyclic compounds and polymers will be reported in the 

Chapter II. The preparation of metal complexes of an azacrown[18]-N6 hexamine and 

investigation of their liquid crystalline properties will be given in the Chapter III. The 

complexing of metal and organic cations with azacrowns in solution will be reported in 

Chapter IV. 
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CHAPTER II 

SYNTHESIS AND THERMOTROPIC LIQUID CRYSTALLINE 

PROPERTIES OF AZAMACROCYCLES 

Introduction 

The first azamacrocyclic liquid crystals were discovered by Lehn, Malthete, and 

Levelut in 1985. l In a search for novel liquid crystals by using macrocycles fitted with 

suitable lateral chains as basic units, they found three hexa-acylated azamacrocyclic 

compounds that exhibitedmesophases. Based on the measurements of X-ray diffraction 

using low resolution techniques as well as optical microscopy, they suggested the new 

mesoph~s to have a hexagonal-tubular structure. In this "tubular mesophase" the 

macrocyclic molecules stack into parallel columns placed at the vertices of a hexagonal 

lattice. If the stacked disc-like macrocycles reallyf orm hollow columns, this kind of 

supramolecular architecture would be very interesting. They might be used as molecular or 

ionic channels and open ways for new properties of materials. One of the potential uses is 

phase-dependent ion-conducting channels for controllable cation-selective semipermeable 

membranes. Since then more effort has been made to synthesize and study liquid 

crystalline azamacrocycles.2-8 To be able to form a columnar mesophase usually the disc

like molecule contains a rigid, flat core with six or more flexible aliphatic tails. For 

azamacrocyclic liquid crystals the conformation of the disc depends on the planar rigid 

substitutents. Only aromatic carboxylic acid derivatives of [18]-N6 are known to be liquid 

crystalline. The optimized space filling of aliphatic hydrocarbon tails is also important. A 

minor change of molecular structure will lead to different liquid crystal properties. The 

hexagonal order in the "tubular mesophase" of two azacrown[18]-N6 derivatives has been 
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confirmed by the existence of higher order diffraction peaks in high resolution powder X

ray diffraction.6 So far the evidence of hexagonal order in compound 1 is still not clear, 

and there is argument about whether compound 1 forms a columnar mesophase.3,7 

In this research project we have studied the liquid crystalline properties of low 

molar mass and polymeric [18]-N6 derivatives. The target macrocycles 1-4 and side chain 

liquid crystalline polymer 5 are given in Figure 1.. The goal is to better understand the 

relationship between molecular structure and liquid crystalline properties and how the 

polymer environment affects the ordering of the macrocyclic mesogens in the liquid crystal 

state. 

Experimental Section 

Materials and Analytical Methods. All organic reagents were obtained from 

Aldrich and were used without further purification unless otherwise stated. Triethylamine 

and dichloromethane were distilled from calcium hydride. 1,4,7,10,13,16-

Hexaazacyclooctadecane ([18]-Nt;) was prepared according to the method of Atkins, 

Richman, and Oettle.9 4-(10-Undecylenyloxy)benzoyl chloride, 4-dodecyloxybenzoyl 

chloride and 3,4-bis(dodecyloxy)benzoyl chloride were prepared as reported in the 

literature.4 NMR spectra were recorded on a Varian XL-300 instrument at 300 MHz for 

lH or 75.43 MHz for 13C. All spectra were recorded in CDCIJ solution with TMS as 

internal standard unless otherwise specified. IR spectra were taken on a Perkin-Elmer 681 

infrared spectrophotometer with KBr disks. A Varian DMS 200 UV-visible 

spectrophotometer was used for UV measurements. Thin layer chromatography was 

performed with silica gel high-performance TLC plates (HPfLC-HL, Analtech Inc.). 

Silica gel (40 µm, Balcer) was used for flash chromatography. High pressure liquid 

chromatographic (HPLC) analyses were performed with a Waters 590 pump equipped with 
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1: R = R'= i-o-O(CH:,),,CHa 

4: A= 

R'= 

5: A= 

R'= 

i-o-O(CH2)11 CHa 

8-0-o(CH2Je-CH=CH2 

Structures of (18 - 6 Figure 1. ] N compounds. 
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a normal phase 5 µm silica column (length x ID= 250 mm x 4.6 mm, Whatman PARTISIL 

5 ), a Beckman 153 analytical 254 nm UV detector, and an Interactive Microware data 

station. GPC analyses were performed using three PL (polystyrene) gel columns of 102, 

1()3, 104 A obtained from Polymer Laboratories, Ltd. Tetrahydrofuran (THF) was the 

solvent at a flow rate of lmUmin, and monodisperse polystyrenes were used as standards. 

Elemental analyses were performed at Atlantic Microlab Inc. All X-ray diffraction 

experiments were done by S. Idziak and N. Maliszewskyj in the laboratory of Dr. Paul 

Heiney in the Department of Physics at the University of Pennsylvania 

1,4, 7 ,10,13,16-Hexa-( 4-dodecyloxybenzoyl)-1,4, 7 ,10,13,16-

hexaazacyclooctadecane (1). Synthesis was performed by treating [18]-N6 (0.52 g, 

2.0 mmol) with 4-dodecyloxybenzoyl chloride (3.90 g, 12 mmol) in 30 mL of DMF (N,N

dimethylformamide) in the presence of DMAP [4-(N,N-dimethylamino)pyridine] for 14 h 

at 80 °C.4 The crude product was crystallized from ethanol and finally dried by 

lyophilization of a benzene solution to yield pure product (72.9% ). 1 H and Be NMR 

spectra were consistent with the structure. Anal. Calcd. for C126H198N6012: C, 76.10; 

H, 10.03; N, 4.22. Found: C, 76.16; H, 10.03; N, 4.41. 

1,4, 7 ,10,13, 16-Hexa-(3,4-bisdodecyloxybenzoyl)· l,4, 7 ,1 O, 13, 16-

hexaazacyclooctadecane (2). A solution of [18]-N6 (0.26 g, 1.0 mmol), the acid 

chloride from 3,4-bis(dodecyloxy)benzoic acid (3.50 g, 7.0 mmol), DMAP (1.71 g, 14.0 

mmol), and 30 mL of DMF was stirred under nitrogen for 48 hat 80 ·c. The DMF was 

removed under water aspirator vacuum and .SO mL of chloroform was added. The organic 

layer was washed twice with 100 mL of water and the concentrated mixture was separated 

by silica gel chromatography using 98/2 (v/v) chloroform/methanol as eluant. The crude 

product was crystallized from ethanol to yield 1.87 g (60.4%) of white product. lH NMR 

(50 °C): l', 0.89 (t, 36 H, CH3), 1.28 (m, 192 H, CH2), 1.45 (m, 24 H, CH2), 1.78 (m, 

24 H, CH2), 3.74 (m, 24 H, NCH2), 3.90, 3.98 (m, 24 H, CH20), 6.78 (m, 18 H, Ar). 
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Be NMR (50 °C): b 14.o (CH3), 22.6, 26.1, 29.3, 29.4, 29.5, 29.6, 31.9 (CH2), 47-49 

(br., NCH2), 69.3, 69.6 (CH20), 113.1, 113.4, 120.0, 127.6, 149.4, 151.1 (Ar), 172.3 

(C=O). IR (KBr): 2935 (s), 2860 (s), 1635 (m), 1470 (m), 1274 (s) cm-1. Anal. calcd. 

for C19gH342N601s: C, 76.84; H, 11.14; N, 2.72. Found: C, 76.80; H, 11.18; N, 

2.69. Mass spectrum (FAB, 2-nitrophenyl octyl ether/p-toluenesulfonic acid 2/1 v/v) m/z 

3096 [(M+H)+, calcd for C19sH343N601s: 3095.91]. 

1-[ 4-(10-Undecylenyloxy)benzoyl]-l ,4, 7, 10, 13,16-

hexaazacyclooctadecane (3). A solution of 4{10-undecylenyloxy)benzoyl chloride 

(3.08 g, 10.0 mmol) in 0.5 L of dichloromethane was added dropwise over 3 hat 40 °C to 

a stirred solution of [18]-N, (7.83 g, 30.0 mmol), triethylamine (4.04 g, 40.0 mmol) and 

2 L of dichloromethane. After 14 h the solid residue was removed by filtration, and the 

mixture was concentrated and washed with water. Dichloromethane was removed and 

residual oil (about 6 g) was separated by flash chromatography using 20/5/1 (volume) 

chloroform/ methanol/ 28% ammonium hydroxide as eluent. Pure product, 1.14 g (22%), 

was obtained as a viscous oil. lH NMR: b 1.33 (m, 12 H, CH2), 1.75 (m, 2 H, CH2), 

2.05 (m, 7 H, CH2,NH), 2.70, 2.85, 3.58 (m, 24 H, NCH2), 3.95 (t, 2 H, CH20), 4.95 

(m, 2 H, =CH2), 5.80 (m, 1 H, CH=), 6.88, 7.38 (m, 4 H, Ar). Be NMR: b 25.9, 

28.8, 29.0, 29.1, 29.2, 29.3, 29.4, 33.6 (CH2), 48.3, 48.8, 49.0 (NCH2), 68.1 (CH20), 

114.0 (=CH2), 139.0 (CH=), 114.3, 128.5, 129.0, 160.0 (Ar), 172.4 (C=O). 

4, 7 ,10,13,16-Penta-( 4-dodecyloxybenzoyl)-1-[ 4-(10-

undecylenyloxybenzoyl)]-l,4, 7,10,13,16-hexaazacyclooctadecane (4). A 

solution of compound 3 (0.66 g, 1.2 mmol), triethylamine (2.40 g, 24.0 mmol), 4-

dodecyloxybenzoyl chloride (3.00 g, 9;2 mmol), and 60 mL of dichloromethane was 

stirred at 40 °C for 72 h. The solvent and excess triethylamine were removed by aspirator 

vacuum, and 30 mL of chloroform was added. The organic layer was washed twice with 

100 mL of water, and the concentrated mixture was separated by chromatography using 
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98/2 (v/v) chloroform/methanol as eluent The product was recrystallized from ethanol to 

give 1.27 g (53%) of whi_te solid. 13c NMR (50 °C): 6 14.0 (CH3), 22.5, 25.9, 29.0, 

29.1, 29.2, 29.3, 29.4, 29.5, 31.8, 33.2 (CH2), 47.5 (br. CH2N), 68.2 (CH20), 114.4 

(=CH2), 139.0 (CH=), 114.5, 126.9, 128.7, 160.5 (Ar), 171.9 (C=O). The lH NMR 

spectrum was the same as that of compound 1, except that there were small peaks at 4.95 

and 5.82 ppm (CH2=CH-). Anal. Calcd. for C12sH1~6012: C, 76.10; H, 9.91; N, 

4.26. Found: C, 76.00; H, 9.74; N, 4.17. 

Polymer (Sa). Compound 4 (0.81 g, 0.41 mmol), random 

poly(methylhydrosiloxane-co-dimethylsiloxane) (0.19 g, 0.40 mmol Si-H) and 5 mL of 

dry toluene were added to a 10 mL glass tube containing a micro stirring bar. The starting 

polymer was supplied from Petrarch, Mn= 2000-2500, containing 15-18% of repeating 

units of hydromethylsiloxane as reported by the supplier, calcd. DPn = 29. While a stream 

of argon was bubbled through the solution for 15 min, 4 µL of platinum

divinyltetramethyldisiloxane catalyst (3.0-3.5% platjnum solution in xylene from Petrarch) 

was added. The tube was sealed and kept at 100 °C for 48 h. The Si-H IR absorption at 

2140 cm-1 had totally disappeared. The polymer was precipitated into 60 mL of methanol 

with stirring. The precipitate was separated by centrifugation and dissolved in chloroform. 

The polymer was precipitated from a solution of chloroform by the slow addition of 

methanol with continuous stirring. After 12 precipitations to remove residual compound 4, 

which comprised about 40% of the initial product by GPC analysis, 80 mg (8%) of 

purified polymer was obtained. 

Polymer (Sb). The procedure was followed as described above using compound 

4 (0.45 g, 0.23 mmol ), an ethanol solution of chloroplatinic acid catalyst (H2PtCl6, 0.1 

mg) and copolysiloxane (0.03 g, 0.2 mmol Si-H). The starting polymer was supplied 

from Petrarch, Mn= 900-1000, containing 50-55% of repeating units of 

hydromethylsiloxane as reported by the supplier, calc. DPn = 14. The polymer was 
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analyzed also by 29Si NMR and by GPC, Mn= 1050 as determined by GPC, and Mn= 

1300, DPn = 17, containing 53% hydromethylsiloxane as determined by 29Si NMR.10 

The polymer was separated by 3 precipitations from chloroform to methanol and purified 

by GPC to yield 11 % of purified product. The separation was done by 14 x 0.1 mL 

injections of a THF solution containing a total of 200 mg of the polymer into the GPC at a 

flow rate of 1 mUmin to yield 53 mg ( 11 % ) of purified Sb. 

The purities and molecular weights of the polymers were determined by GPC. The 

residual compound 4 in each polymer was less than 2%. The molecular weights of the 

polymers are given in Table I. There was no Si-H lH NMR spectral line at 4.7 ppm or 

CH2=CH- spectral line at 5.0 or 5.6 ppm. The percentage of macrocyclic side groups on 

each polymer chain was calculated from the intensity ratio of the Si-CH3 signal (0.15 ppm) 

to that of the aromatic signal(6.8-7.4 ppm). In polymer Sa 79% of the Si-H bonds reacted 

with compound 4, and in polymer Sb 32% of the Si-H bonds reacted with compound 4. 

Table I. Characterization of Side Chain Copolymers 

polymer 

Mn(Mw/Mn)a 

% substitution of Si-H bondsh 

wt % of mesogenic group on polymer 

aby GPC. h by lH NMR. 

Sa 

7830 (1.56) 

79% 

75% 

5b 

7430 (1.36) 

32% 

84% 
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Characterization of the Phase Behavior. The phase behaviors of the co

polymers, and the corresponding low molar mass azamacrocyclic derivatives 1, 2 and 4 

were studied using differential scanning calorimetry (DSC) and optical polarizing 

microscopy. Thermal transitions were determined with a Perkin-Elmer DSC-2C 

differential scanning calorimeter equipped with a TADS 3600 data station. Heating and 

cooling rates were 20 °C/min, unless noted otherwise. The sample sizes were 5-10 mg. 

Two separate scans were done for polymer samples. The first scan was done from about 

-100 °C to 50 °C under nitrogen. The second scan was done from 20 °C to about 180 °C 

under air. The first order transitions were read at the maximum of the endothermic or 

exothermic peaks. Glass transition temperatures (T g) were read at the midpoint of the 

change in the heat capacity. The temperature and AH were calibrated with indium as the 

standard. The thermal transitions and anisotropic textures were observed on a Nikon 104 

optical polarizing microscope fitted with a Nikon 35 mm automatic camera and an Instec 

hot stage controlled by an Apple II computer. X-ray powder diffraction measurements 

were done by Stefan H. J. ldziak and Nicholas C. Maliszewskyj in the laboratory of Dr. 

Paul A. Heiney at the University of Pennsylvania 

Results 

Synthesis. The hexacyclen derivatives 1, 2, 3, 4 and polymer S were 

synthesized as shown in Scheme I. 

One major problem in the synthesis of monosubstituted azamacrocyclic compounds 

is the how to minimize and separate the multisubstituted by-products. In the synthesis of 

mono-N-acylated azamacrocyclic compound 3, a large excess of azacrown[18]-N6 was 

used to limit the multi-N-acylation. Even at a molar ratio of [18]-N,/acyl chloride of 3/1, 

there were about 30% of multi-N-acylated by-products. The analysis by TLC and NMR 

indicates that the major byproducts were the three isomeric disubstituted macrocycles, and 

there were also trisubstituted compounds in the reaction mixture. 
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The side chain polymers were prepared by standard hydrosilylation of 

copolysiloxane. To reduce the steric hindrance, copolysiloxanes with 15-18% and 50-55% 

Si-H bonds was used as starting polymers in these experiments. Both lH NMR and GPC 

analysis show that about 32%-79% of Si-H bonds were grafted with azamacrocyclic 

groups. It is possible to improve the yield of polymer substitution by hydrosilylation with 

large excess of compound 4. Because of the high molecular weight of mesogen, the 

weight percentages of the mesogenic functional group are 75% and 84% for polymer Sa 

and Sb. 

Liquid Crystalline Phases. Hexamide 1. The DSC analysis shows that the 

first heating curves of the compound 1 were not only different from the second one, but 

also were affected by recrystallization conditions and thermal history. Different DSC 

results have been reported for this compound prepared in different laboratories. Table II 

summarizes the phase transitions of hexamide 1. The DSC thermograms of compound 1 

are given in Figure 2. Figure 3 shows polarizing micrographs of the textures. When a 

sample was cooled from isotopic melt at a rate of 0.5 °C/min or faster, only a featureless 

grainy birefringent texture was observed. The cooled sample usually contained a small 

amount of liquid crystal and a large amount of amorphous substance. If the sample was 

sheared during cooling, the amount of the liquid crystal increased and a better texture was 

observed (Figure 3). This texture resembles the texture reported originally.I When the 

sample was annealed at about 100 °C for 3 days, a spherulitic texture developed (Figure 4). 

To study the annealing effect, compound 1 was sandwiched between two cover 

glass slips of thickness of about 50 µm and cooled from the 170 °C isotopic melt at 0.1 

°C/min to 105 °C. The spherulite textures were developed by isothermal annealing at 

105 oc on the hot stage of the microscope. To observe the morphology and the 

spherulite growth rate, photomicrographs were taken at different times. Figure 5 

displays typical growing spherulites. The spherulites with a maltese cross pattern grow 

out from primary nuclei and result in irregular polygons. 
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Table II. DSC Phase Transitions of Macrocyclic Amide 1. 

transitions, °C (AH, kcal/mol)a reference 

first heating C 121.5 (35.7) D 141.5 (0.7) I 1 

C 108.0 (25.4) D 140.0 (0.6) I 2 

C 102.0 (30.4) D 131.0 (0.7) I 4 

C 110.0 ( 7.0) D1 118.0 (17.4) D2 140.0 I 3 

C 110.0 (28.8) D 138.4 (0.7) I b 

C 107.7 (13.7) D1 119.4 (20.4) Il2 138.7 (0.6) I C 

second heating G 75.0 D 140.0 I 3 

G 80.0 D 137.0 (0.5) I 4 

G 75.0 D 138.6 (0.6) I b 

G 70.0 D 138.5 (0.6) I C 

C 138;6 (18.6) I d 

C 141.0 (18.8) I e 

a C = crystal, D = discotic mesophase, I = isotropic liquid, G = glass. b This work, 

recrystallization from ethanol. c This work, recrystallization from chloroform/ethanol 

(1: 1). d Annealed at 100 °C for 3 days. e Sample with spherulitic texture removed from 

cover glass slips. 
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In the process of crystallization the spherulites grow together, stopping with more 

or less straight boundaries., During spherulite growth at 105 °C no new nuclei were 

observed. When the temperature was further reduced after some growth, new nuclei 

started growing in the amorphous phase between the existing spherulites. The resulting 

mesophase included two different textures (Figure 5g). When spherulite crystals were 

heated, no mesophase was observed before melting to the isotropic phase as shown at 

Figure 6. The growth rate of spherulites .at 105 °C was calculated from the measurement of 

the size of spherulite as a function of time during the isothermal crystallization process. 

Figure 7 is a typical plot of the radius R of spherulites against crystallization time. The 

growth rate was 18 µm/h. The induction period of nucleations was about 10 h. A sample 

with the spherulitic texture under the polarizing microscope was removed form the cover 

glass slips and analyzed by DSC (Figure 8). There was an endothermic peak at 142 °C 

with a Lllii of 18.8 kcal/mol, while the .&Ii for an unannealed sample was only 0.6 

kcal/mol. NMR analysis showed that the macrocyclic amide 1 was stable during annealing 

process; there was no change in the lH NMR spectrum after annealing. The Mlj_ value of 

the melt-crystallized sample is less than the sum of all .&Ii values of solution-crystallized 

samples. 

The scanning electron microscope (SEM) photographs showed a difference 

between the annealed sample with spherulitic texture and the unannealed sample with 

grainy texture (Figure 9). Well developed lamellae were clearly visible for the annealed 

sample. The unannealed sample looks more amorphous. A similar scanning electron 

microscopic photo was reported by Shibaev for a polymer with frozen smectic multilayer 

aggregates.11 The spherulite sample of hexamide 1 still on the glass slide was examined 

with low-resolution X-ray powder measurements (Figure 10). The X-ray also revealed the 

multilayer crystal structure, with the layers parallel to the surf ace of the glass slides. 
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Figure 2. DSC thermograms of 1: (a) first heating and cooling scan of the sample 

obtained by recrystallization from ethanol; (b) first heating and cooling scan of the sample 

obtained by recrystallization from chloroform/ethanol (v/v, 1/1); (c) second heating and 

cooling scan of the both samples obtained by recrystallization from ethanol or 

chloroform/ethanol; (d) first heating and cooling scan of the sample obtained by annealing 

at 100 °C for 3 days. 
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Figure 3. Polarizing micrograph of 1 at 30 ·c, cooled from the isotropic liquid at 5 

~C/min to 30 ·c without annealing. 
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Figure 4. Polarizing micrograph of 1 at 30 °C, annealed at 100 °C for 3 days. 

a 

. :. ;--

Figure 5. Polarizing micrographs showing the spherulite growth at different times at 105 

°C: (a) 20 h; (b) 29 h; (c) 35 h; (d) 46 h; (e) 59 h; (f) 69 h; (g) sample obtained after 20 

h annealing cooled to 25 °C at 5 °C/min. 



48 

b 

C 



49 

d 

e 



so 

f 

g 



a 

b 

Figure 6. Polarizing micrographs showing the melting process of spherulitic crystals of 

1: (a) 90 °C; (b) 135 °C; (c) 138 °C; (d) 145 ·c. 
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Figure 7. Radius of spherulites of 1 versus crystallization time at 105 °C. 
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Figure 9. Scanning electron micrographs of 1: (a) annealed sample with spherulitic 

texture; (b) unannealed sample. 
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Hexamide 2. The liquid crystalline properties of hexamide 2 were very clear as 

shown in the reproducibleDSC thermogram (Figure 11). There was no difference between 

the first scan and the second scan. The phase transition temperatures determined by DSC 

were (in brackets: AH in kcal/mol): 

C1 8(11.5) C2 107(6.1) D 127(2.2) I 

C1 -5 (10.9) C2 90 (3.7) D 117 (2.5) I 

On cooling the isotropic melt of hexamide 3 the mesophase grows from digitated 

stars, which then develop to a focal conic texture with spherulitic domains (Figure 12). 

This texture is similar to those of the discotic liquid crystals with hexagonal columnar (Diid) 

phases.2,12 There was no obvious change of the texture from 80 °C to 5 °C, and there 

was a continuous change in the color of the texture during cooling. During the second 

heating a texture change was observed between 100 °C to 130 °C. Some streak like texture 

appeared in the focal conic domains (Figure 13). The change of color and the streak texture 

have been reported by Lattermann for the Dbd mesophase of 3,5-dihydroxycyclohexyl-

3,4,5-tris( decyloxy)benzoate.12 
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Figure 12. Polarizing micrographs of the textures of 2 cooled from the isotropic liquid: 

(a) cooled to 120 ·c; (b) cooled to 5 ·c. 
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Figure 13. Polarizing micrographs of the textures of 2 during the second heating: (a) 

heated to 80 °C~ (b) heated to 120 °C. 
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Compound 4. The DSC thermogram and the polarizing micrograph of compound 

4 are given in Figures 14 and 15. The first and second DSC scans were different, and the 

phases transition was similar to that of hexamide 1. There was only a small isotropic phase 

transition peak at 122 °C. A spherulitic texture was also observed for the annealed sample. 
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Figure 14. DSC thermograms of macrocycle 4: (a) first heating and cooling; (b) second 

heating and cooling; (c) heating and cooling of the sample annealed at 80 °C for 10 h. 
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Figure 15. Polarizing micrographs of the textures of 4 obtained by cooling from the 

isotropic liquid: (a) cooled to 90 ·c; (b) annealed at 100 ·c for 48 h. 
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Polymers Sa and Sb. The polymers Sa and·Sb are birefringent waxy solids at 

room temperature. Figure 16 shows the DSC thermograms of the polymers. The DSC 

curves of the first heating of the polymers consisted of a glass transition at about 70-80 ·c 

and an isotropic transition at 90-110 ·c. Without annealing the polymer exhibited only a 

featureless grainy birefringent texture. The annealed and sheared sample displayed a 

schlieren texture (Figure 17) that was stable at room temperature for at least 6 months. 

Preliminary X-ray diffractograms of the polymer Sa are given in Figure 18. The first peak 

in the x-ray diffractogram at 22 ·c indicates a plane spacing of 41.8 A. There seems to be a 

barely resolved second peak, which might or might not indicate a hexagonal structure. At 

99 °C there is a liquid crystalline phase with a plane spacing of 39.9 A. The broad peak in 

the diffractogram at 122 ·c indicates an isotropic phase. More X-ray work will be done in 

the future for a detailed structure identification of the polymers. 
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C 

d 

A 
0 

ffi 

8.25 

NORMALIZED POLYMER 
WT, 5. 00 mg 

SCAN RATE, 20.00 deg/min 

---• NORMALIZED POLYMER 

11:l!i! -'--2lill.-+l-lll-

ZHAO ."'fLE",CPA. OIi 

DA TE, 92/06/25 TIME, 16, SB 

NORMALIZED POLYMER 
WT, 5. 00 mg. 

SCAN RATE, 20.00 deg/min 

I 
--- • NORMALIZED POLYMER 

A 

j 0 
C z 
LI.I 

I ,. 
u 
LI.I 
(/) 

' -1 
< 

TEMPERATURE (K) DSC 

l 

f 

i 
i 

•z j 
u 
::£ 

i 
I .,......--,, , 

/ . - / ...___~------ ,,-," ,/' --... ---------·-..,,,.Y----~-~ 
/ 

I 

I 

I 
I 
l 
I 

-a.Ill L---+------+-------+-- -----·--- ___ ----+--------- ·--------·- ------- , ______ -----+ ___ ------· __ \ 212.a 211!.llll a1a.llll ma 3511.llll m.llll mes •1a.lll! mes 4SB.llll ,10.00 

ZHAO rfLE", P78C 0A TEMPERATURE (K) DSC 

DATE, YY /MM/00 TIME, 00, 53 

66 



a 
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Figure 17. Polarizing micrographs of the textures of polymer 5b: (a) virgin sample at 23 

~C before heating; (b) cooled from isotropic melt at 0.1 °C/min, and annealed at 100 °C for 

2 days; (c) annealed at 100 °C for 5 days. 
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Figure 18. X-ray diffractograms of polymer 5a. (a) obtained at 23 °C; (b) obtained at 

99 °C; (c) obtained at 122 °C. 
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4-Dodecyloxybenzoic acid and 4-(10-undecylenyloxy)benzoic acid. 

These substituted benzoic acids have been synthesized as intermediates in our experiments. 

Both benzoic acids have been reported to be liquid crystalline compounds with nematic and 

smectic (Sc) mesophases.13,14 Their mesophases were observed with the optical 

polarizing microscope, and the typical textures are presented in Figures 19-20. 
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Figure 19. Polarizing micrograph of the texture of 4-dodecyloxybenzoic acid obtained on 

cooling from isotropic melt to 110 ·c in nematic phase. 

a 

Figure 20. Polarizing micrographs of the textures of 4-(10-undecylenyloxy)benzoic acid: 

(a) obtained on heating to 125 ·c in nematic phase; (b) obtained on cooling to 80 ·c in the 

smectic C (Sd phase. 
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Discussion 

The liquid crystalline behavior of the macrocyclic hexamide 1 has been investigated 

several times.1-4 The mesomorphic behavior of this derivative of azacrown[18]-N6 

depends on the method of purification and the thermal history of the sample. While the 

compound 1 shows different, irreproducible first DSC scans, the second and the following 

scans all show a broad phase transition at about 75 °C and a small sharp peak at about 140 

0 C. The slow phase transition at 75 °C appears to be a glass transition. Without annealing, 

the sample obtained by cooling the isotropic melt quickly to room temperature was a glass 

containing only small amounts of liquid crystals. For a well annealed sample there was no 

75 °C transition, and only a melting of the spherulitic crystals to the isotropic phase was 

observed by DSC and by microscopy. The transition enthalpy, Af{, of 16-19 kcal/mol 

indicates that the spherulitic crystalline structure is a well-organized phase. The melting 

transition of spherulitic crystal was at about 140 °C, the same temperature as the mesophase 



to isotropic transition during the second DSC heating of the unannealed 1. The same 

transition temperature might indicate that the small sharp phase change in the second DSC 

heating is related to the spherulitic crystal. The crystallization of hexamide 1 from the 

mesophase was very slow, with a growth rate of spherulitic crystals of about 18 µm/h. In 

DSC analysis a sample cooled at 5 °C or 20 °C per minute formed only very small amounts 

of liquid crystal or crystal. This is why in the DSC second heating scan only a small sharp 

peak was detected at 139 °C. In the investigation of the liquid crystalline azacrown[18]-N6 

derivatives some difficulty is attributed to their slow and usually incomplete phase 

transitions, which lead to irreproducible DSC curves and cooling to mixtures of liquid 

crystal and isotropic glass. Figure 21 shows structural models of hexamide 1 in ordered 

and disordered states. These structures were created using the program Chem3D on a 

Macintosh llci computer. The conformational energies of ordered states are minimized. 

Because of its bulky side chains and rigid ring the ordered hexagonal tube-like mesophase 

is not so easy to form. 
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The X-ray analysis of the annealed sample showed ad-spacing of 45.2 A, which 

was calculated from the lamellar reflections with a periodicity in q = 0.1416 A-I in Figure 

10. The X-ray data suggest a monoclinic unit cell with sides of 45.2, 28.1 and 9.6 A with 

a 118° angle between the shorter sides. This gives a unit cell volume of 10800 A3. 

Assuming 4 molecules per cell and 3.7 x 1()20 molecules per cm3, the density of the crystal 

is calculated as 1.222 g/cm3. In a hexagonal structure the d spacing is 37.7 A,I in a 

smectic layered structure the d spacing is 32.0 A,6 and the fully extended end-to-end length 

of hexamide 1 is about 50 A.6 The 45.2 A spacing of the spherulitic crystal is less than the 

calculated end-to-end distances of about 50 A. A spacing of 32.6 A has been reported for 

a hexagonal structure of hexamide 1.1 So it seems that the melt-grown phase is more like a 

linear smectic structure than a discotic hexagonal structure. 



a 

Figure 21. Three-dimensional molecular model of hexamide 1: (a) a disordered 

conformation; (b) an ordered conformation; (c) a magnified ordered conformation. 
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Figure 21. (b) an ordered conformation. 
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Hexamide 2 is the liquid crystalline [18]-N6 derivative with the highest reported 

number of carbons in alkyl chains. It showed liquid crystalline properties similar to those 

of Lattermann's analogous C 10 hexamide, which exhibited a discotic mesophase between 

97.5 and 141 °C.5 The fan-like texture and high entropy of the isotropic transition of 2 

might indicate a columnar mesophase between 106.7 °C and 126.5 °C.12 The X-ray 

diffraction showed one shrup peak corresponding to d = 33 A and a diffuse halo at 110 °C, 

which suggested a columnar or smectic mesophase. The phase between 8.4 °C and 106.7 

°C was an unidentified crystal. 

There are phase relationships between the [18]-N6 discotic mesogens and the rod

like mesogens in the side chains. From the comparison of the liquid crystalline properties 

of hexamides 1 and 2 with 4-dodecyloxybenzoic acid and 3,4-bis(dodecyloxy)benzoic 

acid, it is clear that the improved liquid crystallinity of 2 is based on the better liquid 

crystallity of its substitutent benzoic acid. The AHi of 3,4-bis( dodecyloxy)benzoic acid is 

12.3 kcal/mole, while the AHi of 4-dodecyloxybenzoic acid is only about 1.0 kcal/mol. 

Small AHi is also true for the other [18]-N6 derivatives (see Table I in Chapter I). 

The p-alkoxybenzoic acids with 4 or 6 carbons in the alkyl chain show only less 

ordered nematic mesophases, and their [18]-N6 derivatives are not liquid crystals. The 

benzoic acids with 11, 12, and 14 carbon alkyl chains show highly ordered smectic 

mesophases and lead to [18]-N6 liquid crystals. By incorporating these good mesogens 

into azacrown compounds, liquid crystalline [9]-N3, [12]-N3, and [14]-N4 derivatives 

have been successfully prepared.5 Since the rod-like benzoic acid mesogens and other acid 

compounds, such as cinnamic acid and phenylazobenzoic acid, have been well studied for 

their liquid crystallinities, it should be possible to use this knowledge to design new 

discotic macrocycles with controlled liquid crystallinities. To design a new liquid 

crystalline macrocyclic ligand, the optimum combination of the liquid crystallinity of the 
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side chain substituents and the complexing properties of the macrocycle will be a key point 

for success. 

The mesomorphic behavior of compound 4 was similar to that of hexamide 1, 

because of the similarity of their structures. Both annealed samples show the spherulitic 

texture. Like the similar monofunctionalized discotic compounds, the unsymmetrical 

compound 4 showed a lower isotropic transition temperature than those of 

unfunctionalized compound.15,16 The difference between the two compounds was 

decreased by annealing (Figures 2 and 14). 

In the polymer preparation the steric hindrance may cause difficulty in the 

hydrosilylation because of the bulky mesogenic groups. Kreuder and Ringsdorf prepared 

the first liquid crystalline side chain polymer with disc-like mesogens.15 In their 

homopolymer about 74% of the Si-H bonds were grafted with a bulky mesogenic group of 

molecular weight 827. The molecular weight of compound 4 is 1973. To our knowledge 

this is the largest mesogenic group ever used for a side chain polysiloxane. 

The polymers Sa and Sb showed similar phase behavior. The DSC curve in the 

first heating consisted of a glass transition at about 78 °C and an isotropic transition at 

about 100 °C. There was no exotherm in cooling scans. In the second scan only a weak 

glass transition was detected (Figure 16). Both polymer samples annealed at 80-100 °C for 

long time showed a nematic schlieren texture with an isotropic transition temperature at 

about 110 °C. The X-ray measurements also confirmed that polymer Sa has mesophase at 

99 °C and an isotropic phase at 122 °C. Under a polarizing microscope, the polymers look 

like anisotropic glasses at room temperature. As expected the oriented structure was 

frozen below the glass transition temperature as indicated by a stable schlieren texture over 

at least 6 months. The less flexible unsymmetrical structure of the polymer might result in 

the destruction of the columnar structure to give a polymer with a nematic discotic phase. 

The weight percentage of hexamide group of the polymer was 75% and 84% for polymer 
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Sa and Sb. It is much higher than the weight percentage of the mesogenic functional group 

in most other liquid crystalline polymers. So the properties of the new polymers S depend 

more on the properties of hexarnide 1, which is a poor or metastable liquid crystal. The 

high ratio of hexamide to polysiloxane also leads to a poor film-forming property of this 

liquid crystalline polymer. 

Conclusion 

The [18]-N(; derivatives 1, 2, 3, 4 and polymer S were prepared and investigated 

for their liquid crystalline properties. Hexamide 1 has only a monotropic liquid crystalline 

phase. The spherulitic crystal phase of hexamide 1 was observed in annealing and 

isothennal crystallization. The intrinsic properties of high viscosity of hexamide l lead to a 

slow crystallization. Purification methods, annealing and shearing have great effects on the 

orientation of these bulky macrocycles. Hexarnide 2 showed an enantiotropic liquid 

crystalline phase. The differences of the liquid crystalline properties between hexarnide 1 

and 2 suggest the important relationship between the liquid crystallinity of the substitutent 

mesogen and the liquid crystallinity of the azacrown derivative. The liquid crystallinity of 

hexamide 4 was similar to hexarnide 1, but the isotropic transition temperature was lower. 

The polymer shows a mesophase between a glass transition at about 75 °C and the isotropic 

transition at about 110 °C. 
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Introduction 

CHAPTER III 

LIQUID CRYSTALLINE METAL COMPLEXES 

OF HEXA-( 4-DODECYLOXYBENZYL)-[18]-Nt; 

In recent years research interest in liquid crystalline azacrown[l8]-N6 derivatives 

has increased and different compounds were synthesized.1-11 Some of these nitrogen

containing macrocycles are macrocyclic ligands, which show complexing ability for 

transition metals.12 The combination of the selective complexing with self assembling 

structures will lead to some interesting properties. A tube-like structure consisting of 

macrocyclic ligands might be used as a phase-dependent metal ion channel for many 

applications.4 It is important to understand the relationship between liquid crystalline 

· properties and complexation of metal. What kind of metal ions will be complexed by these 

macrocyclic ligands? How will liquid crystalline properties be affected by complexation of 

metal ions? The complexation properties of some azacrown[18]-N6 compounds have been 

studied by Ringsdorrs research group.13 They found that non-liquid crystalline 

azacrown[18]-N6 hexamin~ can be changed to columnar liquid crystals after complexation 

with Co(NOJh and Ni(NOJ)2. The new mesophases were attributed to the stiffening of 

the molecular conformation and interaction between the central metals. In Chapter II we 

reported the synthesis and liquid crystalline properties of azacrown[18]-N6 hexamide 1. In 

this chapter we report the preparation of complexes of metal ions with azacrown[18]-N6 

hexamine 2 and investigation of their phase behavior. Tetraamide 3 and tetraamine 4 were 

prepared also. 
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Experimental Section 

1: R= i-o-O(CH2)11CH3 

2: R= CH2-o-O(CH2)11CH3 

3: R= i-o-O(CH2)11CH3 

4: R= CH2-0-0(CH2)11CH3 

Materials and Analytical Methods. All organic reagents were obtained from 

Aldrich and were used without further purification unless otherwise stated. 

1,4,7,10,13,16-Hexa-(4-dodecyloxybenzoyl)-l,4,7,l0,13,l6-hexaazacyclooctadecane (1) 

was prepared using the procedure in Chapter II. Thermogravimetry measurements were 

done with a Perkin-Elmer model TGS-2 thermogravimetric analyzer. NMR spectra were 

recorded on a Varian XL-300 instrument at 300 MHz for lH or 75.43 MHz for Be. All 

spectra were recorded in CDCIJ solution with TMS as internal standard unless otherwise 

specified. Ff-IR spectra were taken on a Nicolet Impact 400 spectrometer with KBr disks. 
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Characterization of the Phase Behavior. The phase behaviors of the metal 

complexes were studied using differential scanning calorimetry (DSC) and optical 

polarizing microscopy. Thermal transitions were determined with a Perkin-Elmer DSC-2C 

differential scanning calorimeter equipped with a TADS 3600 data station. Heating and 

cooling rates were 20 °C/min, unless noted otherwise. The sample was heated from -10 

°C to 150 °Cat 20 deg/min, held 2 min at 1.50 °C, cooled to -10 °Cat 20 deg/min using 

solid CQi in the DSC heat exchange system, held 15 min at-10 °C, heated from -10 °C to 

1.50 °Cat 20 deg/min, and cooled as before for a total of 2 heating and cooling scans. The 

sample sizes were 5-10 mg. The thermal transitions and anisotropic textures were 

observed on a Nikon 104 optical polarizing microscope fitted with a Nikon 35 mm 

automatic camera and an Instec hot stage controlled by an Apple II computer. The sample 

was heated from 20 °C to 110 °C (isotropic melt) at 5 °C/min, held 2 min at 110 °C, cooled 

to 20 °Cat 5 °C/min, held about 10 min at 20 °C, and heated and cooled as before for a 

total of 2 heating and cooling observations. 
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1,4, 7 ,10, 13, 16-Hexa-( 4-dodecyloxybenzyl)· l,4, 7, 10,13,16-

hexaazacyclooctadecane (2). Synthesis was performed by reduction of hexamide 1 

(2.29 g, 1.20 mmol) with LiAlf-4 (0.83 g, 21.0 mmol)7, in 72.9% yield. lH NMR (50 

°C): l> 0.88 (t, 18 H, CH3), 1.27 (m, 96 H, CH2), 1.42 (m, 12 H, CH2), 1.76 (t, 12 H, 

CH2), 2.58 (br, 24 H, NCH2), 3.38 (br, 12 H, CH2Ar), 3.91 (t, 12 H, CH20), 6.76 (d, 

12 H, Ar), 7.06 (d, 12 H, Ar). Be NMR (50 °C): l> 14.0 (CH3), 22.6, 26.1, 29.3, 29.4, 

29.6, 29.9, 31.9 (CH2), 52.5 (NCH2), 58.8 (CH2Ar), 68.1 (CH20), 114.2, 129.9, 

131.7, 158.1 (Ar). IR (KBr): 2930 (s), 2860 (s), 1615 (m), 1518 (s), 1470 (m), 1255 (s) 

cm-1. Mass spectrum (FAB, 2-nitrophenyloctyl ether/p-toluenesulfonic acid, 2/1 v/v) 1906 

[(M+H)+, calcd. for C12@-I211N606: 1906]. Anal. Calcd. for C12@-I21oN606: C, 79.43; 

H, 11.12; N, 4.41. Found C, 78.48; H, 11.08; N, 4.32. 



1,4,8,10,11-Tetra-( 4-dodecyloxybenzyl)-1,4,8,11-

tetraazacyclooctadecane (4). Tetraamide 3 was prepared as reported.5 Synthesis of 

tetraamine 4 was performed by reduction of tetraamide 3 with LiAII4. lH NMR (50 °C): 

b 0.92 (t, 12H, CH3), 1.34 (m, 64H, CH2), 1.49 (m, 8H, CH2), 1.80 (t, 12H, CH2), 

2.52 (m, 8H, NCH2), 2.60 (m, 8H, CH2N), 3.40 (m, 8H, CH2Ar), 3.95 (m 8H, CH20), 

6.82 (d, 8H, Ar), 7.18 (d, 8H, Ar). 13C NMR (50 °C): b 14.0 (CH3), 22.6, 26.1, 29.3-

29.6, 31.9 (CH2), 50.7 (NCH2), 51.6 (CH2N), 59.0 (CH2Ar), 68.1 (CH20), 114.2, 

129.9, 131.9, 158.1 (Ar). 

Procedure for Complexation of the Metal Ions with Hexamine 2. All 

metal salts (purity~ 98%) were obtained fromAldrich. The appropriate equivalents of 

hexamine 2 and metal salt (such as 0.03 mmol, 10.9 mg of Cu(03SCF:3)2 and 0.03 mmol, 

57.2 mg of hexamine 2) were stirred in 5 mL of dry tetrahydrofuran (THF) at 25 °C for 48 

h. The THF was removed and the residue·was dried in vacuum at 50 oc for 24 h. 

Results and Discussion 

Selection of Metal Salts. To select some metal salts for preparation of metal 

complexes of hexamine 2, a very simple experiment was done by testing the solubility and 

color of different metal salts (about 5 mg) in THF solutions (1 mM, 2mL) ofhexamine 2. 

The results are reported in Table I. Based on the above results, only metal salts that were 

highly soluble in THF containing 2 were chosen for preparation of metal complexes of 

hexamine 2. 
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Table I. Results of Preliminary Experiments of Metal Salts 

metal salt color of solid solubility in THF 

metal salt without 2 with 2 

Mg(0JSCFJ)2 white medium high 

MgCl2·H20 white medium medium 

Mg(QzCCH3)z4H20 white medium medium 

KI white low low 

Cr(NOJ)3·9H20 white low low 

MnCl2·4H20 white low low 

FeClJ brown high high 

Fe(NOJ)3-9H20 white medium medium 

FeS04·7H20 white low low 

Co(QiCCH3)z4H20 pink low low 

C0Cl2-6H20 pink medium high 

Co(OH)z pink low low 

Ni(QiCCH3)z·4H20 green low medium 

Ni(OH)z green low low 

Cu(OJSCFJ)z white medium high 

Cu(QiCCH3)z green medium high 

CuBr2 green high high 

CuCl2·2H20 green high high 

Zn(OJSCF3)z white medium high 

Pd(OzCCH3)z brown high high 

Ag()JSCF3 white high high 

color of solution 

without 2 with 2 

colorless colorless 

colorless colorless 

colorless colorless 

colorless colorless 

colorless colorless 

colorless colorless 

yellow yellow 

colorless colorless 

colorless colorless 

colorless colorless 

blue blue 

colorless colorless 

colorless colorless 

colorless colorless 

colorless blue 

green green 

green green 

green yellow 

colorless colorless 

yellow yellow 

colorless colorless 
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Table I. ( continued) 

metal salt 

HgCl2 

Pb(QiCCH3)2·3H20 

PbCli 

Pb(NOJh 

color of solid 

metal salt 

white 

white 

white 

white 

solubility in THF 

without 2 with 2 

low high 

medium medium 

low low 

low low 

color of solution 

without 2 with 2 

colorless 

colorless 

colorless 

colorless 

colorless 

colorless 

colorless 

colorless 

Characterization of the Metal Complexes. All THF solutions, from which 

new complexes were isolated, were clear without residual undissolved metal salts. The dry 

samples were studied by thennogravimetry, NMR and Ff-IR for their purity and 

structures. 

By thermogravimetric measurements, the weight loss of all samples in the 

temperature range 30-100 °C was less than 1 %, which indicates that there were no large 

amounts of water or THF in the samples, and the complexes were composed of hexamine 

2 and bound metal salts. Figure 1 shows typical thermogravimetric curves of the 

complexes. There was about 10% and 25% weight loss at 250 °C and 300 °C for the 

copper triflate complex and most of other complexes. As expected the complexes were not 

stable at high temperature. 
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Figure 1. Thermogravimetric recordings. (a) hexamine 2; (b) complex of hexamine 2 

and Cu(D.3SCF3)2; (c) complex of hexamine 2 and Pd(QiCCH3)2. 
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Why is hexamine 2 a non-liquid crystalline compound but hexamide 1 a discotic 

liquid crystalline compound? One reason.is that hexamide 1 has a more rigid central ring, 

which is the result of the restricted rotation about amide C(O)-N bonds. For hexamine 2 

free rotation about the corresponding CH2-N bonds leads to flexible conformations, which 

do not help discotic liquid crystalline properties. The restricted or unrestricted rotation of 

CO-Nor CH2-N bonds can be detected by lH NMR analysis of the benzene ring signals in 

spectra of the macrocyclic amide and amine. Figure 2 shows the different aromatic signals 

of hexamide 1 and hexamine 2, and for further comparison tetraamide 3 and tetraamine 4 

are also presented. Because of the restricted rotation, the aromatic protons neighboring the 

PhCO-N bond give a broad signal, while the aromatic protons near the flexible PhCH2-N 

bond give a sharp signal. The rigid macrocyclic conformations also can be confirmed by 

the broad signals of N(CH2h of the central rings. 

a 

-~ 
C 

I JI I I I j I I I I j I I I I j I I I_ I JI 
I I I I I I I I I I I I I I I I i I I I I I 

8 7 . 6 

b d 

I JI I I I j I I I I j I I I I j I I I I JI I I I I I I I I I I I i I I I I I I I I I I ; 
8 7 6 

Figure 2. lH NMR spectra in aromatic region of macrocycles (CDClJ, 50 °C). (a) 

hexamide 1; ·(b) hexamine 2; (c) tetraamicle 3; (d) tetraamine 4. 
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Figure 3 presents the lH NMR spectra of hexamine 2 and its complexes. After 

complexation all peaks lJe?me broad, excepfthe peaks of alkyl tails. This indicates slow 

conformational changes and stiffened molecular conformations. Large changes in chemical 

shifts and linewidths in the lH NMR specµa of 2 in the presence of metal salts show that 

the macrocycle coordinates to the metal ions. For most complexes the macrocycle ring 

signals at 2.58 ppm move to about 3.0 ppm. NMR chemical shifts have been used to study 

complex stability constants.15,16 In a control experiment hexamine 2 and Cu(()JSCFJ)2 

(1: 1 mole ratio) were dissolved in CDCl3, and the lH NMR spectrum is presented at Figure 

3h. The complexation can be confirmed by the broad peaks and chemical shift. It may be a 

simple method to select metal salts for binding. 

The complexation also can be detected by Ff-IR spectra. For example the Ff -IR 

spectrum (Figure 4) of the Cu(OJSCFJ)2-hexamine 2 complex shows that the shoulder 

peak at 2850-2950 cm-1, which is due to the C-H stretching vibration of the N-CH2 

groups, disappeared after hexamine 2 complexed with Cu(G.3SCF3)2. This is evidence for 

complete complexation of Cu2+ by hexamine 2. Upon complexation some IR peaks 

became broad, and there were some changes in the fingerprint region. 

Phase Behavior. The complexes were examined for their liquid crystalline 

properties by DSC and polarizing microscopy. The phase behavior of the complexes is 

summarized in Table II. DSC thermograms and polarizing microscopic textures of the 

complexes are presented in Figures 5-17. 
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10 

a 

10 

b 

Figure 3. lH NMR spectra (CDCIJ, 20 °C) .. (a) hexamine 2; (b) complex of FeCIJ and 

2; (c) complex of Cu(C)iCCH3)2 and 2; (d) complex of Cu(OJSCF:3)2 (1 : 1) and 2; (e) 

complex of Zn(°-3SCF:3)2and 2; (f) complex of Mg(°-3SCF3)2 and 2; (g) complex of 
-~- -

C0Cl2 and 2; (h) solution of Cu(OJSCF:3)2 ( 1 : 1) and 2 in CDCIJ. 
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Figure 4. Ff-IR spectra. (a) hexamine 2; (b) 2 complex of Cu(03SCF:3)z (1: 

1); -(°c) magnified a and b; (d) 2 complex of Cu(0:3SCF3)2 (Cu: amine= 0.5: 1). 
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Table II. Phase Behavior of Transition Metal Complexes of Hexamine 2.a.b 

metal salt color of ratio of phases transition °C (~H, cal/g) 
complex host/guest 

none white (heat) C 84 (17.7) I 

(cool) C 57 (16.3) I 

Mg(OJSCFJh white 1/1 (heat) C 47 (1.7) M 75 (1.0) I 

(cool) C/M 67 (0.4) I 

FeCl3 green 1/1 (heat) C1 53 (0.3) C2/M 99 (0.4) I 

(cool) no peak 

C0Cl2-6H20 yellow 1/1 (heat) C -3 ( 4.2) M 76 (3.9) I 

(cool) C -25 (1.7) M 61 (3.4) I 

Cu(03SCF3)2 green 1/1 (heat) C/M 68 (1.9) I 

(cool) no peak 

Cu(03SCFJh green 2/1 (heat) C/M 78 (7.8) I 

(cool) C1l6 (0.3) C2/M 37 (6.7) I 

Cu(02CCH3)2 green 1/1 (heat) C/M 80 (16.5) I 

(cool) C 20 (6.0) M 29 (1.2) I 

Zn(0JSCF3)2 white 1/1 (heat) C1 40 (0.4) C2/M 68 (0.3) I 

(cool) C/M 62 (0.3) I 

Pd(QiCCH3)2 yellow 1/1 (heat) C/M 80 (7.6) I 

(cool) C1 15 (0.6) C2/M 39 (5.0) I 

AgOJSCFJ white 1/1 (heat) C/M 79 (5.4) I 

(cool) C1 20 (3.3) C2/M 29 (0.5) I 

a Abbreviations: C = crystalline; M = mesophase; C/M = crystalline or mesophase; I = 

isotropic. b based on DSC second heating and cooling at 20 °C/min. 
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Figure 5. DSC thermogram (second run) of hexamine 2. 
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Figure 6. DSC thermograms (second run). (a) hexamine 2 complex of 

Mg(OJSCFJ)2; (b) hexamine 2 complex of Zn(D:3SCF3)2. 
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Figure 7. DSC thermograms (second run) of hexamine 2 complex of C0Cl2. 
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Figure 8. DSC thermograms (second run) of hexamine 2 complex of 
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Figure 9. DSC thermograms (second run) of hexamine 2 complex of 

Cu(OJSCF3)2_ (a) Cu: amine= 1: 1; (b) Cu: amine= 0.5: 1. 
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Figure 10. DSC thermograms of hexamine 2 complex of Cu(02CCH3)2. 

(a) first run; (b) second run. 
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Figure 11. DSC thermograms (second run). (a) hexamine 2 complex of 

Ag(~SCF3)2; (b) hexamine 2 complex of FeCl3. 
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Figure 12. Polarizing micrograph of the texture of hexamine 2, cooled from the 

100 °C isotropic melt to 30 °C. 

Figure 13. Polarizing micrograph of the hexamine 2 complex of Mg(0:3SCF:3)2 

heated from the isotropic melt to 70 °C. 
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a 

Figure 14. Polarizing micrographs of hexamine 2 complex of C0Cl2. (a) before heating 

at 20 °C; (b) cooling from the isotropic melt 100 °C to 80 °C; (c) cooling to 75 °C; (d) 

cooling to 60 °C; (e) cooling to 50 °C. 
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a 

Figure 15. Polarizing micrographs of the hexamine 2 complex of Cu(O:zCCH3)2. (a) 

before heating~ at 20 °C; (b) after cooling from the isotropic melt 100 ·c to 20 ·c. 
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Figure 16. Polarizing micrograph of the hexamine 2 complex of Zn(OJSCF:3)2 heated to 

65 °C. 
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400µm 

a 

Figure 17. Polarizing micrographs of the hexamine 2 complex of Pd(0:2CCH3)2 (1: 1). 
- -

(a) before heating, at 20 ·c; (b) heated to 70 ·c. 
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Mg(OJSCF3)2. At room temperature the complex is a white waxy solid. Unlike 

free hexamine 2, which· is_ a white crystal,. the complex of Mg(D.3SCF3)2 can be pressed 
-

_ _ between two glass slides and shows green and yellow birefringence. The mesophase of 

the complex is quite clear in the second heating, as shown in Figure 13. The picture shows 

the liquid crystal was still flowing. The texture was similar to the mesophase texture 

reported by Lehn for hexamide 1.1 

FeCIJ. At room temperature the complex was a yellow waxy solid with a 

birefringent texture like that of Figure 1.5a but in yellow color. The texture obtained at 80 

~C during the second heating looks like the mesophase texture of hexamide 1. 

C0Clr6B20. The complex is a white paste-like solid and showed colorful 

birefringence at room temperature (Figure 14a). The rope-like texture of the mesophase is 

very interesting, which seems not have been reported before (Figure 14b,c). The liquid 

crystalline properties of this complex are very clear. The 1 H NMR spectrum of the 

complex shows larger chemical shifts because Co2+ is paramagnetic. 

Cu(02CCH3)2. The complex is a green waxy solid before heating and shows 

green birefringence under the polarizing microscope (Figure 15a). Figure 15b shows a 

typical nematic schlieren texture for the hexamine 2 complex of copper acetate, which is 

similar to the nematic texture reported by Ringsdorf's group for the Co(ND.3)2 complex of 

the macrocyclic compound analogous to 2 having C14 side chains.13 The mesophase was 

not thermally stable, and it disappeared from the DSC thermogram after about five heating 

scans. 

Cu(OJSCF3)2. At room temperature the complex of 1: 1 Cu(0JSCFJ)2/2 was a 

dark green waxy solid, which could be pressed to flow between two glass slides and 

showed a green nematic texture like that of Figure 15b. After cooling from the isotropic 

melt the s~ple changed to an isotropic gl~s without birefringence, but the birefringence 
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appeared after about 24 hat room temperature. It seems that the complex needs longer time 

for organization to an ord~red structure. The complex of 0.5 : 1 Cu(03SCF3)2/2 at 25 °C 
-

was a light green solid, which could not be pressed to flow between two glass slides but 

showed a green birefringence. The texture obtained by cooling from the isotropic phase 

was like the mesophase texture of hexamide 1. 

Zn(S03CF3)2. The complex was a white gel-like solid, which showed green 

birefringence under the polarizing microscope with a texture like Figure 15a. The second 

heating led to a texture similar to that of hexamide 1 as shown in Figure 16. 

Pd(0.2CCH3)2. The complex was a yellow waxy solid at 25 °C, which could be 

pressed to flow between two glass slides, and showed colorful birefringence under the 

polarizing microscope (Figure 17a). There is a mesophase during the first heating (Figure 

17b). The second heating shows only an isotropic phase transition. The texture observed 

during the cooling was similar to the mesophase texture of hexamide 1. 

Ag03SCF3. At room temperature the complex was a red waxy solid, which 

showed a texture like that of Figure 15a but in a red color. In the DSC thermogram the 

complex showed a phase transition during cooling, but it could not be observed with the 

microscope. It might be decomposed after exposure to light. 

One thing clear for all these complexes is that most virgin samples were not crystals 

but waxy solids with liquid crystalline properties, as shown by flow between two pressed 

glass slides and birefringence. After cooling from the isotropic melt usually a texture 

similar to that of hexamide 1 was observed, except for the CoCli and Cu(OzCCH3)2 

complexes. 

The DSC thermograms of complexes.of Cu(OzCCH3)2, Pd(OzCCH3)2, 

Cu(03SCF3)2 (0.5: 1) andAg()JSCF3 showed a crystallization exotherm in the second 

heating. It is-an evidence of the slow organization processes of the complex molecules. 
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High viscosity made the phase transitions slow or incomplete. The complexes of 

Mg(OJSCFJh, Zn(OJSCFJh and FeCl3 showed similar DSC thermograms and textures. 

Some mesophases had deep colors and were not easy to observe by polarizing microscope. 

The identification of the mesophases of metal complexes is more difficult than of free 

organic liquid crystalline compounds because of the slow phase transitions.16 Most 

textures of the complexes of hexamine 2 were not easy to identify. While it is hard to 

assign these mesopheses without X-ray evidence, most of these complexes probably have 

nematic phases, since the phase transitions between the mesophase and the isotropic phase 

showed only small enthalpy changes by DSC analysis. X-ray investigation will be most 

useful to characterize the mesophases. 

Conclusions 

Metal complexes of macrocyclic hexamine 2 with Cu2+, zn2+, Mg2+, Ag+, co2+, 

and Fe3+ salts were prepared. The liquid crystalline properties of these complexes were 

examined by differential scanning calorimetry and polari:zing microscopy. Unlike free 

hexamine 2, which is a non-liquid crystalline compound, most of these complexes showed 
> 

mesophases. The complexes of CoCl2 and Cu(OAch showed the most interesting 

microscopic textures. The complexes were more easily decomposed thermally than free 

hexamine, and the phase behaviors were affected by thermal history. The high molecular 

weight and high viscosity lead to slow phase transitions, as indicated by the crystallization 

during the DSC second heating and different phase behavior of the virgin samples and the 

samples from the isotropic melt. While it is difficult to assign the mesophases, the low 

values of the enthalpies of the phase transitions between the liquid crystalline and isotropic 

phases suggest that the mesophases may be nematic. 
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CHAPTER IV 

EXTRACTION AND MEMBRANE TRANSPORT OF CATIONS 

BY AZACROWN[18]-Nc; DERIVATIVES 

Introduction 

In recent years research interest in azacrown[18]-N6 derivatives has increased and 

different compounds have been synthesized. l-11 The complexation properties of these new 

compounds are one of the major research objectives. What kind of metal ions will be 

complexed by these macrocyclic ligands? How are their binding properties different from 

oxygen-containing crown ethers? Some azacrown[18]-N6 compounds have been studied 

by extraction and liquid membrane methods.12-26 It was found that unlike crown ethers, 

which complex mainly with alkali or alkaline-earth metals, azacrown hexamines showed 

strong affinity for transition metal cations but not alkali or alkaline-earth metal cations. 

Azacrown hexamides complex with almost no metal ions. 

In Chapter II we reported the synthesis and liquid crystalline properties of some 

azacrown[18]-N6 derivatives. In this chapter we report the complexation of metal cations 

and organic cations by hexamides 1 and 2 and hexamine 3. The complexing properties 

were studied by extraction and liquid membrane methods. For comparison a typical crown 

ether, i.e., dibenzo-18-crown-6 (DB-18-C-6) and the [14]-N4 tetraamide 4 were also 

examined. 
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l: R= 

2: R= 

3: R= CH2-o-O(CH2)uCH, 

DB-18-C-6 

Experimental Section 

Reagents. Reagent grade metal salts and dibenzo-18-crown-6 were obtained from 

Aldrich and used without further purification. Macrocycles 1, 2, 3, and 4 were prepared 

as reported in Chapters II and III. Glycineethyl ester hydrochloride (GlyOEtHCl) and L

phenylalanine ethyl ester hydrochloride (PheOEt·HCl) were from Sigma The aqueous 
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picric acid solution was made from Baker analyzed reagent (crystal with 12.2% water), and 

the concentration was det~rmined with a standardized solution of sodium hydroxide 
-

(Chempure, Curtin Matheson Scientific). UV spectra were recorded on a Hewlett Packard 

8452A Diode Array spectrophotometer with 1 cm quartz cells. 

Extractions. The cation binding efficiencies of the macrocycles were evaluated 

by the distribution equilibrium of the picrate salts between an aqueous phase and 

chloroform that contained macrocycle. The deionized water was decarbonated by boiling 

and was saturated with chloroform in order to minimize the volume change on mixing. 

Chloroform was saturated with water before the experiment. The aqueous picric acid 

solution (0.1 mM) containing metal salt (10.0 mM) was made by dissolving metal salt (for 

example 58.4 mg of NaCl) into 100 mL of 0.1 mM picric acid solution. The pH of the 

picric acid-metal salt solution was adjusted with a pH meter from about 4.0 to 5.0 by 

adding a few drops of aqueous tetramethylammonium hydroxide (Aldrich). 

To 5 mL of chloroform solution of the macrocycle (1.0 mM, for hexamine 3, 190.5 

· mg/100 mL CHCh) was added 5 mL of an aqueous picric acid solution (0.1 mM) 

containing metal salt ( 10.0 mM). After efficient agitation by a Wrist-Action shaker for 20 

min at 23.0 ± 1 °C, the concentration of picrate in the aqueous phase was determined 

spectrophotometrically. The picrate anion in water has its absorption maximum at 355 nm, 

and the extinction coefficient of aqueous picric acid was determined as e = 1.45 x lo4 cm-1 

M-1 at 355 nm. The extinction coefficient of picrate in chloroform varies with cation. The 

amount of picrate in chloroform was calculated from the difference of concentration of the 

aqueous phase before and after extraction. The amounts of picrate salts transferred to the 

chloroform phase in the absence of macrocycles were negligibly small. The extractability 

(f) was determined as follows: 

f = 100 ([Co] - [C]) / [Co] = 100 (Ao - A) / Ao 



where [Co] and [C] are the concentrations of picrate salts in the aqueous phase before and 

after extraction, respectively. The ratio of concentrations can be determined by the UV-
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- visible absorption at 355 run, and A0 and A are the absorbances of picrate salts in the 

aqueous phase before and after extraction. For example the absorbances of sodium picrate 

solution before and after extraction with hexamine 3 in chloroform were 1.43 and 1.08, so 

f = 100 (1.43 - 1.08) / 1.43 = 24.5% 

In another two measurements the f values were determined as 25.7% and 28.4%. Previous 

Tsukube investigations have found such data reproducible to 10-15%.21,26 

Liquid Membrane Transport. The transport abilities of macrocycles for 

inorganic and organic cations were evaluated by a liquid membrane method. The 

experiments were performed at 23 ± 2 °Cina U-tube glass cell as shown in Figure 1. The 

internal diameter of the cell is 1.6 cm. The height of the aqueous layer is 2.4 cm and the 

height of the chloroform layer is 2.6 cm. Each interfacial area between two phases is about 

2 cm2, which was not affected by stirring. The macrocycle in chloroform (1.0 mM, 12 

mL) was placed in the base of the U-tube, and aqueous phase I (source phase, 5 mL, the 

same aqueous solution containing 10.0 mM salt and 0.1 mM picric acid as in extraction 

e:x:periments, pH 5.0) and aqueous phase II (receiving phase, 5 mL blank water, pH 7, 3 

or 11) were placed in the arms of the U-tube. The membrane phase was stirred at constant 

speed of 500 rpm by a magnetic stirrer (VWR Scientific Co., model 400HPS), If the 

stirring speed was too high some liquid droplets of aqueous phase I would be mixed with 

organic phase and directly contacted with phase II. Magnetic stirring bars with a star head 

(Nalgene 6000) were used, and liquid motion was seen in both aqueous and organic 

phases. This same apparatus was used for all experiments. At the aqueous phase I

membrane interface, the macrocycle extracts-metal picrate into the membrane. At the 

membrane-aqueous phase II interface, the metal picrate is released into aqueous phase II. 
- -

Metal picrates are more soluble in chloroform than metal chlorides or nitrates. In a control 



experiment without macrocycle in chloroform no picrate ion was detectable in aqueous 

phase II. The change in pH of aqueous phases I and II after the transport process was 

:S;:0.2 units. 

Aq. Phase I ...---
(Metal Salt+ Picric Acid) ._____ 

Aq. Phase II 

(blank water) 

~ 

~ 
Liquid Membrane 
(Chloroform+ Macrocycle) 

-----c:..-)~~~~~,---a.-
---- ~Stirrer 

(Aq. Phase I) 

~.x-

(Aq. Phase II) 

~.x-

(Liquid Membrane) 

Figure 1. The U-tube and liquid membrane system for transport experiments. 

M+: guest metal cation; x-: co-transported anion; MC: macrocycle. 
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After stirring for one hour the transport·was stopped and the UV absorbances of 

aqueous phases I and 11 (8.I and An) were measured. The distribution percentage of metal 

picrate in phase I; phase II and organic phase was calculated. The transport rates were 

expressed as the amount of picrate salts in the aqueous phase II after 1 h stirring. For 

example, in a potassium picrate/DB-18-C-6 experiment, after lh the absorbance of aqueous 

phase I decreased from 1.45 (Ao) to 0.59 (AI) and the absorbance of phase II increased 

from zero to 0.653 (An), so the concentration of picrate anion [Pie-] in the aqueous phase 

II, which was also the concentration of K+, can be calculated as 

[Pie-]= 0.653 I (1.45 x 104 cm-1 M-1 x 1 cm)= 0.0450 mM 

so the amount of transported Pie- K+ is: 

0.0450 mmol/L x 5/1000 L = 0.225 x lQ-3 mmol 

and the distribution percentage of Pie- K+ is: 

percentage of Pie- K+ in phase I= 0.59/1.45 = 40.7% 

percentage of Pie- K+ in phase II = 0.65/1.45 = 45.0% 

percentage of Pie- K+ in organic phase= 100% - 40.7% - 45.0% = 14.3% 

In another two measurements the Ar were determined as 0.54 and 0.57; the An 

were determined as 0.564 and 0.610. 

Results 

Extraction Experiments. The reff<Xlucibility of the extraction and liquid 

membrane experiments in other laboratories usually was about 10-15%.22,26,27 Because 



the amounts of macrocycles available were small, most experiments were done only once 

so that a large number of metal ions could be tested. 
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To check the possible dissolution of macrocycle 3 in water, the chloroform solution 

of macrocycle 3 (1.0 mM) was extracted with an equal volume of water. The UV 

determination showed that there was no detectable 3 in the water phase. As examples the 

UV spectra of pH 5 and pH 7 water extracted with hexamine 3 are presented in Figure 2. 

While hexamide 1 did not show interaction with picric acid, hexamine 3 was easily 

protonated by picric acid as indicated by UV analysis. Figure 3 shows the spectral changes 

of macrocycles 1 and 3 after extraction with picric acid. The spectral change (Figure 3e) 

shows that picric acid was extracted by hexamine 3. As shown in Figure 3c, no spectral 

change was observed for hexamide 1, because without complexing the metal picrate does 

not dissolve in chloroform. No macrocycle was extracted into water at pH 5 or pH 7 in 

control experiments. 

Since in the water-chloroform extraction system the complexing by hexamine 3 was 

affected by the pH of the aqueous phase, control experiments were done and the results are 

reported in Table I. 
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Figure 2. UV spectra. (a) water (pH 7) after extraction with hexamine 3; (b) water (pH 

5) after extraction with hexamine 3. 
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Figure 3 .. UV spectral changes of macrocycles ( 1.0 mM, CHCIJ) before and after 

extraction with picric acid. (a) picric acid{0.1 mM, H20, pH 4.2); (b) hexamide 1, before 

extraction; (c) hexamide 1, after extraction; (d) hexamine 3, before extraction; (e) 
. ,-

hexamine 3, after extraction. 
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Table I. Absorbance of Picric Acid after Extraction with Hexamine 3 in CHCl3a 

UV absorbance 

(at355 nm) 4.2 5.0 

A (aqueous) 0.60 0.93 

A (organic) 0.56 . 0.37 

extractability (f), % b 58 35 

pH of aqueous phase 

6.0 7.0 8.0 9.0 

1.02 1.03 1.06 1.15 

0.37 0.36 0.33 0.18 

28 28 25 19 
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600 

10.0 

1.32 

0.05 

7 

a Extraction conditions: 5 mL of 1.0 mM hexamine 3 in chloroform, and 5 mL of 0.1 mM 

aqueous picric acid; pH was adjusted with tCH3)4,NOH before extraction. b ± 15% 

estimated error. 
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It is clear that the extraction of picric acid by hexamine 3 decreases with the increase 

- ~ of pH. For determination of the extractability of the metal cations the extraction experiment 

should be done with the aqueous phase of controlled and lower pH value, since some metal 

cations, such as Cu2+ and Pb2+, may be precipitated from solution if pH is higher than 6. 

So pH 5 was used for all other extraction experiments. The calculated extractabilities of 

metal picrates by macrocycles are reported in Table II. 

Liquid Membrane Experiments. The transport process was followed by 

monitoring the increase in picrate concentration in aqueous phase II spectrophotometrically 

at 355 nm. A typical liquid membrane experiment is presented in Figure 4. The transport 

rates of metal cations and amino acid ester cations obtained from liquid membrane 

experiments at pH 7 in aqueous phase II are reported in Table Ill. The transport rate was 

affected by the pH of the aqueous phase II (receiving phase) as reported in Table IV. 



Table Il. Extractability (f, %) of Metal and Organic Picrates by Macrocyclesa 

salt cation radiush hexamide 

(A) 1 

blank(H+) 6 

ua 0.76 6 

NaCl 1.02 7 

KCl 1.38 4 

CaCl2 1.00 4 

C0Cl2 0.75 9 

NiCl2 0.69 5· 

CuCl2 0.77 8 

ZnCl2 0.74 4 

AgNOJ 1.15 9 

CdCI2 0.95 5 

HgCl2 1.19 10 

Pb(OAc)2 1.19 9 

GlyOEt 6 

PheOEt 69 

hexamide 

2 

9 

7 

4 

6 

9 

6 

6 

17 

6 

11 

4 

18 

10 

16 

67 

hexamine DB-18-C-6 

3 

35 5 

29 5 

26 6 

21 29 

28 5 

68 8 

55 4 

99 12 

77 5 

99 10 

57 5 

88 12 

99 11 

97 28 

99 76 
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a Extraction conditions: macrocycle solution in chloroform, 5 mL (LO mM); aqueous 

solution, 5 mL (pH 5, 0.1 mM picric acid; 10.0 mM metal salt), error limits off values are 

estimated to·be ± 15%. b Ref. 13. 
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Figure 4. UV absorbance-time plot of the DB-18-C-6 I KCl liquid membrane system. 

Aq. phase I: 5 mL (picric acid 0.1 mM, KCl 10.0 mM, water, pH 5). Liquid Membrane: 

12 mL (DB-18-C-6 1.0 mM, chloroform); Aq. phase II: 5 mL, (water, pH 7). 
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Table III. Transport Rates of Picrate Salts through Liquid Membranesa 

macrocycle metal salt Ai An distribution of Pie-(%) transport rateb 

I II CHCl3 xHfi(mmol in lh) 

Hexamide 1 

HgC{i 1.25 0.079 86.2 5.4 8.4 27 

CuCI2 1.36 0.036 93.8 2.4 3.8 12 

Hexamide2 

AgN0:3 1.25 0.083 86.2 5.7 8.1 29 

HgCI2 1.24 0.060 85.5 4.1 10.4 21 

CuCli 1.27 0.038 87.6 2.6 9.8 13 

NiC{i 1.37 0.031 94.4 2.1 3.5 11 

Hexamine 3 

none 1.02 0.013 70.3 0.9 28.8 4 

HgCI2 0.19 0.024 13.1 1.7 85.2 8 

NiCI2 0.91 0.023 62.8 1.6 35.6 8 

KCI 1.30 0.020 89.7 1.4 8.9 7 

C0Cl2 0.48 0.013 33.1 0.9 66.0 4 

CuC{i 0.23 0.005 15.9 0.3 83.8 2 

Pb(OAc)2 0.32 0.003 22.1 0.2 77.7 1 

GlyOEt·HCI 0.31 0.002 21.4 0.1 78.5 1 

DB-18-C-6 

KCI 0.57 0.609 39.3 42.0 18.7 225 

HgCI2 1.31 0.038 90.3 2.6 7.1 13 

NiCI2 1.39 0.020 95.9 1.4 2.7 7 

CuCl2 1.34 0.012 92.4 0.8 6.8 4 

a Aq. phase I pH= 5; aq. phase II pH= 7. Refer to experimental section for details. 

b Error limits of transport rate are estimated to be ± 15%. 
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Table IV. Transport Rates of Picrate Salts through a Liquid Membrane to pH 3 and pH 

11 Aqueous Phase IIa - _ 

macrocycle metal salt A1 Au distribution of Pie- (%) transport rateh 
phase 

(phase II pH) I II CHCl3 xI06(mmol in lh) 

Hexamine3 

(pH3) none 0.98 0.002 67.6 0.1 32.3 1 

(pH 11) none 1.06 0.005 73.1 0.3 26.6 2 

(pH3) HgCl2 0.11 0.002 7.6 0.1 92.3 1 

(pH 11) HgCl2 0.17 0.005 11.7 0.3 88.0 2 

(pH3) CoC}i 0.18 0.010 12.4 0.7 86.9 3 

(pH 11) C0Cl2 0.44 0.132 30.3 9.1 60.6 46 

(pH 11) CuCI2 0.65 0.431 44.8 29.7 25.5 149 

(pH 11) AgNOJ 1.00 0.006 69.0 0.4 30.6 2 

(pH 11) Pb(0Ac)2 0.93 0.238 64.1 16.4 19.5 82 

(pH 11) NiC}i 1.30 0.036 89.7 2.5 7.8 12 

(pH 11) ZnCI2 1.25 0.063 86.2 4.3 9.5 22 

(pH 11) KCI 1.21 0.003 83.4 0.2 16.4 1 

(pH 11) GlyOEt·HCl 0.67 0.390 46.2 26.9 26.9 135 

DB-18-C-6 

(pH 11) GlyOEt· HCI 0.69 0.347 47.6 23.9 2S:5 120 

(pH 11) CuCl2 1.30 0.068 89.7 4.7 5.6 23 
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Table IV. ( continued) 

macrocycle metal salt _ A1 An distribution of Pie-(%) transport rateh 
phase 

_ (phase II pH) I II CHCh xHP(mmol in lh) 

Hexamide 1 

(pH 11) CuCl2 1.36 0.041 93.8 2.8 3.4 14 

(pH 11) AgN03 1.11 0.096 76.6 6.6 16.8 33 

Hexamide2 

(pH 11) CuCli 1.16 0.127 80.0 8.8 11.2 44 

(pH 11) AgN03 0.93 0.258 64.1 17.8 18.1 89 

Hexamide 4 

(pH 11) CuCl2 1.13 0.149 77.9 10.3 11.8 51 

a Aq. phase I pH = 5; aq. phase II pH = 3 or 11. Refer to experimental section for details. 

b Error limits of transport rate are estimated to be ± 15%. 

Discussion 

As expected, the binding of metal ions by hexamides 1 and 2 in extraction 

experiments was very weak. But hexamide 2 showed a little stronger binding than 

hexamide 1 to Cu2+, Hg2+,Ag+ and GlyOEt cations. This may be attributed to the 

additional binding site on the second side chain in the benzene ring. Hexamine 3 showed a 

strong affinity for transition metal cations but not alkali or alkaline-earth metal cations. 

This selectivity is only partly based on the size of its molecular cavity. The ionic radii of 

soft metal c~!J<?ns such as Ag+, Pb2+, Hg2~ (about 1.2 A) are similar to a rigid [18]-C-6 



macrocycle cavity radius (about 1.34 - 1.43 A).13 The cavity radius of a flexible 

macrocycle may be less· than that of a rigid one, and this may be the reason for 
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_ _ complexation of Cu2+, zn2+, co2+ and Ni2+, which have small ionic radii. The selective 

binding more depends on the nature of donor sites. Unlike oxygen donor sites, nitrogen 

donor sites tend to fonn stable complexes with soft, polarizable metal cations but less stable 

complexes with hard, non-polarizable alkali or alkaline metal cations. Hexamine 3 also 

showed strong binding to organic amino acid cations. 

From the data in Table III and Table IV, we can get some information about the 

relationship between extractability and rate of cation transport through liquid membranes. 

High extractability or high concentration of the complex of picrate ion in the chlorofonn 

phase confinned by the high UV absorbance of the organic phase, was not proportional to 

high transport rate. For example, the extractabilities of Hg2+, Cu2+, PI,2+, and Ag+ were 

very high, but transport rates were very low. The reason is that the transport rate also 

· depends on the dissociation of complex and diffusion into the receiving phase. Similar 

results have been reported by Lamb, and it was found for maximum cation transport, there 

was an optimum range of values of the cation-macrocycle complex stability constant.27 

When pH in the aqueous phase II changed from 7 to 3, there was a slight increase 

in the concentration of picrate ion because of binding of H+. Because of the high 

concentration of metal salt, the extractibility was less sensitive to the change of pH. There 

was not much change in transport rate with an acidic receiving phase. When the pH in the 

aqueous phase II changed from 7 to 11, there was a rate increase for all cations, except for 

Hg2+ and Ag+. · This may be explained as the increase of dissociation of complex and 

release of picrate in the presence of OH- anion. It is not clear why there was no rate 

increase for Hg2+ and Ag+. 

Among the metal ions with small ionic radii hexamine 3 showed highest efficiency 

for Cu2+in transport experiments. This may be attributed to the loose binding between 



nitrogen and guest cation, which more easily decomplex in the release process. Both 

hexamide 1 and 2 showecl low complexing for most metal cations. However in liquid 
-
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membrane experiments with an aqueous phase II of pH 11, the transport rates of Cu2+ and 

Ag+ were reasonably high using hexamide 2. In general, macrocyclic amides show weak 

binding for metal cations. But for liquid membrane transport weak binding may be good 

for the dissociation of complexes and the release of metal cations. As far as we know this 

is the first observation of a macrocyclic hexamide with good transport ability for metal 

cations in a liquid membrane system. The transport ability of hexamide 2 may be attributed 

to the second alkoxyl side chain on the benzene ring. It has been reported that when a 

donor was added to the sidearm of the macrocycle the transport rate increased nearly 

fivefold.28 Since hexamide 2 exhibits clear liquid crystalline properties, the combination 

of ordered molecular architecture with its transport ability for cations will made this kind of 

macrocyclic ligands interesting for ion transport through thin films of pure material. 

Tsukube has examined the extraction .and transport of amino acid ester salts by 

hexamide 5, hexamine 6, and DB-18-C-6.21 For comparison his results are presented in 

Table V. 

0 

5:R= ~-0 
6: R= CH2-0 
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Table V. Results of Extraction and Liquid Membrane Transport by 5 and 6 

-

macrocycle extraction (percentage)a transport rate (xl0-3mmol/h)h 

PheOEt GlyOEt KCl · PheOEt GlyOEt 

5 

6 

DB-18-C-6 

9.0 

16.0 

< 2.0 

< 2.0 

< 0.1 

< 0.1 

5.7 

0 

9.5 

0 

0 

1.7 

0 

a Extraction conditions: amino acid ester-HCl, 0.01 mmol in 2 mL H20, macrocycle, 0.02 

mmol in 2 mL CHCIJ. 

b Transport conditions: Aq. ph~e I, amino acid ester.HCl, in 5 mL H20. Organic phase, 

macrocycle, 0.0372 mmol in 12 mL CHCIJ. Aq. phase II, H20, 5 mL. In a U-tube 

apparatus similar to that of Figure 1. 

While the experimental conditions used by the Tsukube group are different from 

our conditions, the results are similar. In both cases only DB-18-C-6 showed a high 

transport rate for K+, and the hexamine showed higher binding ability than the hexamide 

did. One important difference is that hexamine 3 showed strong complexing with the 

organic cation of GlyOEt, and the transport rate was high using a basic receiving phase. 

Izatt reported the complexing of metal cations with the silica gel-bound hexamine 8 

and the logK values are cited in Table VI.24 



(silica gel surface) 

7 

Table VI. log K Values of Silica Gel-bound Hexamine 7 with Metal Cations24and 

Comparison with Hexamine 3 

cation Hg2+ Cu2+ 

_ hexamine7 

28.8 16.3 

hexamine3 

Extract.(%) 88.4 98.6 

Transp. rateh 3.5 148.5 

pt,2+ 

14.0 

98.6 

83.0 

a K = [MD+L]/[MD+][L]. b 10-6 mmol/h 

Zn2+ 

10.0 

77.1 

20.5 

Ni2+ 

9.8 

54.9 

14.0 

Ag+ 

- 9.3 

98.6 

3.5 

<2.0 

21.4 

3.5 
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Comparison of the data of Table II and Table VI suggested that while both 

macrocyclic amines show~ strong binding for heavy metals, hexamine 3 showed stronger 

_ _ binding for Ag+. The difference may due to the cation-ligating oxygen donor side chains, 

which may help to complex the metal cation bound in the parent macrocycle. 

Conclusion 

Azacrown[18]-N6 hexamides 1 and 2 and hexamine 3 were evaluated for their 

cation-binding abilities by liquid-liquid extraction and liquid membrane methods. 

Hexamine 2 exhibited strong binding to Ag+, Pb2+, Cu2+, Hg2+, and some organic 

cations of amino acid esters. The binding of hexamides 1 and 2 was weak to both metal 

and organic cations. The transport rates of cations through a liquid membrane were not 

proportional to their extraction efficiencies and were affected by the pH values in the 

receiving aqueous phase. Hexamine 3 showed a high transport rate for Cu2+, and 

hexamide 2 showed a high transport rate for Ag+ to a basic receiving aqueous phase. 
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Spectrum 1. lH NMR spectrum of l,4,7,10,13,16-Hexa-(3,4-bisdodecyloxybenzoyl)-l,4,7,10,l3,l6-hexaazacyclooctadecane 
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Spectrum 2. Be NMR spectrum of 1,4,7,10,13,16-Hexa-(3,4-bisdodecyloxybenzoyl)-l,4,7,10,13,16-hexaazacyclooctadecane 
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Spectrum 3. Mass spectrum of 1,4,7,10,13,16-Hexa-(3,4-bisdodecyloxybenzoyl)-1,4,7,10,13,16-hexaazacyclooctadecane 
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Spectrum 4. lH NMR spectrum of l-[4-(10-Undecylenyloxy)benzoyl]-1,4,7,10,13,16-hexaazacyclooctadecane 
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Spectrum 5. 13c NMR spectrum of 1-[4-(10-Undecylenyloxy)benzoyl]-1,4,7,10,13,16-hexaazacyclooctadecane 
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Spectrum 6. lH NMR spectrum of 4,7,10,13,16-Penta-(4-dodecyloxybenzoyl)-1-[4-(10-undecylenyloxybenzoyl)]-

1,4,7,10,13~16-hexaazacyclooctadecane 
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Spectrum 7. 13c NMR spectrum of 4,7,10,13,16-Penta-(4-dodecyloxybenzoyl)-l-[4-(10-undecylenyloxybenzoyl)]

l,4,7,10,13,16-hexaazacyclooctadecane 
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