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Abstract

Phthalocyanines (Pcs) of functional .dye have peculiar optical, magnetic and

electronic properties. Pcs have been widely used for dyes, pigments, liquid crystals,

sensors, optical limiters, solar cells, and photosensitizer for photodynamic therapy of

cancer.

Pcs form aggregates in solution by stacking of Pc rings due to the n-n interaction

between planar rings. The formation of higher aggregates results in lowering the

solubility of Pcs. Thus, these are poorly-soluble or insoluble in most solvents. The

substituted Pcs are synthesized to improve their solubility. It has been reported that

these Pcs form aggregates which are dependent on concentrations, solvents and central

metal ions of Pc ring. The understanding of aggregation equilibria of Pcs is very

important because the properties of Pcs are significantly changed by the aggregation.

The solvent effect on aggregation equilibria of Pcs by using one given Pc have scarecely

been studied because of the limit owing to their solubility.

In this research, amphiphilic phthalocyanine derivatives having linear

polyethyleneoxide (-O-(CH2CH2)n-CmH2m+l) (Fig. 1) were synthesized and solvent

effect on their aggregation equilibria and structure of the aggregates were elucidated.

Complex formation of Pc ring and polyethyleneoxide side chains with alkali metal ions
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Fig. 1. Structure of amphiphilic phthalocyanine derivatives substituted by polyethyleneoxide.

+ 2+ R C(M = 2H or Cu, = - 12H25 or -CH3)



and structures of these complexes were also elucidated.

The Pcs form aggregates successively as given by the following equation. The

aggregates are stacked face to face between the Pc rings and their slippage between the

Pcs in very small.

Pc + PCn~ PCn+l

In the coordinating solvents, the aggregation of Pcs is promoted by the increase in

DN of solvent. DN is the indication of coordination ability of the solvent molecule to

cationic moiety of solute such as the metal ion. Thus, if the coordination of solvent to

the central cation ofPcs, Cu2+or 2H+, is the dominant factor of the solvation ofPcs, the

solvent of lager DN must promote the cleavage of aggregate to monomer. But the

opposite tendency of the experimental results is explained by the decreases in accepting

property of solvent by the increase in DN.

In the non-coordinating solvents, the monomerization of Pcs is promoted by the

increase in ET(30) value of solvent. This parameter is an indicator of the interaction of

the solvent molecule to an anionic or electron donating part of solute, i.e., the index of

the electron pair accepting property of the solvent. Thus, the increase in ET(30) value of

solvent results in the strengthening of the salvation to the ethylene oxide moiety, and

enhances the cleavage of the aggregates.

The Pc ring moiety and ethylene oxide chain moiety of Pc derivatives form different

structures of complexes depending on the ionic radii of alkali metal ions (Li+, Na+ and

K+). The ethylene oxide chain coordinates the alkali metal ion by surrounding it (Fig. 2).

Complexation ability of ethylene oxide chain increases in the following order, Lt < Na+

< K+, because of the size fitting of ionic radius of metal ion with the cavity size of

helical ethylene oxide chain. On the other hand, Pc ring coordinates alkali metal ion and

the structures of them are different depending on the suitability of cavity size of Pc ring

and ionic radius. In case of the smaller Li+ ion, Pc forms a monolithiumphthalocyanine.

Lt ion coordinates into the Pc ring cavity because ionic radius of Li+ ion fits to the

cavity size of Pc ring (Fig. 3(a)). In the case of larger Na+ and K+ ions, Pc form

disodium and dipotassium phthalocyanines and these ions are located on the top and

bottom of the Pc ring, i.e., so called sitting a top (SAT) complex.
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Fig. 2. Structure of M--polyethyleneoxide

chain complex (M-; alkali metal ion).

(a) (b)

Fig. 3. Structures of alkali-metallated phthalocyanine. (a) Monolithium phthalocyanine and (b)

disodium and dipotassium phlhalocyanine.
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General introduction

Phthalocyanines (Pcs) are the compound in which the four isoindole molecules are

cross-linked by nitrogen atoms (-N=) and the structure of them are similar with those of

porphyrins (Fig. 1). The various elements can be incorporated into the center of Pc ring

and form the stable complexes which are called metallophthalocyanine (MPc). Various

kinds ofphthalocyanine derivatives have been synthesized and usedl
-
12

.

Phthalocyanine (Pc) Porphyrin

Figure 1. Structure of phthalocyanine and porphyrin.

Phthalocyanines are around blue to green pigments which have a strong absorption

in the region from ultraviolet to visible. They have great heat- and light-resistance,

hence they have been used for the permanent paints such as bullet trains and road

signs5
,6,1l. On the other hand, they have a unique and wide variety of photochemical

characteristics such as photoelectric effect, oxidation-reduction property,

photosensitization etc. In the recent years, hence, they have been applied for liquid

crystals2,5,6,13,14 recording medium for CD5,6,15,16 solar cells5,6,17 sensors5,6,18,19 optical, '"
limiters4-6,9,1l,20,21, catalyst1,2,4-6,9,1l,22,23 and photosensitizer for photodynamic therapy of

cancer4-6,1l,24,25 as the functional dyes.

As a result of formation of higher aggregates, Pcs which have not substituents are

gererally hardly soluble in any solvent except for special solvents such as sulfuric



acid5
,6,1l. They form aggregates by stacking of Pc ring due to the strong It-It interaction

between the Pc rings which have developed It-conjugated systems and are highly

planar5
,6,9. The low solubility of Pcs is the disadvantage for processing and application

for functional material above listed. Thus, the solubilization ofPcs and the improving

their solubility are necessary for these processes.

The two common methods are used to improve the solubility of Pcs. The first

method is 'the introduction of axial ligands to the central element of Pc ring' and the

second method is 'the introduction of substituents into the phenyl group of Pc ring' .

In case of the first method, the introduction of the axial ligands to the central metal

of Pc ring is achieved by using the metals which can form the octahedral

six-coordination structure. This leads to the inhibition of the stacking between Pc rings

and causes the solubilization of Pcs. Metallophthalocyanines with a metal such as Si26
-
3o

and Ge3f
,32 are synthesized and their aggregation are effectively prevented by

introducing two axial ligands. In the case of metallophthalocyanines of Ae3
,34, V35

,36

and Ti37
,38 in which only one axial position is coordinated by a ligand, effect of ligation

on the inhibition of aggregation of Pcs is less than that of above complexes. Although

the first method is useful for improving solubility of Pcs, the metals which are

applicable for this method are limited. If the central metal of the metallophthalocyanine

is the active center of functional property such as catalyst or oxidation-reduction

reactions39
,4o, the introduction of inactive axial ligands to central metal of Pc results in

the inhibition of these reactions.

On the other hand, the second method, derivatization of Pc ring, can solubilize the

Pcs with the activity of the central metal. Various phthalocyanine derivatives substituted

at a and/or ~ positions of phenyl group of Pc ring have been synthesized. The

introduction of water-soluble substituents such as the ionic or strongly hydrophilic

substituents leads to the improving solubility of Pcs in polar solvents such as water. The

solubility of phthalocyanines having strongly acidic substituents42 is not hardly depend
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on the pH of solution. On the other hand, the solubility of carboxyl-substituted

phthalocyanines43,44 depends on pH and these are dissolved in alkaline aqueous solution

as an unprotonated anionic form. Phthalocyanines having neutral and strongly

hydrophilic substituents such as' carbohydrate45 and polyethylene glycol46 are also

water-soluble.

The introduction of lipophilic bulky substituents to Pc ring leads to the improving

solubility of Pcs in non-polar organic solvents. The solubilities of bulky tert-butyI47,48

and long linear alky149,50 substituted phthalocyanines are improved by inhibition of

stacking of Pc rings caused by the steric hindrance of these substituents.

As mentioned above, various kinds of phthalocyanine derivatives soluble in solvents

have been developed. These phthalocyanines, however are only soluble in either polar

or non-polar solvent, thus applicable solvents for the treatment of Pcs are limited on one

side solvents. In order to overcome the weakness, in our laboratory the amphiphilic

pthalocyanine derivatives soluble in a wide variety of solvents have been developed by

the introduction of polyethylene oxide (REOn) to Pc ring where REOn has linear alkyl

group (R) at the end of EOn.

~-Polyethylene oxide-substituted phthal0cyanine, REOn-MPc, is the amphiphilic

compound which has terminal linear alkyl group (R) as a lipophilic moiety and linear

polyethylene oxide chain (EOn) as a hydrophilic moiety in a molecule. The

lipophilic-hydrophilic balance of REOn-MPc can be controlled by changing the length

of terminal linear alkyl group, the number (n) of repeating unit of ethylene oxide (EO)

and the number (X) of introduced REOn chain;

Even if the solubility of Pc is improved by· the inhibition of formation of higher

aggregates, the aggregation of Pc generally occurs in solution. Degree of aggregation

depends on the concentration51,52, solvents53, central metal of Pc ring54,55, substituents56,

temperature57, etc. The various functional properties of Pc are owing to its

18n:"conjugated electron system1-4. Thus, the aggregation of Pcs changes the electronic
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state of Pc and significantly changes the chemical and optical properties of Pcs4
• The

control of the aggregation of Pcs and understanding of dominant factors manipulating

the aggregation are very important because the different aggregation states are needed

for different intended purpose. The solvent effect on aggregation of Pcs has been

investigated in one category of solvent, either polar58 or non-polar59
, due to the

limitation of the solubility of Pcs. Thus, the contribution of solvent properties to

aggregation of Pcs by using one given Pc derivative has been rarely studied for

integrated solvents.

Polyethylene oxide derivatives are a kind of non-ionic surfactants and they are

soluble in water and organic solvents. The ethylene oxide can coordinate to metal ion to

form the cationic complex. This complex is easily extracted into organic solvents by

forming the ion-pair with appropriate counter anion. Particularly, polyethylene oxide

derivatives can extract the alkali metal ions. On the basis of the property of

polyethylene oxide derivatives are applied for the separation and determination60
-
65

,

ion-selective electrode66
-
68 and chromatography69-71 of the metal ions.

Amphiphilic REOn-MPcs synthesized in our laboratory have two coordination sites,

Pc ring and EOn chains. Pc ring can react with various metal ions to form

metallophthalocyanies and polyethylene oxide chains (EOn) are flexible multidentate

ligand. Crown ether substituted phthalocyanine derivatives have been synthesized and

the complex formation and the ion-pair extraction of these cationic complexes. Many

results have been reported for the complex formation of crown ether moiety with metal

ions with respect to the cavity size and radius of metal ions, i.e. size fitting72
-
74

• On the

other hand, linear polyethylene oxide substituted phthalocyanine derivatives have been

. a little investigated. And the effect of flexibility of the linear polyethylene oxide

introduced to Pc ring on its complex formation is very interesting.

In our laboratory, the properties of octa-~-polyethylene oxide-phthalocyanine

derivatives, where all the ~ positions of Pc are substituted by EO, have been
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investigated75
-
77

.

In this research, the properties ,of tetra-~-polyethylene oxide-substituted

phthalocyanine derivatives in which one side of ~ position of phenyl group of Pc is

substituted by EO were investigated. Although the octasubstituted phthalocyanine

consists of single chemical species, tetrasubstituted phthalocyanine is the mixture of

four regioisomers. In addition to the change in the number of EO, the study of

tetrasubstituted phthalocyanine is interesting on the viewpoint of the effect of

regioisomers on the properties ofphthalocyanine derivatives.

The purpose of the present study is to clarify the basic properties of Pcs through the

elucidation of the solvent effect on aggregation of Pcs and the complex formation of

phthalocyanine derivatives with metal ions in solution. This dissertation consists of the

following contents.

In the chapter 1, solvent effect on the dimerization of phthalocyanine derivatives is

investigated. The effect of solvent property on the dimerization of phthalocyanine

derivatives has been studied by means of UV-vis absorption and emISSIon

spectroscopies. Firstly the dimerization of Pcs is quantitatively studied In some

non-coordinating solvents then it is studied semiquantitatively in a wide variety of

solvents.

In the chapter 2, aggregation equilibria of phthalocyanines in dichloromethane are

investigated by means of IH NMR spectroscopy. By the analysis of their IH NMR

spectra in wide concentration range, the detailed aggregation·equilibria were elucidated.

The structures of monomer and aggregates in solution are also estimated.

In the chapter 3, complex formation of phthalocyanines with alkali metal ions in

methanol are investigated by means of UV-vis absorption, emission and excitation

spectroscopies. The effect of ionic radii of alkali metal ions on the selective

coordination of rigid Pc ring and flexible polyethylene oxide side chains are discussed.
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Chapter 1

Solvent effect on the dimerization of amphiphilic phthalocyanines

substituted by polyethyleneoxide

1. Introduction

Phthalocyanines (Pcs) generally form aggregates in solution by stacking of Pc rings

due to the n-n interaction between planar rings3,5,6,9. The formation of higher aggregates

results in lowering the solubility of Pcs. Thus, these are poorly-soluble or insoluble in

most solvents and used as pigments5,6,1l,78. Furthermore, phthalocyanines (Pcs) and their

metal complexes have peculiar optical, magnetic and electronic properties1-4. So the

insolubility is the disadvantage of Pcs for purification, processing and application of the

compounds. In recent years, Pcs and their metal complexes are applied for various

fieldsl,2,4-6,9,1l,~3-25. Most of these Pcs have substituents to improve their solubility and

these substituents are selected according to the purpose of application.

The solubilization of Pcs depends on the over all lipophilic-hydrophilic balance of

Pc derivatives and the degree of aggregation in the solvent. The amphiphilic

phthalocyanine derivatives have great merits because of the broadly-applicable solvents.

Phthalocyanines substituted by linear polyethylene oxide, the terminal groups of

which are hydrogen or methyl group, have been synthesized. Although these are soluble

in water, they form higher aggregates79,80. The linear polyethylene oxides become

amphiphilic by substituting the terminal proton by the alkyl group. Thus,

phthalocyanines, REOn-MPc, substituted by polyethylene oxide (EOn) with terminal

alkyl group (R), are expected to be amphiphilic and its amphiphilic property is be

controlled by changing the chain lengths of polyethylene oxides and terminal alkyl

group (R).
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This compound, REOn-MPc, is not only used for practical applications but also

suitable for the study of solvent effect on aggregation of Pcs. Most studies of solvent

effect on aggregation of Pc have been investigated in either polar58 or non-polar59

solvents because of the limitation of solubility of Pcs. Various properties of Pc are

significantly affected by aggregation of Pcs because it changes the electronic state of

Pcs. For these reason, solvent effect on aggregation ofPcs in whole range of solvents by

using one given Pc derivatives is very important.

In this study, metal-free and copper (II) phthalocyanines tetra-p-substituted with

hexaethyleneglycolmonododecylether, TDE06-MPc (Scheme l-l(a)), were synthesized.

The solvent effect on dimerization equilibria were investigated by means of UV-vis

absorption and fluorescence spectroscopies.

2. Materials and methodology

2.1. Reagents

All organic solvents were of reagent grade (Wako Pure Chemicals and Nacalai

Tesque), and were used as received without further purification. Mono dispersed

hexaethyleneglycolmonododecylether, DE06 (>98% ee) was purchased from Nikko

Chemicals. All other chemicals were of reagent grade (Wako Pure Chemicals).

2.2. Synthesis

2.2.1.

2(3),9(10),16(17),23(24)-Tetra(1,4,7,10,13,16,19-heptaoxahentriacontyl)phthalocyani

ne (TDE06-H2Pc)

Hexaethyleneglycolmonododecylether (DE06) (7.00 g, 15.5 mmol) was tosylated

with p-toluenesulfonylchloride (3.26 g, 17.1 mmol) in THF (5.2 ml) at 0 °C for 4 h.
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Excess amounts of sodium hydroxide aqueous solution was added and stirred at 0 °C for

30 min. After addition of cool water, tosylated DE06 was extracted into chloroform.

The chloroform phase was washed by distilled water twice and saturated sodium

chloride solution once. After the addition of anhydrous magnesium sulfate, the

chloroform phase was left for 12 h. After filtering out magnesium sulfate, chloroform

was removed in vacuo. 4.27 g sample of tosylated DE06 was obtained as a colorless

oily product in 46 % yield.

Tosylated DE06 (1.25 g, 2.2 mmol), 4-hydroxyphthalonitrile (0.51 g, 3.5 mmol) and

anhydrous potassium carbonate (0.99 g, 7.1 mmol) were added in dry acetone (25 ml)

and stirred at 56°C for 48 hrs under a nitrogen atmosphere. After filtration, reaction

mixture was evaporated to dryness. The product was extracted by benzene. By the

evaporation of benzene under vacuum, 0.88 g sample of 4-DE06-phthalonitrile was

obtained as light orange oil in 69 % yield.

4-DE06-phthalonitrile (0.38 g, 0.66 mmol) and 1,8-diazabicyclo[5.4.0]-7-undecene

(DBU) (0.15 g, 0.97 mmol) in 1-pentanol (10 ml) were refluxed at 140°C for 24 h.

After the evaporation of the solvent, the dark blue product was washed with methanol

and purified by column chromatography on silica gel (methanol/dichloromethane =

85:15 (v/v) as eluent). Deep blue-green TDE06-H2Pc (0.13 g) was obtained in 34 %

yield. Overall yield is 11 %. Anal. calcd. for C12gH21ONg02g: C, 66.58; H, 9.17; N,

4.85 %. Found: C, 66.57; H, 9.21; N, 4.84. IH NMR (500 MHz; CD2Ch; Me4Si): DR,

ppm 9.07 (4H, m, Ph), 8.60 (4H, m, Ph), 7.72 (4H, m, Ph), 4.70-3.48 (96H, m,

-O-(CH2CH20-)6-), 3.34 (8H, m, -O-CH2-CH2-(CH2)9-CH3), 1.48 (8H, m,

-O-CH2-CH2-(CH2)9-CH3), 1.20 (72H, m, -O-CH2-CH2-(CH2)9-CH3), 0.84 (12H, t,

-O-CH2-CHr(CH2)9-CH3). MS (FAB): m/z 2308.5 (calcd. for [M + H]+ 2308.5).
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2.2.2.

[2(3),9(10),16(17),23 (24)-Tetra(1,4,7,10,13,16,19-heptaoxahentriacontyl)phthalocyan

ato]copper(II) (TDE06-CuPc)

TDE06-CuPc was synthesized by a similar synthetic procedure as TDE06-H2Pc.

4-DE06-phthalonitrile (0.39 g, 0.67 mmol) and DBU (0.14 g, 0.94 mmol) was added in

the 1-pentanol solution containing anhydrous copper chloride (0.04 g, 0.29 mmol) and

refluxed at 140°C for 24 h. After evaporating the solvent, TDE06-CuPc thus obtained

was washed by methanol and purified by a silica gel column

(methanol/dichloromethane = 60:40 (v/v) as eluent). Deep blue-green TDE06-CuPc

(0.25 g) was obtained in 63 % yield. Overall yield is 20 %. Anal. calcd. for

C12sH2osNs02SCU: C, 64.85; H, 8.84; N, 4.73 %. Found: C, 64.27; H, 8.72; N, 4.86.

Contents of copper in TDE06-CuPc was determined by ICP-MS. Molar ratio found:

TDE06-CuPc : Cu = 1 : 0.97. IH NMR (500 MHz; CD2Ch; Me4Si): DR, ppm 4.10-3.50

(96H, m, -O-(CH2CH20-)6-), 3.37 (8H, m, -O-CH2-CH2-(CH2)9-CH3), 1.50 (8H, m,

-O-CH2-CH2-(CH2)9-CH3), 1.22 (72H, m, -O-CH2-CH2-(CH2)9-CH3), 0.85 (12H, t,

-O-CH2-CH2-(CH2)9-CH3). MS (FAB): m/z 2369.5 (calcd. for [M + H]+ 2369.5).

2.3. Instrumentation

The absorption spectra were measured by UV-visible Spectrometer UV-3400

(Hitachi). The fluorescence spectra were measured JASCO FP-6200 spectrofluorometer.

2.4. Procedure

2.4.1. UV-vis absorption spectroscopy

The absorption spectra were measured at 25.0 °C by UV-visible Spectrometer.

Absorption spectra of TDE06-MPc in various solvents were measured over a

concentration range of compounds, ePe = 10-6 to 10-3 M (M == mol.dm-3
) in quarts cells.
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Pure solvent was used as reference. Sample solutions were prepared by the following

procedure: 1 x 10-4 M TDE06-H2Pc and TDE06-CuPc benzene stock solutions were

prepared. Proper amounts of stock solutions were taken in vials and dried. The sample

solutions were prepared just before the measurement by adding suitable amounts of

solvent. The spectra of high concentration samples were measured by using knockdown

cell (l - 0.01 cm), the light path length of which was calibrated by phenol red aqueous

solution.

2.4.2. Fluorescence spectroscopy

The fluorescence spectra were measured at 25.0 °C by spectrofluorometer. The

spectra of TDE06-MPc in various solvents were measured in the region of 370 - 730

nm at CPe = 3.10 x 10-6 M by the excitation atAex = 370 nm.

3. Results and Discussion

3.1. Spectral change by Pc concentration

The absorption spectra of TDE06-H2Pc in benzene at various concentration (CPe =

10-6 to 10-3 M) are depicted in Fig. 1-4, where the molar extinction coefficient e refers to

apparent molar extinction coefficient (absorbance of 1 cm light pass/total concentration

of Pc). These spectra consist of two absorption bands, broad and relatively weak band in

the range of 300 to 370 nm (Soret band) and sharp and strong band split to two peaks at

667 nm and 704 nm (Q-band). The strong peaks of Q-band are characteristic of

monomeric form of Pcs and splitting into two peaks is characteristic of monomeric form

of H2PcS5
,6,9. Thus, very high molar extinction coefficient (e = 1.2 x 105 M-1.cm-1) at

low Pc concentration suggests that the predominant species of TDE06-H2Pc at CPe =

10-6 M is monomer in benzene.

By increasing the total concentration of Pc, the molar extinction coefficient (c) of

10



Q-band decreases. Generally, the absorption of Q-band of aggregates of Pc is much

weaker compared with that of monomer and the peak position is around 620 nm5,6,9,72.

Thus, decrease in G by the increase in concentration of Pc is attributed to the decrease in

the proportion of monomeric form. As can be seen from Fig. 1-4, there are isosbestic

points at 654 and 723 nm for Q-band region and at 339 nm for the Soret band region.

The existence of isosbestic points suggests that the two chemical species are

equilibrated in the investigated concentration range. The variation of the Soret band is

much smaller than that of the Q-band, although the peak maximum slightly shifts to

lower wavelength and the molar extinction coefficient decreases a little. The spectral

change of TDE06-H2Pc by the concentration were also measured for other solvents;

carbon tetrachloride, chloroform, dichloromethane and 1,2-dichloroethane (Figs 1-5, 1,

2 and 3). Similar spectral change has been obtained for any solvents, although the

magnitude of effect of concentration is different by the solvents. The isosbestic points

are observed for any solvent systems expect for the high concentration region of carbon

tetrachloride solution.

The change in the absorption spectra of TDE06-CuPc by the concentration was

measured in the same manner as that of TDE06-H2Pc systems. The results of benzene

solution are shown in Fig. 1-9. The spectra of TDE06-CuPc consist of Soret band

around 340 nm and strong single peak of Q-band at 681 nm. The strong single Q-band

peak is characteristic of monomeric form of metal complexes of phthalocyanine. The

coalescence to single peak of Q-band of metal phthalocyanine monomer is ascribed to

its higher symmetry of MPc compared with that of H2PC5,6,9. As seen from Fig. 1-9,

TDE06-CuPc shows the similar spectral change as that of TDE06-H2Pc. That is, the

Q-band peak at 681 nm decreases by the increase in the concentration of TDE06-CuPc

accompanying the isosbestic points at 337, 663 and 703 nm. Thus, a single equilibrium

between monomer and one polymeric species is suggested for the TDE06-CuPc system,

too. Similar results were obtained for other solvents (Figs. 1-6, 7, 8 and 10).

11



3.2. Monomer-dimer equilibrium

The molar extinction coefficients of Q-band peak of TDE06-MPc in vanous

solvents are plotted as a function of the logarithmic concentration (log CPe) in Fig. 1-11

for TDE06-H2Pc and in Fig. 1-12 for TDE06-CuPc. Generally, the dimer is formed as

the first step of aggregation52
,56,82,83, thus the aggregation equilibrium is given by

(1.1 )

Where Pc and PC2 refer to monomeric and dimeric species ofTDE06-MPc, respectively.

The presence of isosbestic points in the spectra indicates that only dimer is formed as an

aggregate under the present concentration range (CPe = 10-6
- 10-3 M). The formation

constant of dimer (K2) is defined as

K = [ PC2]
2 [Pcf

The total concentration ofTDE06-MPc (CPe) is given by

The calculated molar extinction coefficient (cealc) is expressed as follows:

(1.2)

( 1.3)

&l[PC] + 2&2K 2[PC]2

Cpc
(1.4)

Where Cl and C2 are the molar extinction coefficient per one TDE06-MPc molecule of

monomer and dimer, respectively. By solving quadratic equation of [Pc], equation 1.3,

the concentration of monomer Pc [Pc] is given by

-1 + (1 + 8K C '\1/2
[Pc] = 2 Pel

4K2

12
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Substitution of equation 1.5 into equation 1.4 leads to equation 1.6

(1.6)

The plot of experimental results of G as a function of ePc was fitted with calculated

molar extinction coefficient, equation 1.5, by the least-square method. The values of Gl,

G2 and K2 giving a minimum of error square sum, L(G - Gcalci were evaluated. The

formation constants of dimer K2 thus obtained are listed in Table 1-1. The calculated

curves (Gcalc) using these values are shown in Fig. 1-11 and 12 by solid lines. The

calculated curves show good agreements with the experimental results. The values of

Gcalc of asymptotes at low ePc and high ePc are correspond to the molar extinction

coefficients of monomer (Gl) and dimer (G2), respectively. As can be seen from Figs. 1-3

and 1-4, molar extinction coefficient of monomer (Gl) and dimer (G2) ofTDE06-H2Pc at

704 nm are obtained as (1.3 ± 0.1) x 105 M-1.cm-1 and (2.6 ± 0.1) x 104 M-1.cm-1
,

respectively. And Gl and G2 of TDE06-CuPc at 681 nm are (1.2 ± 0.2) x 105 M-1.cm-1

and (3.2 ± 0.7) x 104 M-1.cm-1
, respectively. Thus, the value of Gl and of G2 of

TDE06-MPc does not differ so much among the solvents. These results indicate that the

spectra of Pc hardly differ by the solvent. In the case of carbon tetrachloride solution, G

deviate to lower value from the calculated at higher epc, indicating the formation of

trimer PC3.

Dimerization constants of Pc derivatives in non-coordinating solvent were reported

as in the range of log K2 = 3 - 6. For example, tetra-~-cumylphenoxyphthalocyanine in

chloroform (3.85)56, octadodecoxymethylphthalocyanine in dichloroethane, benzene

and n-hexane (3 - 5)82, tetra-~-octadecylsulfonamidophthalocyanine copper(II) (4.20) in

benzene83 and octa(3,7-dimethyloctoxy)phthalocyanine in dodecane (6.18)52. Although

it is difficult to compare these constants with the present results because the types of

derivatives of Pc are different, these results roughly coincide with present data. The

dimerization constant, log K2, of ~-substituted Pc is generally lager than that of

13



a-substituted·Pc. The a-substituent is more crowded than a-substituent and distort the

Pc ring, thus the a-substituent hiders the formation of aggregateS6
,84.

As can be seen from Table 1-1, dimerization constant, log K2, of copper complex,

TDE06-CuPc, are larger than that of TDE06-H2Pc about 0.5 unit for the given solvent.

This tendency agrees with reported results that CuPc are easy to aggregate compared

with H2PC8S
,86. In the case of the metal complexes of Pc such as cobalt and zinc

complexes, the metal ion in which can be coordinated by Lewis base, however, the

aggregates of MPc is easier to dissociate compared with H2Pc. That is, in coordinating

solvents the· aggregates are easy to cleaved by the coordination of solvent on the central

metal ion87,88.

3.3. Spectral change by the solvents

Absorption spectra ofTDE06-H2Pc at 6.18 x 10-6 M in various solvents are shown

in Fig. 1-13. The absorption peaks at 667 nm and 704 nm in Q-band region, which is

characteristic of monomeric form of H2Pcs, were observed for every solvent except for

n-hexane. The absorption intensities of these peaks are significantly altered by the

solvent. For example, these are very sharp and intense in chloroform and benzene,

whereas these appreciably decrease in I-pentanol. These peaks completely disappear in

n-hexane, and the Q-band shows a characteristic peak of aggregate, i.e., a broad and

weak peak around 620 nmS
,6,9,72. Molar extinction coefficients (e) at the maximum of

monomer peak around 704 and 667 nm are listed in Table 1-2.

The absorption spectra of TDE06-CuPc at 4.68 x 10-6 M in various solvents are

depicted in Fig. 1-14. The absorption peak of Q-band at around 681 nm, which is the

characteristic of the monomeric form of metal complex is observed for any solvent,

where the spectrum in hexane is not obtained because of low solubility ofTDE06-CuPc.

The intensity of the peak is different by the solvent and the order of intensity by the

solvent is almost the same as that of TDE06-H2Pc. Molar extinction coefficients (e) at

14



the peak maximum around 681 nm are listed in Table 1-2. As can be seen from Figs.

1-13 and 14, the shape of Soret band is not significantly changed by solvent except for

n-hexane. Higher aggregates are formed in n-hexane and Soret band are a little

decreased and shifted toward shorter wavelength. In any cases, change in Soret band by

the solvents is much smaller than that of Q-band.

3.4. Solvent effect on aggregation

Although many kinds of lipophilic or hydrophilic phthalocyanines have been

synthesized, these are hardly soluble in another type of solvents. Consequently, the

solvent effect covering the both type solvents has not been studied by using a fixed one

Pc. The solvents used in the present study are listed in Table 1-2. As seen from this table, '

TDE06-MPc, in which the amphiphilic linear polyethylene oxide derivatives (PEa) is

introduced on the phthalocyanine ring, are soluble in almost all kinds of solvents except

for water. These amphiphilic phthalocyanine derivatives enable to study the effect of

wide range of solvents on the optical properties and aggregation behavior of the

phthalocyanines.

As mentioned above, the decrease in the Q-band absorption is attributed to the

formation of aggregates of TDE06_MPc52
,56,82,83. The molar ratio monomer

TDE06-MPc was estimated from the apparent molar extinction coefficient given in

Table 1-2. For the solvents listed in Table 1-1, the monomer ratio was calculated by

using the values of molar extinction coefficient of monomer (el) and dimer (e2)

determined by the analysis. On the other hand, the average values, 1.3 x 105 M-I.cm-l

(H2Pc) and 1.2 x 105 M-I.cm-l (CuPc) for el and 2.6 x 105 M-I.cm-l (H2Pc) and 3.2 x 105

M-I.cm- l (CuPc) for e2, were used for other solvents. In order to examine the correlation

of the aggregation with solvent property, the monomer ratio was plotted against the

various solvent parameters such as solubility parameter89
, dielectric permittivity9o,
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dipole moment90
, Mayer-Gutmann acceptor number (AN)91, Gutmann donor number

(DN)92,93, Richardt's macroscopic solvent parameter (Er (30))94. Simple correlation was

not obtained for any solvent parameters. The agreeable correlation was obtained by the

combination of two parameters, DN and Er (30) value.

The plot of the monomer ratio as a function of DN is shown in Fig. 1-15(a). The

results ofODE06-MPc75 and OMeE03-MPc76
,77 are also depicted, where ODE06-MPc

andOMeE03-MPc are the Pc derivatives in which all the 8 positions of ~-protonsof Pc

are substituted by DE06 (-0-(-C2H40-)6-C12H2S) or MeE03

(triethyleneglycolmonomethyl, -0-(-C2H40-)3-CH3) groups, respectively. The DN of

solvents are listed in Table 1-2. As the DN of solvent increases, the monomer ratio tends

to decrease, i.e., phthalocyanine derivatives tend to form aggregates. DN is the

indication of coordination ability of the solvent molecule to cationic moiety of solute

such as the metal ion. Thus, if the coordination of solvent to the central cation of Pc,

Cu2+or (H+)2, is the dominant factor of the salvation of Pc, the solvent of lager DN must

promote the cleavage of dimer to monomer. As will be shown below, the opposite

tendency of the experimental results is explained by the decreases in acceptor nature of

solvent by the increase in DN.

The monomer ratios in non-coordinating solvents (DN = 0) spread over wide range

(Fig. 1-15(a)). The monomer ratio in the non-coordinating solvent is plotted as a

function of Er (30) value of the solvent in Fig. 1-15(b). The Er (30) values are listed in

Table 1-2. The monomer ratio increases as Er (30) value increases for every Pc

derivatives. This parameter is an indicator of the interaction of the solvent molecule to

an anionic or electron donating part of solute, i.e., the index of the electro~ pair

accepting property of the solvent95
. The oxygen atoms of ethylene oxide of side chain

have lone pair electrons. Consequently, the increase in Er (30) value of solvent results in

the strengthening of the salvation to the ethylene oxide moiety, and enhances the

cleavage of the aggregates. The decrease in the monomer ratio by the increase in DN
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(Fig. 1-15(a)) might be also explained by this effect. That is, the increase in donor

property causes the decrease in the acceptor property by the self interaction of solvent,

then the aggregation of Pc is promoted.

As can be seen from Fig. 1-15, aggregation of Pc is strongly correlated to the

solvent property, particularly aggregation is promoted in coordinating solvents. The

aggregation equilibria have'been studied in a limited solvent for the given Pc derivatives

because of the restriction of solubility of Pcs. The tendency to form the aggregates in

coordinating solvent has been reported79
,96 and agree with that shown in Fig. 1-15(a).

Solvent effect on aggregation of Pc derivatives have been studied in

non-coordinating53
,97 by UV-vis absorption spectroscopy. Aggregation of amphiphilic Pc

derivatives such as crown ether substituted Pcs has been studied in various solvents

including the aqueous solution73
,98,99. Although the dimerization constants have

estimated in some papers, the role of solvent property for the aggregation has scarcely

been discussed.

3.5. Fluorescence spectra in various solvents

Fluorescence spectra ofTDE06-MPc at 3.10 x 10-6 M were measured in the range

of 370 to 730 nm in various solvents. Excitation light at 370 nm was chosen to

minimize the effect of the overtone of excitation light and the absorption of excitation

light by the sample solution. These emission spectra consist of Raman scattering of the

solvent (near 417 nm), emission in the visible region (425 - 620 nm) and near infrared

(around 710 nm) and overtone of the excitation light (740 nm). After subtracting the

emissions extraneous to the fluorescence of TDE06-H2Pc, the emission intensity was

collected for the sensitivity of a detector as a function of wavelength. In addition to

correction of the absorption of the excitation light, the absorption of the fluorescence by

TDE06-H2Pc was corrected.
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Fluorescence spectra of TDE06-H2Pc in various solvents thus obtained are shown

in Fig. 1-16. The emission peak which is characteristic of phthalocyanine is observed

around 710 nm. Although emission band in the visible region is observed in the

uncorrected spectra, it is diminished to negligibly small by the sensitivity correction of

the detector. Intensity of the fluorescence peak strongly depends on the solvent, whereas

the maximum wavelength does not change so much. The order of decrease in intensity

by solvent almost corresponds with that of the Q-band absorption intensity of

TDE06-H2Pc. The intensity at fluorescence peak maximum is plotted against the molar

absorption coefficient of Q-band in Fig. 1-17. The fluorescence intensity shows a good

linear correlation with absorption intensity. This fact indicates that only the monomeric

species of TDE06-H2Pc fluoresces and its spectrum is similar each other among any

solvents in the same manner as the absorption spectra100
. Thus, UV-vis absorption and

fluorescence spectra are effective measure to estimate the monomer ratio of

phthalocyanine derivatives in solution. On the other hand, TDE06-CuPc does not

fluoresce in any solvents. The fluorescence quenching of the paramagnetic metal

complexes are explained by the acceleration of intersystem crossing of the exited

state101
.

4. Conclusion

Phthalocyanines substituted by hexaetyleneglycolmonododecylether (TDE06-MPc;

M = (H+)2 or Cu2+) were synthesized. By taking advantage of their amphiphilic property,

the solvent effect on the aggregation has been studied for the solvents of wide range

properties.

Aggregation of TDE06-MPc in non-coordinating solvents was studied by means of

UV-vis absorption spectroscopy. The dimerization constants were determined by the

analysis of concentration dependence of absorption spectra.
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Aggregation of TDE06-MPc is suppressed by the increase in the acceptor property

of solvents in non-coordinating solvents, whereas it is promoted by the increase in

donor property of solvent in coordinating solvents.

The fluorescence intensity is linearly correlated with the absorption intensity,

indicating the fluorescence spectra of monomeric species are hardly different in any

solvents in the same manner as the absorption spectra.
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Table 1-1. Logarithmic dimerization constant (log K2) of TDE06-MPc In

non-coordinating solvents.

TDE06-H2Pc TDE06-CuPc

Benzene 4.21 4.26

Carbon tetrachloride 4.56 5.10

Chloroform 3.10 3.75

Dichloromethane 3.32 4.00

1,2-Dichloroethane 3.77 4.09
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Table 1-2. Molar extinction coefficient of Q-band of TDE06-MPc in various solvents

and solvent parameters.

Molar extinction coefficient (8)
Solvent parameter

/ 104 M-I cm-l

TDE06-H2Pc TDE06-CuPc ET(30) DN

704nm 667nm 681 nm / kcal morl / kcal morl

n-Hexane 1.47 2.23 1.16 31.0 0

Xylene 11.0 9.08 11.3 33.1 0

Toluene 12.0 10.1 10.9 33.9 0

Benzene 10.5 8.91 9.51 34.3 0

Chlorobenzene 11.4 9.55 11.1 36.8 0

Carbon tetrachloride 10.9 9.02 7.44 32.4 0

Chloroform 12.7 10.5 12.3 39.1 0

Dichloromethane 11.7 10.1 9.61 40.7 0

1,2-Dichloroethane 12.1 10.4 9.40 41.3 0

Ethyl acetate 8.78 8.26 6.39 38.1 17.1

Diethyl ether 4.05 4.61 3.08 34.5 19.2

4-Methyl-2-pentanone 6.58 6.46 5.05 39.4 20

I-Pentanol 4.19 4.99 3'.59 49.1 25
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(a)

(c)

Scheme 1-1. Structures of TDE06-MPc (a), ODE06-MPc (b) and OMeE03-MPc (c).

T; tetra-substituted Pc, 0; octa-substitute,d Pc. D; dodecyl group, Me;

methyl group. EOn; number of EO. M = (H+)2 or Cu2+.
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Chapter 2

Aggregation equilibria of amphiphilic phthalocyanines substituted by

polyethyleneoxide in dichloromethane

1. Introduction

Aggregation IS a well known phenomenon In phthalocyanine (Pc)

chemistry5,6,9,103-105. Various chemical and optical properties of Pc are related to its

electronic state. Those are significantly changed by aggregation because aggregation

causes a substantial change of electronic state of PCI
-
4
,9. Thus, the elucidation of

aggregation equilibria is important for both of the formation constant and application of

Pcs.

Various techniques are available for analysis of aggregation equilibria in solution.

UV-vis and NMR spectroscopies are the most popular methods. Because of very high

molar extinction coefficient of Pcs, UV-vis spectroscopy is effective method for the

study in low concentration range of Pcs. The lower aggregation equilibria such as

monomer-dimer equilibrium have been studied by this method52
,56,82,l06. The UV-vis

spectra contain the structural information about aggregates, however this method is not

suitable for the detailed structural analysis107
.

On the other hand, NMR spectroscopy can be applied for the wide dynamic range of

concentration. Thus it is suitable for the study of the aggregation in higher concentration

region. By increasing the concentration of Pc, 1H NMR chemical shifts of Pc are

changed by the formation of aggregates108,109. The chemical shift change by the

formation of aggregates provides the structural information about aggregates. For

example, oxo(2,3,4,10,16,17,23,24- or

1,2,8,11,15,18,22,25-octasubstitutedphthalocyanato)titanium(IV)1
10 and
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methyl(l ,4,8,11,15,18,22,25-octa-n-phenylphthalocyanato)rhodium(III)lll were

synthesized and their aggregation equilibria were studied by I H NMR spectroscopy.

The detailed analysis of NMR spectral change is limited to monomer-dimer equilibrium

because 1H NMR signals of higher aggregates are extremely complicated. Thus, Pcs in

these study are designed to allow the formation of dimer but to inhibit the formation of

higher aggregates by the steric hindrance of an axial substituent of Pc. 1H NMR analysis

of aggregation equilibria higher than dimer has been rarely reported.

Relatively higher concentration of sample solution is required for the NMR

measurements. Thus, the solvent in which the formation of aggregates is inhibited is

required for this study. The dimerization of polyethylene oxide-substituted

phthalocyanines is suppressed in non-coordinating solvents such as chloroform and

dichloromethane as shown in chapter 1. Thus, dichloromethane is suitable for the study

of aggregation equilibria. The tetrasubstituted phthalocyanine consists of the mixture of

four regioisomer, whereas the octasubstituted phthalocyanine has only the single

chemical species75-77.

In chapter 2, the aggregation equilibria of metal-free (TDE06-H2Pc) and copper

complex (TDE06-CuPc) of phthalocyanine having linear polyethylene oxide

(TDE06-MPc) was investigated by means of 1H NMR spectroscopy in dichloromethane.

By the analysis of concentration dependence of I H NMR signals, successive formation

constants of aggregates were determined and structure of monomer and aggregates of

TDE06-MPc were estimated.

2. Materials and methodology

2.1. Reagents

Deuterated dichloromethane was obtained from Taiyo Sanso. Monodispersed

hexaethyleneglycolmonododecylether, DE06-H (> 98 % ee), was purchased from
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Nikko Chemicals. All other chemicals were of reagent grade (Wako Pure Chemicals).

Metal-free (TDE06-H2Pc) and copper complexes (TDE06-CuPc) of

2(3),9(10),16(17),23(24)-tetra(1 ,4,7,10,13,16,19-heptaoxahentriacontyl)phthalocyanine

(Scheme 1) were synthesized according to the method in chapter 1.

2.2. Instrumentation

The IH NMR spectra were recorded on a Varian Unity-500 FT NMR spectrometer.

2.3. Procedure

The IH NMR spectra were measured by a 5 mm 0 sample tube at 25°C. IH NMR

spectra of TDE06-MPc in deuterated dichloromethane (dichloromethane-d2) were

measured over a concentration range of compounds, Cpc = 10-5.5 to 10-1.5 M.

Tetramethylsilane was used as internal reference. Sample solutions were prepared by the

following procedure: 1 x 10-2 and 1 x 10-4 M TDE06-H2Pc and TDE06-CuPc benzene

stock solutions were prepared. Proper amounts of stock solutions were taken in vials

and dried. The sample solutions were prepared just before the measurement by adding

suitable amounts of dichloromethane-d2.

3. Results and Discussion

3.1. IH NMR spectra ofTDE06-MPc

The structure of

2(3),9(1 0),16(17),23(24)-tetra-~-(1 ,4,7,10,13,16,19-heptaoxahentriacontyl)phthalocyani
l

ne is given in Scheme 2-1 and this will be abbreviated as TDE06-MPc. In the

compound TDE06-MPc, four protons at ~-positions (2 or 3, 9 or 10, 16 or 17, and 23 or
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24) of Pc are substituted by DE06 (-O-(-C2H40-)6-C12H2S) groups. Their central metal

ion of Pc ring are two hydrogen ions or a copper(II) ion, here these are abbreviated as

TDE06-H2Pc and TDE06-CuPc, respectively. IH NMR spectra ofTDE06-H2Pc at 2.42

x 10-4 M (M == mol.dm-3
) and TDE06-CuPc at 3.85 x 10-4 M in deuterated

dichloromethane (dichloromethane-d2) are shown in Fig. 2-1(b) and (a), respectively.

All the proton signals were assigned with a help of IH)H COSY measurements and

spin analysis6s. Alphabetical symbols given on the peaks correspond to the symbols of

the protons shown in Scheme 2-2. The signals around 5.32 ppm are ascribed to the

undeuterated solvent CHDCh.

The spectrum of the metal-free TDE06-H2Pc (Fig. 2-1(b)) consists of the signals of

aromatic protons x, y and z of the phthalocyanine ring (9.0 to 7.3 ppm), methylene

protons b -j of ethylene oxide (4.8 to 3.3 ppm) and the terminal alkyl protons k - m of

the DE06 side chains (1.6 to 0.7 ppm). In the case of copper complexes TDE06-CuPc

(Fig. 2-1(a)), all the signals are broadened by the effect of the paramagnetic divalent

copper ion coordinated in the cavity of the phthalocyanine ring. Particularly, the signals

of aromatic protons x, y, z and proton b of DE06 side chain can not be recognized

because of significant broadening of the peaks. The chemical shift of each proton of

TDE06-H2Pc is not significantly changed by the formation of copper complex

TDE06-CuPc.

3.2. IH NMR spectral change by Pc concentration

UV-vis absorptions2,s6,82,lo6 and NMR108,109,110,111 spectroscopies are the most

commonly used methods for the study of aggregation equilibria in solution. In chapter 1,

we reported the dimerization constants of TDE06-MPc in various solvents· determined

by UV-vis spectroscopy. Although UV-vis spectroscopy is suitable for low

concentration solution, it is difficult for the measurement in the high concentration
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solution because of very large molar extinction coefficient of Pcs. On the other hand,

the dynamic range of NMR method is very wide, so it can be applied to the high

concentration solution.

IH NMR spectra of TDE06-MPc were measured at various concentrations (CPe =

10-5.5 to 10-1.5 M) in dichloromethane-d2• Some examples of spectra of TDE06-H2Pc in

the regions of ethylene oXIde protons b - j and aromatic protons x, y and z are depicted

in Figs. 2-2(a) and 2-2(b), respectively. All the signals clearly show the concentration

dependence for the chemical shift and line broadening. In particular, the signals of the

protons band c are broadened with increasing the concentration, and finally split to two

peaks at higher concentration. Direction and magnitude of the chemical shifts change

depend on the position ofprotons in the TDE06-H2Pc.

The changes in the chemical shift (~l5) of each proton by the increase in the

concentration were evaluated. The value of ~l5 of ethylene oxide protons and the

phthalocyanine ring protons of TDE06-H2Pc are plotted as a function of logarithmic

concentration (log CPe) in Figs. 2-3(a) and 2-3(b), respectively. Where ~l5 is defined by

the difference of chemical shift at a given concentration from that at lowest

concentration (CPe = 2.99 x 10-6 M). As can be seen from Fig. 2-3(a), the signal of

methylene proton b, which is the closest methylene proton to the phthalocyanine ring,

shows the upfield shift by the increase in the TDE06-H2Pc concentration. On the other

hand, although the signal ofproton c shows the downfield shift at low concentratiori, the

direction is altered to the upfield shift at the high concentration. The signals ofprotons d

- g3 show· the downfield shift and the magnitude of their chemical shift change

decreases with increasing the distance of protons from phthalocyanine ring. All the

signals of aromatic protons x, y, and z of phthalocyanine ring show the large upfield

shift by the increase in concentration (Fig. 2-3(b)) and the extent of upfield shift change

of them are much larger than those of protons of DE06 side chain. Although the peak

width of aromatic protons at low concentration is narrower than that of ethylene oxide
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protons, the signals become broader and are divided into many complex peaks as the

concentration increases.

Some examples of spectra of copper complex TDE06-CuPc in the regIons of

ethylene oxide protons are depicted in Fig. 2-4. The chemical shift change (~l5) is

plotted as a function of logaritmnic concentration (log CPe) in Fig. 2-5. ~l5 of

TDE06-CuPc changes by almost the same manner as that of TDE06-H2Pc, although

the signals ofprotons c and d show the maximum.

3.3. Aggregation equilibria

The chemical shift change shown in Figs. 2-3 and 2-5 are generally observed for

phthalocyanines in any solvents and this change is attributed to the formation of

aggregates by the increase in the concentrationlOS
-
116

. The plots of ~l5 vs. log CPe of

some protons show the maximum, that is,· the direction of chemical shift change by Pc

concentration alters at higher CPe. These results indicate the formation of higher

aggregates than the dimer at high CPe.

The successive formation of nth aggregate, Pcn, where n is a number of aggregated

Pc molecules, and the successive formation constant of Pcn, Kn, are given by

(2.1)

(2.2)

In any concentration of Pc the signal of each proton is not separated to

corresponding peaks of aggregates, but changes the chemical shift. This fact suggests

the aggregation equilibria are fast with respect to the NMR time scale. Consequently,

the chemical shifts at various concentrations of Pc are given by the weighted average of

the chemical shifts of each aggregate (l5n) , i.e., the calculated chemical shift, l5ealc, is
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given by

8 l[PC] + 'L-n8n[Pcn]
8calc = C

Pc

8 1[Pc] + 282K 2 [PcP + 383K 2K 3 [PcP + ...
Cpc

(2.3)

Where bn are the chemical shifts of nth aggregates, Pcn.

The successive formation constant of aggregates (Kn) and the chemical shifts of

monomer (b1) and each aggregate (bn) giving the minimum error square sum of

chemical shift between the observed and calculated, L(b - bealc)2, were evaluated by

using the non-linear least-square method. It is required for this analysis to take into

consideration the successive formation of aggregates up to the trimer for TDE06-H2Pc

and to the tetramer for TDE06-CuPc under the present concentration range of

TDE06-MPc. The chemical shifts of monomer (b1) and each aggregate (bn) thus

obtained are listed in Table 2-1 and the successive formation constant of aggregates (Kn)

are listed in Table 2-2. As the error of the constant K4 for TDE06-CuPc is very large, it

is not listed in Table 2-2. The calculated curves by using these parameters are shown in

Figs. 2-3 and 2-5 by solid lines. These curves show good fitting with the experimental

results for any signals of protons. The dimerization constants (K2) obtained by UV-vis

absorption spectroscopy in chapter 1 are also listed in parentheses (Table 2-2). The

dimerization constants obtained by NMR method are reasonably agreed with those

obtained by UV-vis absorption spectroscopy.

Dimerization constant of TDE06-H2Pc is higher than that of TDE06-CuPc in any

solvents in chapter 1. In the same manner as the dimerization constant, the successive

formation constant of trimer, K3, of TDE06-CuPc is higher than that of TDE06-H2Pc.

Although the formation of tetramer is not observed for TDE06-H2Pc in the

concentration range of present experimental conditions, TDE06-CuPc forms tetramer at

higher CPe. These results agree with the tendency of K2 and K3 between TDE06-CuPc

47



3.4. Structure of monomer

In order to estimate the structure of TDE06-MPc, the chemical shifts of protons of

DE06 moiety were compared with those of DE06-H and DE06-ph, where the Pc of

TDE06-MPc is substituted by hydrogen (DE06-H) or phthalonitrile (DE06-ph). The

structures and alphabetical symbols of protons of these compounds are depicted in

Scheme 2-2. IH NMR spectra of DE06-H and DE06-ph are depicted in Fig. 2-1

together with those ofTDE06-MPc. The chemical shifts of each proton ofDE06-H and

DE06-ph determined by the spin analysis65 are listed in Table 2-3. These spectra are not

changed by the concentration, thus the formation of aggregates is negligible. In case of

the TDE06-H2Pc the chemical shifts of monomeric form obtained by the analysis of

concentration dependence (Table 2-1) are listed. Differences of chemical shifts of each

proton (ilb) of DE06 moiety of TDE06-H2Pc and DE06-ph from DE06-H, i.e.,

chemical shift change by the substitution of H of terminal OH by phenyl group

(phthalonitrile) or Pc (phthalocyanine), are plotted as a function of proton symbol in Fig.

2-6.

As can be seen from Table 2-3, the chemical shift of methylene protons of ethylene

oxide (protons b - j) of DE06-H are 3.54 ± 0.13 ppm and not significantly different

among them. The substitution of terminal H by the phenyl group or phthlocyanine

causes a large chemical shift change ilb for these protons and the extent of change of Pc

is much larger than that ofphthalonitrile. Although the extent of ilb of methylene proton

decreases by receding from the Pc ring, the effect of Pc reaches up to proton g2. Such a

strong influence reached to long distance suggests that the chemical shift change is

attributed to the ring current effect of Pc. The downfield shift of the protons b - g2

indicates that these methylene protons are located in the equatorial region of the Pc ring.
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Contrary to these signals, the signals of proton f3 - m of TDE06-H2Pc are shifted to

upfield than those of DE06-H. This upfield shift indicates that the alkyl end of DE06

side chain can be located in the axial region of Pc ring. That is, DE06 side chain is not

fixed straight or helically to the equatorial plane of the Pc ring, but is flexible and

moves freely. The signals of the protons h - j of TDE06-CuPc, which are separated by a

large number of bonding from Pc ring, also show the line broadening by the effect of

paramagnetic copper(II) ion in the center of Pc ring (Fig. 2-4). This fact indicates that

the end part of DE06 chain can spacially come closer to Pc ring. Thus, this fact also

supports the flexible structure of DE06 side chains. In the case of DE06-ph, because of

very small effect of ring current of benzene group compared with that of Pc group, the

downfield shift is observed only up to proton f1 and the upfield shift of terminal

methylene protons was not observed (Fig. 2-6).

In case of present compound TDE06-MPc,

2(3),9(10),16(17),23(24)-tetrasubstituted phthalocyanine, one of two p-positions is

substituted at random by the DE06 side chain, thus this compound is the mixture of

four regioisomers. As can be seen from the 1H NMR spectra of Fig. 2-3(b), the signals

of any protons show the broadening even at the lowest concentration, where more than

97 % of TDE06-H2Pc is monomer. The half-height width (0.03 - 0.05 ppm) of the

peaks is larger than the separation of signal caused by the coupling with neighboring

protons of phthalonitrile (Fig. 2-1). Thus, these broadening can be attributed to the

overlap of the signals of the regioisomers. Because of low resolution of spectrum at

very low concentration, the signal is not separated to each regioisomer's signal.

2(3),9(10),16(17),23(24)-Tetra((l S)-endo-(- )-bornyloxy)phthalocyanine was

synthesized and each regioisomer was separated117. The half-height width of Pc ring

protons of TDE06-H2Pc is .almost the same as the chemical shift difference between

each regioisomer (~ 0.05 ppm).
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3.5. Structure of dimer

The difference of chemical shift of each proton of TDE06-MPc between dimer (£52)

and monomer (£51), i.e., change in chemical shift (£52 - £51) by the formation of dimer is

listed in Table 1. As can be seen from Table 1, the dimerization of Pc causes the upfield

shift of the signals of proton x, y and z. On the other hand, the protons of DE06 side

chain except for the proton b shift to downfield. These chemical shift changes are

attributed to the effect of ring current of another phthalocyanine adjoined by the

formation of dimer. The molecular models of the TDE06-MPc are depicted in Fig. 2-7,

where the top view of monomer and the side view of dimer are shown in (a) and (b),

respectively. 'Where only one DE06 side chain is depicted and all other DE06 chains

are omitted for simplicity. As discussed above, the DE06 moiety of TDE06-H2Pc must

be actually helical and flexible, although it is described by straight bar model.

Very large upfield shift of Pc protons, x, y and z; indicate that the Pc locates above

another Pc ring of dimer. On the other hand, the downfield shifts of the signals of

protons of DE06 moiety indicate that the DE06 protons locate in the equatorial region

of another Pc. The alteration in the direction of chemical shift change by the formation

of dimer (£52 - £51), i.e., upfield to downfield change, occurs near the proton band upfield

shift of proton b is very small. These may indicate that the edge of Pc ring is located

above the proton b, i.e., the two Pc rings are stacked in a manner of somewhat

slip-stacked face to face as shown in Fig. 2-7(b). The blue shift of the Q-band by the

formation of dimer ofTDE06-H2Pc (chapter 1) supports the small slippage of dimerl18.

The distance 3.4 A reported118-120 is used for the spacing between Pc rings of the dimer

in Fig. 2-7(b). As the compound TDE06-H2Pc is the mixture of four regioisomers117,

many kinds of configurational isomers of dimer are formed by the various combinations

of two TDE06-H2Pc. The chemical shifts of Pc protons are a little different among

these isomers. As the peaks of the protons x, y and x consist of these signals, the line

width of dimer (Fig. 2-2(b), spectra 2 and 3) is broadened by the mixing of the peaks
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having small difference.

In case of TDE06-CuPc, the chemical shift changes (<>2 - <>1) of DE06 moiety are

almost the same as those of TDE06-H2Pc, although the signals of Pc ring protons and

proton b were not observed because of broadening. Thus the structure of dimer of

TDE06-CuPc is estimated to be similar to that ofTDE06-H2Pc in Fig. 2-7(b).

3.6. Structure of higher aggregate

At higher TDE06-H2Pc concentration, the higher aggregates such as trimer are

formed. Quite a many kinds of configurational isomers are formed for trimer by the

combination of three isomers of TDE06-H2Pc. Thus the signals of Pc protons of trimer

are very complicated (Fig. 2-2(b)). The signal of each Pc proton x, y and Z splits into

three component peaks at high concentration, i.e., Xl, X2 and X3 for X, Yl, Y2 and Y3 for Y

and Zl, Z2 and Z3 for Z (Fig. 2-8). These component peaks furthermore split into double

(xn, Yn) or multiple (zn) peaks. Furthermore, these signals must consist of plural signals

and chemical shifts may be similar each other. Thus these signals are not separated and

appear one peak. lH)H COSY spectra were measured to exam the correlation among

these peaks. Two dimensional spectrum of Pc proton region is depicted in Fig. 2-8,

where the additional lines are drown to specify the correlated peaks. As shown by the

additional lines, there is no correlation between three component peaks of a given

proton, e.g., between Xl, X2 and X3. On the other hand, each component peak of y

correlates with the corresponding component peaks of other protons X and z, e.g.,

between Yl-Xl and Yl-Zl. These results indicate that the signals of Pc protons consist of

three sets of x, Yand Zpeaks, i.e., (Xl, Yl, Zl), (X2, Y2, Z2) and (X3, Y3, Z3), that is, at least

three different chemical species correspond to the signals are present under this Pc

concentration. As the dominant species of TDE06-H2Pc is trimer under this condition,

the trimer has at least three different configurational isomers. The ratio of peak area
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between three component signals is 1 : 2 : 1 for every protons x, y and x might indicate

the middle peaks consist of two degenerate isomers.

The fact that the signal of each proton shifts by the concentration indicates that the

aggregation equilibria are fast with respect to NMR time scale. On the other hand, the

signal of each isomer does not coalesce but is split into component peaks. That is, the

conformational change is slow. These results might be interpreted by following

mechanism. Pcs form the aggregate by the 1t-1t interaction of the Pc rings, thus the

dissociation and recombination of aggregates are relatively fast. However, even if one

Pc dissociates from the aggregate, the large and bulky substituent, DE06, may prevent

the rotation to make another combination of isomers. Consequently, the TDE06-MPc

dissociated from the aggregate recombines to the original conformational combination,

i.e., the conformational change will be virtually prevented.

4. Conclusion

1H NMR spectra of phthalocyanines substituted by

hexaethyleneglycolmonododecylether (TDE06-MPc; M (H+)2 or Cu2+) were

measured at various concentrations of TDE06-MPc (10-5.5 - 10-1.5 M) in

dichloromethane-d2.

Successive formation of aggregates up to trimer (TDE06-H2Pc) and to tetramer

(TDE06-CuPc) under the present experimental conditions of concentration was

estimated. The aggregation constants and chemical shifts of monomer and each

aggregate were determined by the quantitative analysis of the chemical shift change by

the concentration. Comparison of chemical shift of each proton with unsubstituted

DE06, i.e., DE06-H, reveals that the DE06 side chains are flexible and move freely. It

was estimated that TDE06-MPc is successively stacked face to face in the aggregates

and their slippage between the Pcs is very small. The formation of aggregates of
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TDE06-CuPc is easier than that ofTDE06-H2Pc.
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Table 2-1. IH NMR chemical shifts of monomer (<51), dimer (<52) and trimer (<53) of

TDE06-MPc in dichloromethane-d2•

TDE06-H2Pc TDE06-CuPc

Signal 61 62 63 (62 - 61) 61 62 63 (62 - 61)

/ppm /ppm /ppm /ppm /ppm /ppm /ppm /ppm

x 9.022 8.027 6.533 -0.815

z 9.421 8.756 7.243 -0.665

y 7.868 7.591 6.673 -0.277

b 4.747 4.671 4.041 -0.076

c 4.154 4.253 4.126 0.099 4.081 4.118 3.844 0.037

d 3.878 3.984 4.038 0.106 3.820 3.897 3.828 0.076

e 3.766 3.857 3.962 0.091 3.725 3.799 3.788 0.074

f1 3.708 3.759 3.881 0.051 3.666 3.722 3.760 0.056

gl 3.654 3.705 3.805 0.051 3.643 3.678 3.735 0.035
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Table 2-2. Logarithmic successive formation constants of aggregates (Kn) In

dichloronrrethane-d2.

3.6 (3.32t

2.1

TDE06-CuPc

4.2 (4.00t

2.5

aYalues in parentheses are obtained by UY-vis

spectroscopy in chapter 1.
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Scheme 2-1. Structure ofTDE06-MPc. M = (H+)2 or Cu2+.
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TDE06-MPc:

Scheme 2-2. Alphabetical symbols ofprotons ofDE06-H, DE06-ph and TDE06-MPc.
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Figure 2-1. IH NMR spectra of TDE06-CuPc at 3.85 x 10-4 M (a), TDE06-H2Pc at

2.42 x 10-4 M (b), DE06-ph (c) and DE06-H (d) in dichloromethane-d2.

Signals with asterisk * are ofimpurities.
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Figure 2-2(a). IH NMR spectra of TDE06-H2Pc in dichloromethane-d2 in the region

of ethylene oxide proton of side chains. Cpc: (1) 2.99 x 10-6 M, (2) 2.69

x 10-5 M, (3) 2.42 x 10-4 M, (4) 2.18 x 10-3 M, (5) 1.71 x 10-2 M.

Signals with asterisk * are of impurities.
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Figure 2-2(b). IH NMR spectra of TDE06-H2Pc in dichloromethane-d2 in the region of

aromatic protons of phthalocyanine. epe: (l) 2.99 x 10-6 M, (2) 2.69 x

10-5 M, (3) 2.42 x 10-4 M, (4) 2.18 x 10-3 M, (5) 1.71 x 10-2 M. Signals

with asterisk * are of impurities.
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Figure 2-3. Change in chemical shifts (,M) of TDE06-H2Pc as a function of

concentration (log CPe). (a) Methylene proton and (b) aromatic proton. 0;

proton b, 0; proton c, ; proton d, .6.; proton e, \7; proton f1, ; proton

gI, .; proton x, ... ; proton y, .; proton z.
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Figure 2-4. IH NMR spectra ofTDE06-CuPc in dichloromethane-d2 in the region of

ethylene oxide proton of side chain. Cpc : (1) 4.76 x 10-6 M, (2) 4.28 x

10-5 M, (3) 3.85 x 10-4 M, (4) 3.47 x 10-3 M, (5) 3.05 x 10-2 M. Signals

with asterisk * are of impurities.
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Figure 2-5. Change in chemical shifts (110) of methylene protons of TDE06-CuPc as a

function of concentration (log CPe). 0; proton c, v; proton d, L::.; proton e,

'V; proton f1, 'll'; proton g 1.
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Figure 2-6. Differences in chemical shifts of methylene protons of DE06-ph (<» and

TDE06-H2PC monomer (D) from DE06-H in dichloromethane-d2.
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(b) zy
x

Fig. 2-7. Top view of TDE06-MPc monomer (a) and side view of TDE06-MPc dimer

(b). Only one side chain DE06 is depicted and others are omitted. Although

the DE06 chain is shown by straight rod for simplicity, it is actually helically

coiled and is flexible.
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Figure 2-8. IH_1H COSY spectrum of the aromatic region of TDE06-H2Pc at CPe =

6.55 x 10-3 M in dichloromethane-d2.
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Chapter 3

Complexation equilibria of polyethyleneoxide substituted

phthalocyanine derivatives with alkali metal ions in methanol

1. Introduction

Phthalocyanines (Pcs) consist of macrocyclic molecules which indicate potentials

for technical applications with robust chemical and thermal stabilityl-6. In the inner

macrocycle there are two NH groups, the protons of which can be substituted by a metal

ion4
-
6

.

Polyethylene oxide derivatives (PEO) are amphiphilic functional compound, which

can form the complexes even for alkali metal ions. This cationic complex of PEO can

be extracted from aqueous phase to organic phase by forming an electrically neutral ion

pair with hydrophobic anions. These extraction processes have been applied for the

separation and determination of metal ions60
-
71

• In case of cyclic polyethylene oxides,

i.e., crown ether, stability of complex with metal ion is significantly affected by the size

fitting of cavity size of crown ether with ionic radii of cations61
,62,67-69. On the other

hand, linear polyethylene oxide is much more flexible than crown ether. Thus, the effect

of flexibility of linear polyethylene oxides on complex formation and the composition

and structure of its cationic complexes is interesting subject.

In this study, tetra-~-substituted phthalocyanine derivatives, EO-MPc, with

hexaethyleneglycolmonomethylether (MeE06) as shown in Scheme 3-1 were

synthesized. This compound is amphiphilic and more hydrophilic compared with the

DE06 derivatives (chapter 2). In the present chapter, the complex formation of

EO-MPc with lithium, sodium and potassium hydroxide were investigated in methanol

by means of UV-vis absorption, emission and excitation spectroscopies. By the analysis
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of spectral change, composition and structures of alkali metal complexes of EO-MPc

were investigated semiquantitatively. The role of each complexation site, Pc ring and

EO chain, on the complex formation with respect to the rigid-flexible property and size

matching.

2. Materials and methodology

2.1. Reagents

Monodispersed hexaethyleneglycolmonomethylether, (EO) (> 98 % ee), was

purchased from Nikko Chemicals. All organic solvents were of reagent grade (Wako

Pure Chemicals and Nacalai Tesque), and were used as received without further

purification.

2.2. Synthesis

2.2.1. 2(3),9(10),16(17),23(24)-Tetra(1,4,7,10,13,16,19-heptaoxaicosyl)phthalocyanine

Hexaethyleneglycolmonomethylether (EO) (10.0 g, 33.7 mmol) was tosylated with

p-toluenesulfonylchloride (7.44 g, 39.0 mmol) in THF (19 ml) at 0 °C for 4 h. Excess

amount of sodium hydroxide aqueous solution was added and stirred at 0 °C for 30 min.

After addition of cool water, tosylated EO was extracted into chloroform. The

chloroform phase was washed by distilled water twice and saturated sodium chloride
J

solution once. Anhydrous magnesium sulfate was added and left for 12 h. After filtering

out magnesium sulfate, chloroform was removed in vacuo. 8.64 g sample of tosylated

EO was obtained as a colorless oily product in 57 % yield.

Tosylated EO (8.11 g, 18.1 mmol), 4-hydroxyphthalonitrile (4.01 g, 27.8 mmol) and

anhydrous potassium carbonate (5.29 g, 38.3 mmol) were added in dry acetone (150 ml)
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and stirred at 56°C for 48 h under a nitrogen atmosphere. After filtration, reaction

mixture was evaporated to dryness. The product was extracted by benzene. By the

evaporation of benzene under vacuum, 6.22 g sample of 4-EO-phthalonitrile was

obtained as light orange oil in 53 % yield.

4-EO-phthalonitrile (0.97 g, 2.30 mmol) and 1,8-diazabicyclo[5.4.0]-7-undecene

(DBU) (0.40 g, 2.63 mmol) in 1-pentanol (20 ml) were refluxed at 140°C for 24 h.

After the evaporation of the solvent, the dark blue product was purified by column

chromatography on silica gel (methanol and methanol/dichloromethane = 80:20 (v/v)

were used as eluent in this order). Deep blue-green EO-H2Pc (0.34 g) was obtained in

35 % yield. Overall yield is 11 %. IH NMR (500 MHz; CD2Ch; Me4Si): l5H, ppm 8.89

(4H, m, Ph), 8.41 (4H, m, Ph), 7.64 (4H, m, Ph), 4.76-3.44 (96H, m, -0-(CH2CH20-)6-),

3.29 (l2H, m, -CH3).

2.2.2.

[2(3),9(10),16(17),23 (24)-Tetra(1,4,7,10,13,16,19-heptaoxaicosyl)phthalocyanato]cop

per(II) (EO-CuPc)

EO-CuPc was synthesized by a similar synthetic procedure as EO-H2Pc.

4-EO-phthalonitrile (0.46 g, 1.08 mmol) and DBU (0.18 g, 1.18 mmol) was added in the

1-pentanol solution containing anhydrous copper chloride (0.04 g, 0.30 mmol) and

refluxed at 140°C for 24 h.After evaporating the solvent, EO-CuPc thus obtained was

purified by a silica gel column (methanol and methanolldichloromethane = 75:25 (v/v)

were used as eluent in this order). Deep blue-green EO-CuPc (0.34 g) was obtained in

71 % yield. Overall yield is 21 % yield. IH NMR (500 MHz; CD2Ch; Me4Si): l5H, ppm

4.20-3.44 (96H, m, -0-(CH2CH20-)6-), 3.32 (12H, m, -CH3).
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2.3. Instrumentation

UV-vis absorption spectra were recorded on a Shimadzu UV-1600

spectrophotometer. Emission and excitation spectra were recorded on a JASCO

FP-6200. The concentration of water in methanol solution was measured by Karl

Fischer moisture titrator of Kyoto electronics manufacturing Co, Ltd. MKC-210 and

adjusted to 0.1 M.

2.4. Procedure

2.4.1. UV-vis absorption spectroscopy

0.1 M water methanol solution of LiOH, NaOH or KOH containing 4.96 x 10-6 M

(M == mol dm-3
) EO-MPc was prepared. Suitable amount of each solution were added to

2.5 ml of 4.96 x 10-6 M EO-MPc of methanol solution in a 10 mm quartz cell. The

absorption spectra of these solutions were measured at 25.0 °C by UV-visible

Spectrometer. In case of LiOH system, the spectra of the solutions containing 5.00 x

10-2 M lithium chloride were also measured. Where the solution was prepared to keep

the total concentration of Lt ion (5.00 x 10-2 M). The concentration of water in

methanol solution was measured at 25.0 °C by Karl Fischer moisture titrator.

2.4.2. Emission and excitation spectroscopy

The change in emission spectra of EO-H2Pc by the addition of LiOH, NaOH or

KOH was measured in the region of 370 - 720 nm at 25.0 °C by the excitation at Aex =

370 nm. The change in excitation spectra of these samples at 679 and 705 nm were also

measured in the same region of emission spectral measurement. The UV-vis absorption

spectra of the solutions prepared for the emission spectra were also measured.
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3. Results and Discussion

3.1. Dimerization equilibria of EO-H2Pc in various alcohols

3.1.1. Concentration dependence ofUV-vis spectra

The UV-vis absorption spectra of EO-H2Pc were measured at various concentrations

(epe = 10-6
.1 - 10-4

.
8 M) ina series of alcohols. As the examples of spectral change, the

results in 1-decanol, 1-hexanol and methanol are depicted in Figs. 3-1 '" 3-3, where the

molar extinction coefficient (c:) refers to apparent molar extinction coefficient

(absorbance of 1 cm light pass/total concentration of Pc). For example in 1-decanol (Fig.

3-1), these spectra consist of two absorption bands, broad and relatively weak band in

the range of 300 to 370 nm (Soret band) and sharp and strong band split to two peaks at

666 nm and 705 nm (Q-band). The strong peaks of Q-band are characteristic of

monomeric form of Pcs and splitting into two peaks is characteristic of monomeric form

of H2PCS5
,6,9. Thus, very high molar extinction coefficient (c:) at low Pc concentration

suggests that the predominant species of EO-H2Pc is monomer at this concentration (Fig.

3-1).

By increasing the total concentration of Pc, the molar extinction coefficient (c:) of

Q-band decreases. Generally, the absorption of Q-band of aggregates of Pc is much

weaker compared with that of monomer and the peak position is around 620 nm5
,6,9,72.

Thus, decrease in c: by the increase in concentration of Pc is attributed to the decrease in

the proportion of monomeric form of EO-H2Pc. These spectra have isosbestic point at

723 nm for Q-band region. The existence of isosbestic point suggests that the two

chemical species are equilibrated in the concentration range studied. The spectral

change of the Soret band is much smaller than that of the Q-band. The peak maximum

slightly shifts to lower wavelength and shows small decrease in the molar extinction

coefficient. Similar spectral change has been obtained for any solvents, although the

magnitude of effect of concentration is different by the solvents. The isosbestic point is
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observed for any solvent system.

3.1.2. Monomer-dimer equilibrium

The molar extinction coefficients of Q-band peak of EO-H2Pc at 705 nm in various

alcohols are plotted as a function of the logarithmic concentration (log epc) in Fig. 3-4.

Generally, the dimer is formed as the first step of aggregation52
,56,82,83, thus the

aggregation equilibrium is given by

The formation constant of dimer (K2) is defined as

K = [(EO-H2Pc)2]
2 [EO-H2Pc]2

(3.1)

(3.2)

The plot of experimental results of c as a function of log ePc in Fig. 3-4 was fitted

with calculated molar extinction coefficient (ccalc) by following the same procedure for

chapter 1. The values of CI, C2 and K2 giving a minimum of error square sum, L(c - ccalc)2

were evaluated. The formation constants of dimer K2 thus obtained are listed in Table

3-1. The calculated curves (ccalc) by using these values are shown in Fig. 3-4 by solid

lines. The calculated curves show good agreements with the experimental results. The

values of Ccalc of asymptotes at low ePc and high ePc correspond to the molar extinction

molecule (c2), respectively. As can be seen from Fig. 3-A, molar extinction coefficient of

monomer (cI) and dimer (c2) of EO-H2Pc at 705 nm are obtained as (1.3 ± 0.1) x 105

M-I cm-l and (2.2 ± 0.3) x 104 M-I cm-l
, respectively, for any alcohol. Thus, the value of

CI and of C2 of EO-H2Pc does not differ so much at any wavelength among the alcohols.

Thus, the spectra of monomer and dimer of EO-H2Pc hardly differ among the alcohols.

The dimerization constant, log K2, of EO-H2Pc increases with the decrease in the
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chain length of alkyl group of alcohol. This means that the increase in the balance of

hydrophilic to hydrophobic property of alcohol makes the Pcs easy to form the

aggregates. In this chapter methanol was used as a solvent to investigate the

complexation reactivity of EO-H2Pc dimer with alkali metal ion.

3.2. Reaction of EO-H2Pc with lithium ion

3.2.1. Spectral change by the formation oflithium phthalocyanine

The UV-vis absorption spectra of EO-H2Pc in methanol at 4.96 x 10-6 M (M == mol

dm-3
) at various concentration of lithium hydroxide (CLiOH; 0 - 10-1

.
87 M) are depicted in

Fig. 3-5. The molar extinction coefficients (c) at 348 nm (Soret band) and around 674

nm (Q-band) increase by increasing the total concentration of LiOR and there are

isosbestic points at 643 and 700 nm for Q-band region and at 328 and 389 nm for the

Soret band region. Generally, the absorption of Q-band of monomeric metal-free

phthalocyanine (H2PC) and metallophthalocyanine (MPc) indicate strong split peaks and

strong single peak, respectively5,6,9. Thus, increase in e at674 nm by the increase in

concentration of LiOH is attributed to the increase in the proportion of the monomer of

lithium phthalocyanine. The change in the molar extinction coefficient (c) is plotted as a

function of logarithmic concentration of LiOH (log CLiOH) by curve 2 of Fig. 3-8.

The spectra of EO-H2Pc at various concentration of lithium hydroxide (CLiOH; 0 

10-1.85 M) are also measured in the presence of lithium chloride, where the total

concentration of lithium (CLi) is kept constant at CLi = 5.00 x 10-2 M. These solutions

also show the same spectral change as those without LiCl. The changes in the molar

extinction coefficient (c) at 674 nm are plotted as a function of log CLiOH by curve 1 of

Fig. 3-8. As seen from Fig. 3-8, the spectral change of EO-H2Pc under the conditions of

constant CLi occurs at lower concentration than that in absence of LiCl.
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3.2.2. Chemicalform oflithium phthalocyanine

The increase in the single peak of Q-band suggests the formation of monomeric

complex in which the Pc ring is coordinating to the lithium ion (Fig. 3-5). The existence

of isosbestic points suggest that the two chemical species are equilibrated. The lithium

complex is formed by the substitution of protons of EO-H2PC. Thus, the complex

formed is given by EO-LimH2-nPc as general form. The complexation equilibrium is

given by equation 3.3.

Where charge of complex is omitted for simplicity. The formation constant of lithium

phthalocyanine (K) is defined as

K = [EO-LimH2_nPc ]2

[(EO-H2Pc)2] [Li1 2m[OH-fn

The total concentration of Pc (epe) is given by

The observed extinction coefficient (c) is expressed as follows

(3.4)

(3.5)

Ei=
2Eidim[(EO-H2Pc)2] + EiLiPe[EO-LimH2_nPc]

ePe
(3.6)

Where cdim and cLiPe are the molar extinction coefficient per one phthalocyanine

molecule of the protonated Pc and lithium complex, respectively. The value of cLiPe is

estimated from asymptote at high concentration of LiOH.

Substitution of equation 3.5 into equation 3.6 leads to equations 3.7 and 3.8, i.e., the

concentration of monomeric species of lithium phthalocyanine and dimeric species of

EO-H2Pc is given by

(3.7)
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(
&LiPc - & J CPcO-H Pc = --[(E 2)2] &LiPc - &dim 2

The total concentration of lithium ion (eli) is given by

(3.8)

The concentration of lithium phthalocyanine IS negligible compared with the

concentration of lithium ion. Thus, the total concentration of lithium ion (eli) is

approximated as

(3.1 0)

The total concentration of hydroxide ion (eLiOH) is given by

(3.11)

The concentration of hydroxide ion reacted with dimeric EO-H2Pc is negligible

compared with the concentration of hydroxide ion. Thus, the total concentration of

hydroxide ion (eLiOH) is approximated as follows

(3.12)

Substitution of equation 3.7, 3.8, 3.10 and 3.12 into equation 3.4 leads to equation

3.13.

Rearrangement of equation 3.13 leads to equation 3.14.

2(& - &dim)2 _ KC 2mC 2nC-1
- Li LiOH Pc

(&LiPc - &di~(&LiPc - &)

By defining the left-hand side of equation 3.14 as F,
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The logarithmic form of equation 3.14 is given by

log F = 2nlog CLiOH + 2mlog CLi + 10gK -log C pc (3.15)

The value of log F, which is obtained experimentally, is plotted as a function of log

CLiOH in Fig. 3-9. The results in the presence of LiCI (CLi = 5.00 x 10-2 M) is given by

curve 1 (0). Under these experimental conditions, the values of CLi and C pc are constant.

Thus, the slope of the plot of log CLiOH correspond to 2n. As seen from Fig. 3-9, curve 1,

the slope of the plot is obtained as four, that is, n = 2. Thus, the number ofproton (2 - n)

in the lithium complex is 0, i.e. the lithium complex is entirely deprotonated, EO-LimPc.

Under the conditions that the lithium chloride is not added to the solution, that is,

CLi = C LiOH. Thus, the equation 3.15 leads to equation 3.16.

log F = 2(m + n)log CLiOH + log K - log C pc (3.16)

The plot of log F as a function of log CLiOH is given in Fig. 3-9, curve 2 (0). The slope

of the plot, which corresponds to 2(m + n), is six. Thus the number of Lt ion with

complex is determined as one. In conclusion, the chemical form of the lithium complex

is estimated as an anionic complex, EO-LiPc-. Thus,

(3.17)

The value of log K for the lithium phthalocyanine is evaluated as 11.3.

3.2.2. Structure oflithium phthalocyanine

The cavity size of Pc ring is reported as 1.8 A5
,6. If the ionic radius of metal ion is

smaller than the half cavity size of Pc ring, the metal ion is incorporated into the cavity
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of Pc ring. The small size metal ions such as lithium (1) (0.90 AI21), nickel(II) (0.83

AI21), copper(II) (0.87 A121) and zinc(II) (0.88 A121) form stable complexes with

phthalocyanines by incorporating into the cavity of the Pc ringI22,123.

In the case of lithium phthalocyanines, the crystal structures of dilithium

phthalocyaninel24 and anionic monolithium phthalocyaninel25,126 have been reported. In

the case of porphyrin which has the same cavity sizel27, both complexes have also been

reported in solution. That is, one Li+ ion (0.90 A121) can be bound to all four nitrogens

in the porphyrin core (in polar solvents) and two Li+ ions interact with the porphyrin

nitrogens and these are located on the top and bottom of the center of porphyrin ring (in

non-polar solvents)128. The formation of anionic monolithium porphyrin, where one Li+

ion is incorporated into the porphyrin ring, has been reported in highly-polar solvent

such as waterI29,130. Therefore, one Li+ ion is coordinated to all four nitrogens into the

center of Pc ring core in methanol. Consequently, the formation of anionic species may

be reasonable in the polar solvent methanol.

3.2.3. Fluorescence oflithium phthalocyanine

Emission spectra of EO-R2Pc in various concentration of lithium hydroxide (CLiOH;

0- 10-1.85 M) were measured in the range of 370 - 720 nm. Results are depicted in Fig.

3-10 where the spectra were corrected in the same manner as chapter 1. Emission of

EO-R2Pc solution in the absence of LiOR totally is quenched because of the formation

of dimerlOl . The emission peak at 680 nm is growing by increasing the concentration of

LiOR. The changes in the emission intensity at 680 nm are plotted as a function of

logarithmic concentration of LiOR (log CLiOH) in Fig. 3-13 together with the change in

molar extinction coefficient (e) of Q-band at 674 nm. The change in the emission

intensity agrees with the change in e. This fact suggests that monomeric lithium

phthalocyanine is fluorescence complex.
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3.3. Reaction of EO-H2Pc with sodium ion

3.3.2. Chemicalform ofsodium phthalocyanine

The emission intensity at 680 nm of sodium phthalocyanine (Fig. 3-11) is plotted as

a function of the logarithmic concentration of NaOH (log CNaOH) in Fig. 3-14 together

with the change in e of Q-band at 677 nm (Fig. 3-6).

As can be seen from Fig. 3-14, e of Q-band of sodium phthalocyanine at 677 nm

shows a one step sigmoid curve. On the other hand, the emission intensity of sodium

phthalocyanine shows a two step sigmoid curve. That is, a result indicates that the two

kinds of sodium phthalocyanine complexes are formed in this concentration range of

NaOH.

The excitation spectra at 680 nm of the concentration of NaOH at 10-1.90 and 10-0.24

M are shown in Fig. 3-15(a) and 3-15(b), respectively, to estimate the absorption spectra

of chemical species formed in each step. Although the excitation spectra of the solution

of lower NaOH (Fig. 3-15(a)) is similar to that of higher NaOH (Fig. 3-15(b)), the line
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width of peak at 675 nm become apparently narrower at higher concentration. These

results indicate that Pc ring coordinates to Na+ion in case of the intermediate as it is for

final chemical species. It is expected that the intermediate is monosodium

phthalocyanine (EO-NaPc-) and the final chemical species is disodium phthalocyanine

(EO-Na2Pc). Thus, these spectral results indicate the following stepwise complex

formation.

(3.18)

(3.19)

3.3.3. Structure ofsodium phthalocyanine

In case of large metal ion such as lead(II) ion (1.33 AI21), Pc ring forms the sitting a

top (SAT) complex132, i.e., a metal ion is located on the top of the Pc ring plane. The

ionic radius of Na+ ion (1.16 A121) is close to lead(II) ion, i.e., Na+ ion is too large to

incorporate into the cavity of Pc ring cavity (1.8 A127). The symmetry of Pc ring moiety

of monosodium phthalocyanine is high because the line width of single Q-band of its

excitation spectrum in Fig. 3-15(a) is narrow and is almost the same value as that of

monomeric CUPC5
,6,9. Thus, the possibility of the formation of protonated Na complex

must be excluded because of its low symmetry. By the same reason, the structure of

disodium complex is also estimated as the SAT type, i.e., two Na+ ions are located on

the top and bottom of the center of Pc ring is reported for the crystal structure of

disodium phthalocyanineI2,131.

3.4. Reaction of EO-H2PC with potassium ion

3.4.1. Spectral change by the formation ofpotassium complex

The UV-vis absorption spectra of EO-H2Pc in methanol at 4.96 x 10-6 M in various
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concentration of potassium hydroxide (CKOH; 0 - 10-0.88 M) are depicted in Fig. 3-7. By

increasing the total concentration of KOH, the molar extinction coefficient (f:) of Soret

band at 348 nm and that of Q-band at 675 nm increase. In the concentration range of

KOH from 0 - 10-0.88 M, split peaks of Q-band at 665 and 697 nm increase. This

spectral change indicates the formation of monomeric EO-H2Pc without coordination of

Pc ring with metal ion. That is, EO chain is coordinating to metal ion63-65. Thus, the

formation of (KEO)+-H2Pc complex is estimated in this KOH concentration range. In

the concentration ofKOH higher than 10-0.92 M, strong single peak ofQ-band at 675 nm

increases. This indicates that the complex formation of Pc ring with K+ ion.

The emission spectra of EO-H2Pc at 4.96 x 10-6 M in various concentration ofKOH

from 0 - 10-0.88 M is depicted in Fig. 3-12. The emission peak at 708 nm increases at

low concentration of KOH (0 - 10-0.92 M), followed peak decreases at the higher

concentration than 10-0.92 M. On the other hand, the emission peak at 679 nm

continuously increases even in the higher KOH concentration region.

The emission intensities of peaks at 708 and 679 nm are plotted as a function of the

logarithmic concentration ofKOH (log CKOH) in Fig. 3-16 together with the change in f:

at 675 nm.

3.4.2. Chemicalform ofpotassium complex

As can be seen from f: of Q-band at 675 nm plotted in Fig. 3-16, f: consists of two

sigmoid curve. The first and second step corresponds to the formation of these chemical

species which have the emission peak at 708 and 680 nm, respectively. The excitation

spectra of emission at 705 nm of the solution at C KOH = 10-1.20 M and emission at 679

nm of the solution at CKOH = 10-0.88 M are shown in Fig. 3-17(a) and (b), respectively.

These spectra correspond to the absorption spectra of chemical species formed in each

step.

In the first step, the excitation spectrum (Fig. 3-17(a)) shows the split peaks of
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Q-band at 663 and 705 nm which is characteristic of monomeric EO-H2Pc. That is,

coordination of Pc ring with K+ ion is not occurs in this concentration range of KOH

and EO chain coordinates alkali metal ion63-65. Thus, the dimer of EO-H2Pc

disaggregates to monomer by the complex formation of EO chains with K+ ions:

(3.20)

The excitation spectrum at 679 nm at the second step (Fig. 3-17(b)) shows the strong

single peak of Q-band at 673 nm which is characteristic of metallated phthalocyanine.

In this concentration range of KOH, NaOH forms disodium phthalocyanine. Thus, the

composition of potassium phthalocyanine is also considered to be dipotassium

phthalocyanine. The metallation equilibrium of monomeric EO-H2Pc with K+ ions is

given by

(3.21)

3.4.3. Structure o/potassium phthalocyanine

The ionic radius ofK+ ion (1.52 A121
) is larger than the half radius of Pc ring cavity

(0.9 AI27
). The very narrow line width of single Q-band of its excitation spectrum (Fig.

3-17(b)) indicates that the symmetry of Pc ring moiety of dipotassium phthalocyanine is

high, and the two K+ ions are located on the top and bottom of the center of Pc ring. The

similar structure are reported in water133 and crystal134. The same coordination manner

has been reported for the porphyrin128.

3.5. Complex formation of EO-CuPe with alkali metal ion

3.5.1. Spectral change by the/ormation 0/alkali metal complex

In the case of EO-CuPc, the cavity of Pc ring is already occupied by the copper (II)

ion. Thus, alkali metal ions only react with EO chains.
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The UV-vis absorption spectra of EO-CuPc in methanol at various concentrations of

lithium, sodium and potassium hydroxides are depicted in Figs. 3-18, 19 and 20,

respectively. In the absence of alkali metal hydroxide, the spectrum shows a broad and

weak peak of Q-band which is characteristic of dimeric form of Pcs5
,6,9,72. Thus, very

low molar extinction coefficient (e) suggests that predominant species of EO-CuPc at

4.97 x 10-6 M is dimer. UV-vis absorption spectra of EO-CuPc are scarcely changed by

the addition of LiOR (Fig. 3-18). In the case ofNaOR and KOR system, the increase in

the concentration of MOR causes the increase in the absorbance of Q-band (Figs. 3-19

and 3-20). The molar extinction coefficients of Q-band peak at 675 nm are plotted as a

function of the logarithmic concentration of alkali metal hydroxide (log CMOH) in Fig.

3-21.

3.5.2. Coordinating ability ofEO-CuPc with alkali metal ions

Polyethylene oxide derivatives (EO) can form the complex with alkali metal ion by

surrounding it63
-
65

• That is, the EO chain of EO-CuPc can form the complex with alkali

metal ion. The growing the strong single peak of Q-band (Figs. 3-18, 19 and 20)

suggests that the dimer of EO-CuPc is dissociated into monomer by the complex

formation. Thus, the complexation equilibrium of EO-CuPc with alkali metal ion is

given by

(EO-CUPC)2 + 2M+ ~2(MEOt-CuPc (3.22)

Where (EO-CuPc)2, M+ and (MEO)+-CuPc are the dimer of EO-CuPc, the alkali metal

ion and the alkali metal complex of monomeric EO-CuPc, respectively. By increasing

the concentration of alkali metal ion, the remaining EO chains of monomeric

(MEO)+-CuPc react with alkali metal ions and formed cationic complex step by step.

The alkali metal ion is coordinated to EO chain moiety of EO-CuPc, hence the copper

(II) ion incorporated into Pc ring is not substituted by alkali metal ion.
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As shown in Fig. 3-21, the monomerization of dimeric EO-CuPc due to the

complexation of EO chains with alkali metal ions is easy to occur in the following order,

Lt «Na+ < K+ ion. This result indicates the same tendency as the coordinating ability

of linear EO chain. The EO chain coordinates to metal ion by surrounding it,and the

cavity size of helical EO chain is most fit to the K+ ion63-65. Thus, coordinating ability of

EO-CuPc with alkali metafion agrees with that of linear EO. These results suggest that

the alkali metal ion is coordinated to EO chain moiety of EO-CuPc.

4. General feature of reaction with alkali metal hydroxides

General feature of complexation reactions of dimeric EO-H2Pc with alkali metal

hydroxides in methanol are summarized in Fig. 3-22. Where only one EO side chain is

depicted and all other EO chains are omitted for simplicity.

In the presence of base, H2Pc ring moiety having a rigid planar ligand reacts with

alkali metal ions in the order, Li+ » Na+ > K+. This order is related by the fitness of

cavity size of Pc ring with ionic radii of these cations. As the ion size of Li+ is smaller

than the cavity size of Pc ring, a Li+ ion is incorporated into the center of Pc ring. Thus,

it forms stable complex of monovalent anionic lithium phthalocyaine. In case of larger

Na+ and K+ ion, two cations are located on the top and bottom of the center of Pc ring.

Therefore, the fitness of the ionic radii of alkali metal ions having same charge to the

cavity size of Pc ring is the main factor of the coordinating ability of rigid Pc ring.

EO-H2Pc is easy to form dimer, however, its alkali phthalocyanine is easy to form

monomer in methanol. Dimerization of monovalent monolithium phthalocyanine is

suppressed by the electrostatic repulsion between anionic Pc rings. On the other hand,

that of neutral disodium and dipotassium phthalocyanine is sterically-hindered by two

cations located on the top and bottom of the center of Pc ring.

The coordinating ability of EO chain moiety of EO-CuPc with alkali metal ions
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increases in the following order, Li+ «Na+ < K+. This order is agree with that of linear

EO chain. The linear EO chain reacts with alkali metal ion and forms 1 : 1 complex by

surrounding it. The cavity size of helical EO chain is similar with that of I8-crown

6-ether, thus that ofhelical EO chain is most fit to the K+ ion61
-
65

.

In case of Pc ring having rigid planar cavity, the composition and structure of alkali

phthalocyanine is highly dependent on the ionic radii of alkali metal ion. Although the

coordinating ability of EO chain is dependent on the ionic radii of alkali metal ion, the

composition and structure of alkali metal complex of EO chain are similar and the

versatility of EO chain is higher than that of Pc ring because of the flexibility of EO

chain.
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Table 3-1. Logarithmic dimerization constant (log K2) ofEO-H2Pc in various alcohols.

Methanol

I-Rexanol

I-Decanol

85

7.30

5.90

5.37



Scheme 3-1. Structure of EO-MPc. M = (H+)2 or Cu2+.
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General conclusion

Metal-free and copper(II) tetra-~-polyethylene oxide-substituted phthalocyanine

derivatives, TDE06-MPc and TMeE06-MPc, where polyethylene oxide derivative are

hexaetyleneglycolmonododecylether (DE06) and hexaethyleneglycolmonomethylether

(MeE06), respectively, were synthesized. Their yields are about 11 - 20 % and those

are higher than those of octasubstituted phthalocyanines (ca. 1 %). This leads to the

ease of the investigation of properties of phthalocyanines. These phthalocyanine

compounds (Pcs) are soluble in both of lipophlic and hydrophilic solvents. By taking

advantage of this amphiphilic property and high molar extinction coefficient and

fluorescence intensity of monomeric Pcs, solvent effect on the dimerization of the

phthalocyanine was studied by means of UV-vis absorption and fluorescence

spectroscopies.

In non-coordinating solvents, dimerization is suppressed by the increase in the

acceptor property. This is attributed to the solvation to oxygen atoms of polyethylene

oxide moiety. Thus, the solvation to EO chains is a dominant factor to inhibit the

dimerization of Pcs. On the other hand, the dimerization in coordinating solvents is

promoted by the increase in donor property of solvent.

Successive aggregation of Pcs in dichloromethane was studied by means of 1H

NMR spectroscopy. Because of a very wide dynamic range for solute concentration and

high accuracy, IH NMR spectroscopy is one of most useful method for the study of

aggregation. The NMR method requires relatively high concentration of sample solute.

Thus in order to study the aggregation equilibria from monomer, dichloromethane was

selected as a solvent in which the aggregation is suppressed.

The formation constants of each aggregate up to tetramer were determined. The

constants higher than dimer have been scarcely reported. Success~ve formation
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constants of each aggregate (Kn) is decreased in this order K2 > K3 > K4 and Kn of

metal-free phthalocyanine is smaller than that of copper(II) phthalocyanine. The

structures of aggregates are estimated as slip-stacked face-to-face with the small

slippage between Pc rings. It was estimated that the polyethylene oxide chains

introduced into Pc ring are flexible and moves freely.

TMeE06-MPc is soluble in polar solvents such as water and methanol according to

the increasing of hydrophilic property. By taking advantage of this property, the effect

of ionic radii of alkali metal ions on the selective coordination of rigid Pc ring and

flexible polyethylene oxide side chains are studied in methanol by UV-vis absorption,

emission and excitation spectroscopies. The complex formation with any metal ion, Pc

and EO chain, with alkali metal ion causes the monomerization of TMeE06-MPc

dimer.

The coordination ability of Pc ring of TMeE06-H2Pc to the alkali metal ion

increases in the order K+ < Na+ << Li+, indicating the fitness of cavity size of Pc ring

with the ionic radius of alkali metal ion. In case of smallest ion Li+, Li+ ion is

incorporated into the center of Pc ring, thus shows the highest stability. In case of larger

Na+ and K+ ion, two cations are located on the top and bottom of the center of Pc ring.

Therefore, the coordinating ability of Pc ring which has rigid cavity size and the

structure of its complex are greatly affected by the ionic radius of alkali metal ion.

The coordinating ability of MeE06 side chain of TMeE06-MPc with alkali metal

ion increases in the order Li+ << Na+< K+ depending on the fitness of the cavity size of

the helical MeE06chain with the ionic radius of alkali metal ion. The composition and

the structure of its complex are similar among alkali metal ions because of the

flexibility of MeE06 chain.
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Table A-I. Concentration dependence of molar extinction coefficient of TDE06-H2Pc

in chloroform.

1.58 X 10-6

3.97 X 10-6

4.63 X 10-6

2.10 X 10-5

3.94 X 10-5

7.64 X 10-5

1.56 X 10-4

log (CTDE06-H2PC / M)

-5.80

-5.40

-5.33

-4.68

-4.40

-4.12

-3.81

Molar extinction coefficienta
/ 104 M-1 cm-1

12.58

12.61

12.74

12.33

12.33

11.25

10.33

aMolar extinction coefficient at 704 nm.
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Table A-2. Concentration dependence of molar extinction coefficient of TDE06-H2PC

in dichloromethane.

CTDE06-H2PC / M
3.97 X 10-6

2.10 x 10;.5

4.20 X 10-5

7.64 X 10-5

1.56 X 10-4

log (CTDE06-H2PC / M)

-5.40

-4.68

-4.38

-4.12

-3.81

Molar extinction coefficiene / 104 M-l cm-l

11.63

11.33

10.90

9.87

8.73

aMolar extinction coefficient at 702 nm.
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Table A-3. Concentration dependence of molar extinction coefficient of TDE06-H2Pc

in 1,2-dichloroethane.

CTDE06-H2PC / M
1.85 x 10-6

4.63 X 10-6

1.20 X 10-5

2.10 X 10-5

4.20 x 10-5

7.64 X 10-5

1.56 X 10-4

log (CTDE06-H2PC / M)

-5.73

-5.33

-4.92

-4.68

-4.38

-4.12

-3.81

Molar extinction coefficiene / 104 M-l cm-l

11.88

12.10

11.32

11.02

10.00

8.73

7.49

aMolar extinction coefficient at 703 nm.
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Table A-4. Concentration dependence of molar extinction coefficient of TDE06-H2PC

in benzene.

CTDE06-H2PC / M
1.69 x 10-6

4.63 x 10-6

6.11 x 10-6

7.78 X 10-6

2.10 X 10-5

4.20 X 10-5

1.56 X 10-4

3.12 X 10-4

log (CTDE06-H2PC / M)

-5.77

-5.33

-5.21

-5.11

-4.68

-4.38

-3.81

-3.51

Molar extinction coefficienta / 104 M-1 cm-1

13.02

12.29

12.11

11.81

10.05

8.99

6.29

5.32

aMolar extinction coefficient at 704 nm.
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Table A-5. Concentration dependence of molar extinction coefficient of TDE06-H2Pc

in carbon tetrachloride.

1.56 x 10-6

3.97 x 10-6

7.93 x 10-6

2.10 x 10-5

4.20 x 10-5

8.11 X 10-5

log (CTDE06-H2PC / M)

-5·.81

-5.40

-5.10

-4.68

-4.38

-4.09

Molar extinction coefficienta / 104 M-1 cm-1

12.62

11.91

10.35

8.82

7.44

6.20

aMolar extinction coefficient at 704 nm.
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Table A-6. Concentration dependence of molar extinction coefficient of TDE06-CuPc

in chloroform.

CTDE06-CuPc / M
2.08 X 10-6

4.15 X 10-6

6.31 X 10-6

1.04 x 10-5

2.08 X 10-5

4.15 X 10-5

8.30 X 10-5

1.65 x 10-4

log (CTDE06-CuPc / M)

-5.68

-5.38

-5.20

-4.98

-4.68

-4.38

-4.08

-3.78

Molar extinction coefficienta / 104 M-1 cm-1

12.98

12.55

12.43

11.77

11.46

10.52

9.46

8.31

aMolar extinction coefficient at 682 nm.
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Table A-7. Concentration dependence of molar extinction coefficient of TDE06-CuPc

in dichloromethane.

CTDE06-CuPc / M
2.08 X 10-6

6.31 X 10-6

1.04 X 10-5

2.08 X 10-5

4.15 X 10-5

8.30 X 10-5

1.81 X 10-4

log (CTDE06-CuPc / M)

-5.68

-5.20

-4.98

-4.68

-4.38

-4.08

-3.74

Molar extinction coefficienta
/ 104 M-1 cm-l

11.41

11.10

10.83

10.14

9.06

8.40

7.32

aMolar extinction coefficient at 680 nm.
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Table A-8. Concentration dependence of molar extinction coefficient of TDE06-CuPc

in 1,2-dichloroethane.

CTDE06-CuPc / M
2.63 x 10-6

1.05 x 10-5

2.09 X 10-5

4.17 X 10-5

8.32 X 10-5

1.62 X 10-4

3.16 X 10-4

log (CTDE06-CuPc / M)

-5.58

-4.98

-4.68

-4.38

-4.08

-3.79

-3.50

Molar extinction coefficiene / 104 M-1 cm-1

10.21

9.42

8.81

7.88

6.93

6.05

5.43

aMolar extinction coefficient at 681 nm.
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Table A-9. Concentration dependence of molar extinction coefficient of TDE06-CuPc

in benzene.

CTDE06-CuPc / M
2.08 X 10-6

2.66 X 10-6

4.15 X 10-6

6.31 X 10-6

1.04 x 10-5

2.08 X 10-5

4.15 X 10-5

8.30 x 10-5

1.63 X 10-4

3.16 X 10-4

log (CTDE06-CuPc / M)

-5.68

-5.58

-5.38

-5.20

-4.98

-4.68

-4.38

-4.08

-3.79

-3.50

Molar extinction coefficienta / 104 M-1 cm-1

11.64

11.50

11.32

11.08

10.35

9.50

8.23

6.97

6.03

5.23

aMolar extinction coefficient at 681 nm.
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Table A-tO. Concentration dependence of molar extinction coefficient of TDE06-CuPc

in carbon tetrachloride.

CTDE06-CuPc / M

1.72E-06

2.66E-06

4.15E-06

6.31E-06

1.04E-05

2.08E-05

4.15E-05

8.30E-05

1.63E-04

3.16E-04

log (CTDE06-CuPc / M)

-5.76

-5.58

-5.38

-5.20

-4.98

-4.68

-4.38

-4.08

-3.79

-3.50

Molar extinction coefficiene / 104 M-1 cm-1

9.25

8.16

8.00

7.29

6.53

5.70

4.95

4.45

3.92

3.65

aMolar extinction coefficient at 680 nm.
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Table A-II. Monomer ratio of Pc derivatives as a function of donor number (DN) of

solvent and ET(30) value ofnon-coordinating solvent.

Monomer ratio / %

TDE06-MPc ODE06-MPc OMe03-MPc

DN ET(30) H2 Cu H2 Cu H2 Cu

n-Hexane 0 31.0 1.4 0 4.0

Carbon tetrachloride 0 32.4 74.7 57.9 59.4 54.2 17.3 17.9

Xylene 0 33.1 76.9 90.2 62.7 79.5 17.4 30.7

Toluene 0 33.9 84.6 86.0 70.7 81.2 23.8 31.7

Benzene 0 34.3 85.3 87.2 80.5 85.7 31.0 39.5

Chlorobenzene 0 36.8 80.8 88.8 95.4 91.5 55.8 66.8

Chloroform 0 39.1 98.5 95.3 100 100 100 100

Dichloromethane 0 40.7 97.2 92.1 99.4 100 77.5 95.2

1,2-Dichloroethane 0 41.3 93.6 90.5

Diethyl ether 19 20.0 13.1 10.0 17.9

Ethyl acetate 17.1 58.4 45.8 33.4 39.3 3.3 9.7

4-Methyl-2-pentanone 20 40.8 32.6 16.1 25.6 7.4 0

1-Pentanol 25 21.6 18.7 6.2 18.5

Methanol 25 1.4 4.8

Water 32 0 0
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Table A-12. Fluorescence intensity and molar extinction coefficient of TDE06-H2Pc in

various solvents at 3.10 x 10-6 M.

Molar extinction coefficient / 104 M-1 cm-1 Fluorescence intensity / a.u.

Chloroform

Dichloromethane

Benzene

Ethyl acetate

1-Pentanol

n-Hexane

12.74

11.73

10.49

8.78

4.19

1.47

132

6.44

5.24

5.15

4.26

1.25

0.00
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Table B-1. Concentration dependence of chemical shifts (b) of aromatic and methylene

protons ofTDE06-H2Pc in dichloromethane-d2•

chemical shifts (b) I ppm

log (epe 1M) z x y b c d e fl gl

-5.52 9.400 8.996 7.858 4.743 4.156 3.881 3.767 3.711 3.652

-5.05 9.376 8.966 7.849 4.743 4.161 3.885 3.772 3.715 3.658

-4.57 9.313 8.891 7.824 4.735 4.170 3.895 3.781 3.715 3.663

-4.09 9.218 8.775 7.783 4.723 4.184 3.910 3.794 3.721 3.671

-3.62 9.074 8.598 7.720 4.703 4.203 3.932 3.813 3.735 3.681

-3.14 8.929 8.423 7.654 4.678 4.217 3.951 3.831 3.746 3.691

-2.66 8.784 8.252 7.583 4.645 4.225 3.966 3.845 3.759 3.701

-2.18 8.641 8.100 7.514 4.608 4.227 3.977 3.857 3.769 3.709

-1.77 8.518 7.956 7.440 4.566 4.223 3.985 3.869 3.778 3.719

-1.54 8.442 7.869 7.397 4.537 4.220 3.990 3.875 3.784 3.725
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Table B-2. Concentration dependence of chemical shifts (b) of methylene protons of

TDE06-CuPc in dichloromethane-d2•

chemical shifts (b) I ppm

log (epe 1M) z x y b c d e fl gl

-5.32 4.085 3.829 3.732 3.671 3.646

-4.85 4.088 3.839 3.743 3.680 3.653

-4.37 4.095 3.852 3.756 3.690 3.657

-3.89 4.100 3.866 3.769 3.701 3.665

-3.41 4.098 3.874 3.778 3.709 3.670

-2.94 4.090 3.880 3.786 3.715 3.676

-2.46 4.082 3.884 3.790 3.721 3.682

-1.98 4.061 3.880 3.794 3.727 3.687

-1.52 4.019 3.873 3.792 3.730 3.692
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Table C-l(a). Concentration dependence of molar extinction coefficient of EO-H2Pc in

I-decanol.

1.82 X 10-6

3.63 X 10-6

7.24 X 10-6

1.45 X 10- 5

ae at 704 nm.

-5.74

-5.44

-5.14

-4.84

Molar extinction coefficiene / 104 M-1 cm-1

9.25

8.20

6.35

4.77
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Table C-l(b). Concentration dependence of molar extinction coefficient of EO-H2Pc in

I-hexanol.

4.48 X 10-7

8.96 X 10-7

1.79 X 10-6

3.58 X 10-6

3.77 X 10-6

7.17 X 10-6

7.55 X 10-6

1.43 X 10-5

1.51 X 10-5

3.02 X 10-5

ae at 704 nm.

-6.35

-6.05

-5.75

-5.45

-5.42

-5.14

-5.12

-4.84

-4.82

-4.52

Molar extinction coefficiene / 104 M-1 cm-l

8.26

7.25

6.07

4.92

4.00

3.48

3.36

2.95

2.67

2.06
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Table C-l(c). Concentration dependence of molar extinction coefficient of EO-H2Pc in

methanol.

8.96 X 10-7

1.79 X 10-6

3.58 X 10-6

7.17 X 10-6

1.43 x 10-5

ae at 704 nm.

-6.05

-5.75

-5.45

-5.14

-4.84

Molar extinction coefficienta
/ 104 M-1 cm-1

2.77

2.19

1.84

1.72

1.52
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Table C-2(a). Change of molar extinction coefficient of EO-R2Pc by the addition of

lithium hydroxide (LiOR) in methanol in the presence of 5.00 x 10-2 M

lithium chloride. Cpc = 4.96 x 10-6 M.

CLiOH / M

0.00

4.01 X 10-5

8.00 X 10-5

1.40 X 10-4

2.00 X 10-4

2.79 X 10-4

3.58 X 10-4

4.37 X 10-4

5.16 x 10-4

5.94 x 10-4

6.72 X 10-4

7.70 X 10-4

9.05 X 10-4

1.19 X 10-3

1.83 X 10-3

3.21 X 10-3

6.35 X 10-3

1.41 X 10-2

at: at 674 nm.

log (CLiOH / M)

-4.40

-4.10

-3.85

-3.70

-3.55

-3.45

-3.36

-3.29

-3.23

-3.17

-3.11

-3.04

-2.92

-2.74

-2.49

-2.20

-1.85

Molar extinction coefficiene / 104 M-1 cm-1

2.350

2.350

2.358

2.570

3.219

4.833

7.054

9.567

11.40

12.91

14.17

15.14

15.82

16.45

16.87

17.08

17.21

17.30
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Table C-2(b). Change of molar extinction coefficient of EO-H2Pc by the addition of

lithium hydroxide (LiOH) in methanol. ePe = 4.96 x 10-6 M.

CLiOH / M

0.00

1.38 X 10-4

2.47 X 10-4

3.56x 10-4

4.92 x 10-4

6.01 X 10-4

7.09 X 10-4

8.17x 10-4

9.24 x 10-4

1.03 X 10-3

1.14 X 10-3

1.22 X 10--3

1.30 X 10-3

1.38 X 10-3

1.46 X 10-3

1.54 X 10-3

1.61 X 10-3

1.69 X 10-3

1.80 X 10-3

1.88 X 10-3

1.98 x 10-3

2.11 X 10-3

2.24 X 10-3

2.55 X 10-3

3.26 X 10-3

3.88 X 10-3

4.68 X 10-3

5.85 X 10-3

7.64 X 10-3

9.75 X 10-3

1.35 x 10-2

at: at 674 nm.

log (CLiOH / M)

-3.86

-3.61

-3.45

-3.31

-3.22

-3.15

-3.09

-3.03

-2.99

-2.94

-2.91

-2.89

-2.86

-2.84

-2.81

-2.79

-2.77

-2.75

-2.73

-2.70

-2.68

-2.65

-2.59

-2.49

-2.41

-2.33

-2.23

-2.12

-2.01

-1.87

Molar extinction coefficiene / 104 M-1 cm-l

2.490

2.492

2.531

2.620

2.830

3.156

3.688

4.376

5.188

6.010

7.045

8.189

8.932

9.876

10.56

11.54

12.15

12.72

13.47

13.97

14.53

14.94

15.40

16.03

16.61

16.81

16.90

17.02

17.06

17.08

17.02
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Table C-2(c). Change of molar extinction coefficient of EO-H2Pc by the addition of

sodium hydroxide (NaOH) in methanol. ePe = 4.96 x 10-6 M.

CNaOH/M

0.00

3.46 x 10-4

9.66 x 10-4

3.20 x 10-3

1.27 x 10-2

2.07 X 10-2

2.87 X 10-2

3.98 X 10-2

5.08 X 10-2

6.17 X 10-2

6.93 X 10-2

7.68 X 10-2

8.48 x 10-2

9.22 X 10-2

1.01 X 10-1

1.12 X 10-1

1.28 X 10-1

1.51 X 10-1

2.27 X 10-1

3.19 X 10-1

4.43 X 10-1

5.78 X 10-1

ae at 677 urn.

log (CNaOH I M)

-3.46

-3.01

-2.49

-1.90

-1.68

-1.54

-1.40

-1.29

-1.21

-1.16

-1.11

-1.07

-1.04

-0.99

-0.95

-0.89

-0.82

-0.64

-0.50

-0.35

-0.24

Molar extinction coefficiene I 104 M-1 cm-1

2.314

2.332

2.340

2.380

2.493

2.614

2.773

3.118

3.680

4.605

5.494

6.601

8.124

9.595

11.24

12.83

14.46

15.38

16.17

16.44

16.65

16.58
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Table C-2(d). Change of molar extinction coefficient of EO-H2Pc by the addition of

potassium hydroxide (KOH) in methanol. ePe = 4.96 x 10-6 M.

CKOH/M

0.00

3.52 X 10-4

1.14 X 10-3

2.01 X 10-3

3.65 X 10-3

6.26 X 10-3

1.09 x 10-2

1.67 X 10-2

2.82 X 10-2

4.54 X 10-2

6.26 X 10-2

8.53 X 10-2

1.19 X 10-1

1.72 X 10-1

2.62 x 10-1

3.95 x 10-1

5.73 X 10-1

7.42 x 10-1

9.03 x 10-1

1.08

1.31

1.75

2.63

ae at 675 nm.

log (CKOH I M)

-3.45

-2.94

-2.70

-2.44

-2.20

-1.96

-1.78

-1.55

-1.34

-1.20

-1.07

-0.92

-0.76

-0.58

-0.40

-0.24

-0.13

-0.04

0.03

0.12

0.24

0.88

Molar extinction coefficiene I 104 M-1 cm-1

2.348

2.356

2.388

2.445

2.572

2.727

3.009

3.366

4.162

5.317

6.266

7.102

7.782

8.326

8.842

9.299

10.02

10.83

11.81

12.85

13.90

14.86

15.94
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Table C-3(a). Plots of log F as a function of log CLiOH in the presence of 0.05 M Liel.

log (CLiOH / M)

-3.36

-3.29

-3.23

-3.17

-3.11

-3.04
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logF

-0.0555

0.2557

0.5157

0.7557

0.9794

1.1768



Table C-3(b). Plots of log F as a function of log CLiOH in the absence of Liel.

log (CLiOH / M)

-2.99

-2.94

-2.91

-2.89

-2.86

-2.84

-2.81

-2.79

-2.77

-2.75

-2.73
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logF

-0.8149

-0.5481

-0.3008

-0.1565

0.0157

0.1354

0.3061

0.4130

0.5168

0.6598

0.7646



Table C-4(a). Change of emission intensity of EO-H2Pc by the addition of lithium

hydroxide (LiOH) in methanol in the presence of 0.05 M LiCl. Cpc =

4.96 x 10-6 M.

CLiOH / M

0.00

4.01 X 10-5

8.00 x 10-5

1.40 x 10-4

2.00 x 10-4

2.79 x 10-4

3.58 x 10-4

4.37 x 10-4

5.16 x 10-4

5.94 x 10-4

6.72 x 10-4

7.70 x 10-4

9.05 x 10-4

1.19 x 10-3

1.83 x 10-3

3.21 x 10-3

6.35 x 10-3

1.41 x 10-2

log (CLiOH / M)

-4.40

-4.10

-3.85

-3.70

-3.55

-3.45

-3.36

-3.29

-3.23

-3.17

-3.11

-3.04

-2.92

-2.74

-2.49

-2.20

-1.85
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Emission intensity at 680 nm / a.u.

0.50

0.49

0.60

2.77

8.67

20.73

36.34

50.62

62.18

71.55

78.48

84.34

89.12

93.95

96.50

98.04

99.13

97.13



Table C-4(b). Change of emission intensity of EO-H2Pc by the addition of sodium

hydroxide (NaOH) in methanol. ePe = 4.96 x 10-6 M.-

CNaOH/M

0.00

3.46 x 10-4

9.66 x 10-4

3.20 X 10-3

1.27 x 10-2

2.07 X 10-2

2.87 X 10-2

3.98 X 10-2

5.08 X 10-2

6.17 X 10-2

6.93 X 10-2

7.68 X 10-2

8.48 X 10-2

9.22 X 10-2

1.01 X 10-1

1.12 X 10-1

1.28 X 10-1

1.51 X 10-1

log (CNaOH I M)

-3.46

-3.01

-2.49

-1.90

-1.68

-1.54

-1.40

-1.29

-1.21

-1.16

-1.11

-1.07

-1.04

-0.99

-0.95

-0.89

-0.82
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Emission intensity at 681 nm I a.u.

0.54

0.56

0.65

1.59

15.00

29.13

33.63

37.19

39.70

42.23

44.67

48.65

53.66

58.56

64.52

71.27

77.62

81.27



Table C-4(c). Change of emission intensity of EO-H2PC by the addition of potassium

hydroxide (KOH) in methanol. ePe = 4.96 x 10-6 M.
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Table C-5(a). Change of molar extinction coefficient of EO-CuPc by the ~ddition of

lithium hydroxide (LiOR) in methanol. ePe = 4.97 x 10-6 M.

CLiOH/M

0.00

1.33 X 10-4

2.39 x 10-4

3.45 X 10-4

4.77 x 10-4

6.87 x 10-4

8.96 X 10-4

1.10 X 10-3

1.33 X 10-3

1.56 X 10-3

1.82 X 10-3

2.17 X 10-3

2.52 X 10-3

3.13 X 10-3

3.76 X 10-3

4.53 X 10-3

5.67 X 10-3

7.41 X 10-3

9.45 X 10-3

1.31 x 10-2

1.78 X 10-2

ae at 675 nm.

log (CLiOH I M)

-3.88

-3.62

-3.46

-3.32

-3.16

-3.05

-2.96

-2.87

-2.81

-2.74

-2.66

-2.60

-2.50

-2.43

-2.34

-2.25

-2.13

-2.02

-1.88

-1.75

Molar extinction coefficiene I 104 M-1 cm-l

2.540

2.543

2.567

2.561

2.564

2.568

2.582

2.580

2.589

2.597

2.594

2.606

2.602

2.616

2.616

2.623

2.628

2.646

2.658

2.666

2.692
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Table C-5(b). Change of molar extinction coefficient of EO-CuPc by the addition of

sodium hydroxide (NaOH) in methanol. ePe = 4.97 x 10-6 M.

CNaOH/M

0.00

3.65 X 10-4

1.02 X 10-3

2.17 X 10-3

3.37 X 10-3

8.38 X 10-3

1.55 X 10-2

3.02 X 10-2

4.47 X 10-2

6.17 X 10-2

8.09 X 10-2

8.88 X 10-2

1.00 X 10-1

1.19 X 10-1

1.38 x 10-1

1.71 X 10-1

2.55 X 10-1

3.46 X 10-1

4.75 X 10-1

6.47 X 10-1

7.80 X 10-1

ae at 675 nm.

log (CNaOH I M)

-3.44

-2.99

-2.66

-2.47

-2.08

-1.81

-1.52

-1.35

-1.21

-1.09

-1.05

-1.00

-0.92

-0.86

-0.77

-0.59

-0.46

-0.32

-0.19

-0.11

Molar extinction coefficiene I 104 M-1 cm-1

2.540

2.543

2.567

2.561

2.564

2.568

2.582

2.580

2.589

2.597

2.594

2.606

2.602

2.616

2.616

2.623

2.628

2.646

2.658

2.666

2.692
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Table C-5(c). Change of molar extinetioneoeffieient of EO-CuPe by the addition of

potassium hydroxide (KOH) in methanol. ePe = 4.97 x 10-6 M.

CNaOH/M

0.00

3.15 X 10-4

1.02 X 10-3

1.80 X 10-3

3.26 X 10-3

5.59 X 10-3

9.74 X 10-3

2.52 X 10-2

4.06 X 10-2

5.59 x 10-2

7.11 x 10-2

9.13 X 10-2

1.11 X 10-1

1.36 X 10-1

1.61 X 10-1

1.91 x 10-1

2.20 X 10-1

2.68 X 10-1

3.29 X 10-1

3.99 x 10-1

ae at 675 nm.

log (CNaOH I M)

-3.50

-2.99

-2.75

-2.49

-2.25

-2.01

-1.60

-1.39

-1.25

-1.15

-1.04

-0.95

-0.87

-0.79

-0.72

-0.66

-0.57

-0.48

-0.40

Molar extinction coefficiene I 104 M-1 cm-1

2.548

2.433

2.525

2.614

2.793

3.090

3.486

4.843

6.087

7.078

7.847

8.719

9.355

9.985

10.470

10.764

10.945

11.156

11.266

11.303
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