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Chapter 1

Introduction and literature review

1

1.1.

Introduction

1.1.1. Motivation
Intermolecular interactions such as van der Waals force, π-π stacking, and hydrogen bond play key
role in organized structure in materials and self-assembled process of molecules as well as physical
states.1 In natural system, there are various organized structures formed through intermolecular
interactions. Representative examples are shown in Figure 1-1. Lipid bilayer is formed through van
der Waals force among aliphatic units and hydrophobic-hydrophilic interaction between aliphatic units
and polar units such as phosphonate.2 Helical structure of DNA is formed through multiple hydrogen
bonds between complementary base pairs in a double strand of polynucleotide chains.3 Electron
transfer system in photosynthetic organism is composed of tubular assembly of chlorophylls formed
through multiple molecular interactions such as π-π stacking, hydrogen bond, and coordination bond
among chlorophylls.4 These molecular assemblies in natural system have organized supramolecular
structures such as lamellar, helical and column-like structure formed by molecular interactions, which
form organs and sustain bioactivity of lives. These nature-inspired systems have been paid much
attention of scientists because these structured systems have been optimized to improve efficiency of
bioacitivity in the process of their evolution. These structures in natural system have potential to
develop high performance materials and devices.5

Figure 1-1. Representative examples of superstructures in nature system.
Figure of photo-synthetic system was cited from Ref. 5b.
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Uncontrollable organization of molecules tends to lose their native properties. In contrast to
organized state in nature system, non-organization of molecules in condensed state is seldom found in
nature. Non-organized state such as solvent-free liquid was found in semi-artificial
biomacromolecules.6 For example, anionic surfactant-conjugated myoglobin exhibited fluidity, and
retained near-native structure and O2-binding property in the absence of solvents.7 In addition, the
liquid myoglobin exhibited thermal stability of structure and reversible re-folding.8 The nonorganization strategy is crucial to retain native structures and property of molecules. Therefore, this
strategy also has been attracted much attention for developing materials with different features to
structured ones.
π-Conjugated molecules have attracted much attention due to their potential application as active
component in flexible optoelectronic devices such as OPV, OFET, and OLED.9 Physical state and
organized structure among optoelectronic active material affect device performance. Precisely
controlling and tuning molecular interactions are crucial issues to improve performance of these
devices.10 Combination of π-conjugated units and flexible chains can not only enhance their solubility
to organic solvents but also provide soft materials such as gels11, polymers12, supramolecular
polymers13, liquid crystals14, and molecular liquids15. These soft materials have been paid attention for
past several decades as active components of organic-based flexible devices.
Phthalocyanines (Pcs) are attractive dyes for optoelectronic devices due to their self-assemble
property, NIR absorption, and tunable electronic property.16 Not only tuning their electronic property
but also controlling aggregation structure of Pcs in condensed state are important issue for improving
performance of optoelectronic devices. This thesis focus on the control of aggregation and stacking of
Pcs in soft condensed states such as solvent-free liquid and liquid crystal. The author synthesized a
series of Pcs with bulky yet flexible units, and investigated their relationship between molecular
structure-stacking or aggregation structures.
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1.2. General introduction and literature review
1.2.1. Combination of π-conjugated units and flexible units
π–Conjugated molecules and polymers have been received attention as active components of lightweighted optoelectronic devices.9 In general, unsubstituted π–conjugated molecules and polymers
have rigid planar structures, which tend to exhibit highly crystallinity and low solubility in common
organic solvents due to formation of aggregates through π–π interactions. Considering low cost
solution–process for fabrication of devices with large area17, it is required to enhance their solubility
to organic solvents. For solving the issue, various flexible chains are introduced to π–conjugated
skeletons.18 Introducing flexible chains to π–conjugated skeletons can not only enhance their solubility
but also provide well-ordered self-assembled state such as a liquid crystalline phase.10a On the other
hand, introducing bulky yet flexible units to π–conjugated skeletons can provide disordered state such
as solvent-free liquids.19 Performance of devices is affected by not only their optical and electronic
property but also their aggregation and stacking state.10b, c Therefore, combination of π–conjugated
units and flexible units can play a key role in enhancing performance of optoelectronic devices.
Moreover, introducing flexible units to π–conjugated skeletons soften their materials because flexible
units work as plasticizer, which can lead to realization of practical devices with foldability, bendability
and flexibility.20 In the reason, π–conjugated soft materials have received attention over past decades.
Representative examples of flexible units are aliphatic alkyl chains3a,

3b,

fluoroalkyl chains21,

siloxane chains22, ethylene glycol chains23, and crown ethers24 (Figure 1-2). A melting point of a π–
conjugated material is lowered by introducing the flexible units such as alkyl chains and ethercontained flexible units due to π–π interactions reduced by steric hindrance or lower rotational barrier
around ether bond. In particular, Guerbet-type25 branched alkyl chains can dramatically reduce π–π
interactions and packing of alkyl chains due to their larger steric hindrance, low crystallinity originated
from their asymmetric structure and coexistence of racemic isomers. Therefore, the melting point is
effectively lowered by the effect of asymmetric branching. Combination of bulky units and flexible
units can provide larger steric hindrance than just flexible units, which can lead to disordered state. In
this thesis, the author focuses on the position of alkyl chains on a phenyl group as a bulky unit, and
investigated structure-aggregation and stacking relationship of phthalocyanines.
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Figure 1-2. Representative types of flexible chains and bulky units.

1.2.2. Liquid crystals
Liquid crystalline phase is intermediate state between crystal and liquid. From the viewpoint of
mechanism for inducing the phase, they can be categorized into two types, thermotropic and lyotropic
phase. Thermotropic liquid crystalline phase is induced by melting of flexible units among molecules
on heating. Lyotropic liquid crystalline phase is induced by changing composition such as adding
solvents. Thermotropic liquid crystals have been paid much attention due to their possibility applicable
towards optoelectronic devices.26 First thermotropic liquid crystalline behavior was reported for a
cholesteryl benzoate derivative (calamitic molecular structure, later describe) by Friedrich Reinitzer
and Otto Lehman in the end of 19th century.27 Science of liquid crystals started from the findings.
Daniel Vorländer focused on relationship between molecular structure and induction of liquid
crystalline behavior.28 From the viewpoint of molecular shape, liquid crystals can be broadly
categorized into two types, calamitics (rod-like molecular structure) and discotics (disk-like molecular
structure) (Table 1-1). In general, these liquid crystalline molecules consist of flexible units such as
alkyl chains and rigid units such as π-conjugated core. Calamitic liquid crystals have been intensively
developed and investigated mainly for display technology. Discotic counterpart was firstly found by
Chandrasekhar et al. in 1977.29 Since the finding, various discotic liquid crystals (discogens) have
been developed so far.30 Discogens generally consists of peripheral flexible units such as alkyl chains
5

and disk-like molecular units based on aromatic macrocycles such as triphenylene, hexabenzocoronen,
and phthalocynaine. Discotic liquid crystalline phase can be induced by nano scale-immiscibility
between molten flexible units and one-dimensionally stacked π-conjugated units. Discotic liquid
crystalline phase also can be called as columnar liquid crystalline phase because disk-like rigid core
is stacked and form one-dimensional columnar structure. When disk-like rigid units are aromatic cores,
π-orbitals overlap in one-dimensional columns. Consequently, hole and/or electron can be transported
along columnar axis. The concept was designed by Simon’s group.6 Later, the concept was
demonstrated by Adam et al.,32 discotic liquid crystals based on aromatic cores have been paid much
attention as anisotropic semiconductor applicable towards optoelectronic devices.33 Control of their
stacking mode and alignment in liquid crystalline state is essential and a challenging issue for
enhancing performance of devices.33b

Table 1-1. Molecularly structural classification of liquid crystals.
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1.2.3. Solvent-free functional molecular liquids
Solvent-free fluidic materials termed as functional molecular liquids (FMLs) have emerged as a
new class of soft materials, and attracted much attention as active components of flexible devices.15
FMLs can freely flow at room temperature due to their low glass transition temperatures. Therefore,
they can be directly painted on substrates or filled into micro space through capillary force, which
facilitate organic solvents-less process for fabricating devices.34 In addition, they can be unlimitedly
deformable due to their soft amorphous feature. Their free flowing and deformable nature can enable
flexible devices20 to resist mechanical force such as bending, twisting, and stretching. In past decade,
FMLs have attracted significant attentions in various research field including luminescent inks35,
vapor-detection of chemicals36, gas adsorbent37, photon up conversion system38, optical limitters39,
optical lasers40, redox-flow batteries41 and solvent-like applications42 as well as flexible electronics34,
43.

General molecular design for FMLs is based on combination of π-conjugated units and bulky yet
flexible units (Figure 1-3). π-Conjugated units govern intrinsic optoelectronic properties of the FMLs.
On the other hand, structures and positions of bulky yet flexible units affect liquid physical properties
such as viscosity as well as local aggregation in FMLs. Wrapping of π-conjugated units with bulky yet
flexible units can isolate the core, which lead to inherent single molecular property in bulk liquid
state.44 In addition, the molecular design for FMLs can enhance their thermal and photochemical
stability.43b Therefore, precise control of the balance between π-π interactions and van der Waals
interactions (governed by flexible chains such as alkyl) is crucial to develop the FMLs with desirable
properties.45

Figure 1-3. General molecular design for FMLs and aggregation properties depending on their
substitutional patterns.

7

1.2.4. Phthalocyanines
1.2.4.1. History of phthalocyanines
In 1907, Braun and Tcherniac isolated blue by-product on a preparation of o-cyanobenzamide.46
The blue by-product was identified later as the metal-free phthalocyanine (H2Pc). In 1927 after twenty
years of the report, Diesbach and Weid isolated blue product in 27% yield on a preparation of 1, 2dicyanobenzene (phthalonitrile) through nucleophilic attack of cyanide ion to 1, 2-dibromobenzene.47
They found that the blue product was extremely stable to concentrated H2SO4, alkaline, and heat. The
blue product was identified later as cupper phthalocyanine (CuPc). In 1928, Dandridge et al., scientists
at Scottish Dye Ltd (later Imperial Chemical Industries), found that bluish green impurity was formed
on preparation of phthalimide from molten phthalic anhydride and ammonia in enameled cast-iron
crucible. They revealed that the reaction has been proceeded in the presence of phthalimide product
and iron source (chipped enameled cast-iron crucible). The bluish green impurity was identified later
as iron(Ⅱ) phthalocyanine (Fe(Ⅱ)Pc). They succeeded in replacing the iron with other metals. After
recognizing the commercial value of the synthesis, the work was patented in 1929.48 They sent the
samples to Linstead for analyzing their chemical structure. In 1934, Linstead et al. analyzed their
chemical structure49, and reported the synthetic method for various metal complexes of Pcs50. In 1935,
Robertson characterized crystal structure of Pcs by single X-ray crystallography, and demonstrated the
chemical structure of Pc reported by Linstead’s group.51 Since these reports, the chemistry of Pcs have
been started, and various researches have been reported so far. From 1934 to 2018, a large number of
publications has dramatically increased, which have developed new research areas in the chemistry of
porphyrinoids (Figure 1-4). Pcs have been industrially utilized as a dyes for jeans and other clothing,
pigments for coloring body of super express, photoconductor in laser printer, and recording layer in
rewritable compact disk. Recently, Pcs have been paid much attentions due to their unique properties
such as absorption of photon in near-infrared (NIR) region, semiconductivity, catalytic ability, and
others. Therefore, Pcs have been considered as good candidates of molecular components applicable
in various fields such as solar cells52, optical limiters53, transistors54, sensitizers for photo-therapy and
diagnosis of cancer55, catalysts56, single molecular magnets57, and chemical sensors58.
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Figure 1-4. Number of publications contained “phthalocyanine” from 1934 to
2018 as counted with SciFinder®.

1.2.4.2. Structure of phthalocyanines
Phthalocyanines (Pcs) are analogues of porphyrins (Pors), which are composed of four isoindole
subunits linked together four nitrogen atom at meso-position. The carbon atoms at meso-positions in
porphyrin are replaced with nitrogen atoms, and additional four benzo units are fused at β-carbons of
pyrrole units in porphyrin ring (Figure 1-5). The two structural change of Pcs leads to a spectral change
different from typical porphyrins (Figure 1-6). Pcs have rigid and planar macrocyclic structure
constituted from delocalized 18 π-electrons. Electronic properties of Pcs are originated from the πconjugated system.

Figure 1-5. Molecular structures of porphyrin and phthalocyanine.
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The electronic structure of porphyrinoids including Pcs has been explained by Gouterman’s four
orbital model.59 The model can theoretically describe optical properties of porphyrinoids. Pcs and Pors
exhibit intense absorption band named as Q-band and Soret-band, respectively. In porphyrins
belonging to D4h group, a2u orbital (HOMO) and a1u orbital (HOMO-1) are energetically close, so that
transition energies of a2u→egy and a1u→egx are also close, where egx and egy are polarized components
of doubly degenerated LUMO (Figure 1-7). As the result of strong configuration interaction between
the two transitions (a1u→egx and a2u→egy), the two new electronic transitions are generated (Q- and
Soret-band). These bands are assigned to S0ЍS1 and S0ЍS2 transitions, respectively.

Figure 1-6. UV-vis spectra of zinc tetraphenylporphyrin (a) and (β-tetra-tert-Bu)ZnPc (solid line) and
the metal-free derivative (dashed line) (b) in THF.

Intensities of these bands are proportional to square of the transition dipole moments (Eq. 1 and 2).60
Q-band (S0→S1): |<S0|er|S1>|2=|α<S0|er|(a2uegy)> -β<S0|er|(a1uegx)>|2

(Eq. 1)

Soret-band (S0→S2): |<S0|er|S2>|2=|α<S0|er|(a2uegy)> +β<S0|er|(a1uegx)>|2 (Eq. 2)
Where, α and β are configuration interaction coefficients of a2u-egy and a1u-egx, respectively. In Pors,
the value of α is very close to that of β due to strong configuration interaction. Transition dipole
moment of Q-band is described as subtraction of α- and β-term in Eq.1, so that intensity of Q-band for
10

porphyrin is weak. Intensity of Soret-band is strong because transition dipole moment of the band is
described as addition of α- and β-term in Eq.2. From these reasons, Pors exhibit strong Soret-band and
weak Q-band. In Pcs, a2u orbital (HOMO-1) is dramatically stabilized by replacing carbon atoms with
nitrogen atom at meso-positions, leading to large energy-difference between (a2uegy) and (a1uegx). As
the result, configuration interaction between the two transitions become weak. Therefore, S0→S1
mainly consists of a1uegx, leading to strong Q-band. For the same reason, S0→S2 mainly consists of
a2uegy, leading to moderate strong Soret-band. This is the reason why absorption of Pcs is different
from that of Pors. In lower symmetrical Pcs such as H2Pcs, splitting of Q-band is generally observed.
Considering D2h-symmetrical H2Pc, the two orbitals (egx and egy) in doubly degenerated LUMO are
splitting into non-degenerated two orbitals (b1g and b2g) due to the reduction of symmetry from D4h to
D2h. Therefore, two splitting Q-bands are observed for H2Pcs. Optical and electronic properties of Pcs
can be tuned by introducing central metals and/or peripheral substituents.61

Figure 1-7. Energy diagrams nearby HOMO and LUMO of Por and Pc.
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1.2.4.3. Synthetic methods for phthalocyanines
Pcs are synthesized through metal-templated cyclotetramerization of the precursors (Scheme 1-1).
These precursors are derivatives of phthalic acid. In general, Pcs are prepared through Wyler’s method
or Linstead’s method50b. In the former method, phthalic anhydrides or phtalimides are utilized as
starting chemicals, and Pcs are prepared from them in the presence of metal salts, urea, and solvents
with high boiling points. In the latter method, 1, 2-dicyanobenzenes (phthalonitriles) are utilized, and
Pcs are prepared from them in the presence of metal salts and solvents with high boiling point. In the
method, alcohols with high boiling point also can be utilized as solvent and initiator in the presence
of alkaline (or alkaline earth) metals such as lithium (lithium method)62 or organic strong base such as
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)63. The two methods are useful to obtain metal Pcs.
Especially, lithium method is helpful to obtain H2Pcs. The proposed mechanism for formation of Pcs
by nucleophilic attack of alkoxide to the nitrile group is shown in Scheme 1-2.64 The reaction is
initiated by nucleophilic attacke of alkoxide to the nitrile group (Step 1). The cyclotetramerization
starts with the formation of 1-imido-3-alkoxyindoline, followed by the nucleophilic attack of the
intermediate to the nitrile group in another phthalonitrile (Step 2). The resulting dimer reacts with the
third phthalonitirle to form the trimer (Step 3a) or another dimer (Step 3b). The reactions in Step 3a
and 3b can be mediated by cationic metals as a template. The ring-closing reaction is occurred by
intramolecular nucleophilic attack (Step 3c and 4). When lithium alkoxides or lithium salts such as
LiBr are utilized as metal source, Li2Pcs are formed and can be easily converted to H2Pcs by treatment
with acids such as hydrochloric acid and acetic acid. H2Pcs can be converted to MPcs by reaction with
metal salts in solvents such as DMF and THF. In addition, MPcs can be directly prepared by adding
metal salts to resulting reaction mixture after Li2Pcs are formed. The two hydrogen atoms in the center
of H2Pc can be replaced with various elements (more than 70), producing various types of MPcs. In
industrial scale, phthalic anhydride or phthalimide are generally utilized as starting chemicals for
synthesis of Pcs due to low cost of these chemicals. Cost and reactivity of phthalonitriles are higher
than phthalic anhydride and phthalimide. The higher reactivity of phthalonitriles is helpful to obtain
Pcs in high purity. Therefore, phthalonitriles are considered as the best precursor for synthesis of Pcs
in a laboratory-scale.

12

Scheme 1-1. The synthesis of Pcs from various precursors.

Scheme 1-2. Proposed mechanism for the synthesis of MPcs by cyclotetramerization of phthalonitriles in the presence of a metal salt.64
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Figure 1-8. Substitutional patterns of side groups on phthalonitirle.

Side groups can be introduced to 3-, 4-, 5-, and 6-positions in phthalonitriles (Figure 1-8). Types
and positions of side groups in phthalonitriles affect to Pc’s properties such as solubility, aggregation,
and electronic state. Cyclotetramerization of asymmetrical substituted phthalonitriles provides a
mixture of possible four regioisomers of Pcs (C4h, Cs, C2v, and D2h) (Figure 1-9).65 Co-existence of
regioisomers of Pcs affect their aggregation state as well as optical and electronic properties. These
four regioisomers can be separated by chromatographic technique66 or recrystallization67. However,
the identification of regioisomers needs careful structural characterizations, and it is very difficult to
obtain enough amount of single-regioisomer for the fabrication of devices. Therefore, regioselective
synthesis of Pcs from asymmetrical substituted phthalonitriles is a crucial issue. Introducing bulky
substituents to 3-position in phthalonitrile can control statistical distribution of Pc’s regioisomer during
cyclotetramerization due to steric repulsion between bulky substituents, and provides single
regioisomer of C4h-symmetry.68 The regioselective approach is important to characterize the properties
of resulting Pcs.

Figure 1-9. Possible four regioisomers obtained from cyclotetramerization of 4- (left) or 3- (right)
substituted phthalonitirle.
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1.2.4.4. Thermotropic liquid crystalline phthalocyanines
In this section, general types of thermotropic liquid crystalline Pcs are briefly reviewed in the view
of their molecular structure.
Since thermotropic liquid crystalline Pcs was reported by Simon’s group31, they have been paid
attention as a good candidate for molecular components in molecular devices such as OPV and OFET.
Various types of liquid crystalline Pcs have been reported so far, and the reports are summarized in
several reviews.69 Molecular structures of liquid crystalline Pcs can be broadly categorized into five
types (Figure 1-10).

Figure 1-10. Broad categories of liquid crystalline Pcs and their general molecular structures.

Liquid crystalline Pc derivatives in Type 1 has flexible chains such as alkyl, alkoxy, alkylthio, and
oligoethyleneglycols at β-positions in Pc. The numbers of flexible chains is generally four or eight.
Alkylated phenoxy groups can control π-π interaction of Pcs in liquid crystalline phase.70 Alignment
of column made from Pcs in liquid crystalline state can be controlled by side groups. Liquid crystalline
Pc having eight 3, 4-dialkoxyphenoxy groups was reported by Ohta’s group, and the liquid crystalline
Pc exhibit spontaneous perfect homeotropic alignment.71 The homeotropic alignment is very
advantageous for applications in organic semiconductors because charged carriers can rapidly transfer
along the one-dimensional column aligned in vertical to surface of electrode. Most of liquid crystalline
15

Pcs exhibit p-type semiconductivity. When alkylsulfonyl group (RSO2-) are utilized as side chain of
Pc, the Pc exhibit n-type semiconductivity. Sergeyev and Geerts reported that the liquid crystalline Pc
having eight RSO2-groups at β-position exhibit air-stable semiconductivity.72 The peripheral groups at
β-position in Pc can affect to aggregation state as well as their electronic state.
Liquid crystalline Pc derivatives in Type 2 heve flexible chains such as alkyl, fluoroalkyl, alkoxy,
and siloxyalkoxy chains at α-positions in Pc. The number of flexible chains is four or eight. The first
liquid crystalline Pc having eight long alkyl chains at α-positions was developed by Cook et al. in
1987.73 The liquid crystalline Pcs having various types of alkyl chains at α-positions have been
reported.74 There are several reports of liquid crystallinity for the Pc-derivatives replaced alkyl chains
at α-positions with siloxyalkoxy75a or alkoxy75b chains.
Liquid crystalline Pc derivatives in Type 3 have alkylated aromatic rings fused to lateral benzo units
in Pc.76 These liquid crystalline Pcs were developed for aiming to enhance overlapping between πorbitals in macrocyclic units. Liquid crystalline state of these Pcs was stabilized due to the enhanced
overlapping between macrodiscotic cores.
Liquid crystalline Pc derivatives in Type 4 have crown ether units fused to lateral benzo units in
Pc.24 In general, it is believed that both a rigid disk-like core and long alkyl chains are necessary to
induce liquid crystalline phase. In 1987, 15-crown-5-ether-fused Pcs having no alkyl chains were
reported.24a The result of X-ray diffraction indicates the formation of columnar liquid crystalline phase.
The result indicates that crown ether can act as a flexible unit instead of long alkyl chains. Onedimensional column made from crown ether-fused Pcs consists from ion-conductive crown-units and
carrier-conductive Pc-units.24a, b Therefore, the multi-wired molecular cable has been expected to be
applicable in ionoelectronics.
Liquid crystalline Pc derivatives in Type 5 have bulky units instead of flexible chains such as alkyl
chains.77 Although the liquid crystalline Pcs have no any flexible chains, they exhibit columnar liquid
crystalline phase at higher temperature range over 200 oC. The flip-flop motion of bulky units in these
Pcs can be considered as the driving force for inducing the liquid crystalline phase.

1.2.4.5. Phthalocyanine-based solvent-free liquids
In this section, fluidic or liquid Pcs are categorized and briefly reviewed in the view of their
molecular structure. The section focuses on Pcs exhibiting fluidic or liquid state around room
temperature. Molecular structures of fluidic Pcs having substituents on periphery is shown in Figure
1-11.
Snow et al. synthesized liquid Pcs having four or eight oligoethylene oxide (CH3(OCH2CH2)nO,
n=8.8) at β- or α-positions, and investigated their property of optical limiting. Peripheral oligoethylene
oxide chains lead to the production of the fluid state.78 The fluidic Pcs was optically transparent under
observation with polarizing optical microscope, indicating that the size of aggregate was reduced. The
16

Figure 1-11. Molecular structures of fluidic or liquid Pcs having substituents on periphery.

fluidic Pcs exhibit optical limiting feature at 532 nm. Maya et al. reported a series of fluidic Pcs having
four oligosiloxane chains at β-positions.79 These fluidic Pcs exhibit unique thermal nonlinear refractive
response as well as nonlinear absorption. In addition, de-metalation of the Li2Pc was difficult to
proceed at room temperature. The result indicates that the central regime of Pc core was covered by
side chains even in solution state.
Ahsen et al. found that Pc derivatives having symmetrical branching four alkyl chains at α-position
were fluidic at room temperature during their systematical studies on liquid crystalline Pc.80 In contrast,
their β-substituted pattern turned them to columnar liquid crystalline phase. Fluidic state was also
found in Pc derivatives having eight symmetrical branching triethyleneoxide chains at β-position.81 In
aiming to develop n-type liquid crystalline Pcs, Geerts et al. synthesized

a series of

octaalkoxycarbonyl Pcs.82 Among them, the two derivatives having Guerbet alcohol-based branched
alkyl chains (C6C10 and C8C12) were fluidic at room temperature. Ohta et al. investigated the
systematic reduction of π-π stacking among CuPc rings by changing the position of liner long alkyl
chains at phenoxy units in β-position.83 Among them, 2-substituted and 3, 5-disubstituted CuPc were
highly viscous fluids at room temperature. Aiming to develop water-soluble Pcs, Haddleton et al.
synthesized Pcs having polyethyleneglycol (Mw PEG = 350, 550, 750, and up to 2000 g mol-1) units at
β-position.84 Among them, three Pcs with PEG units with molecular weights of 350, 550, and 750
were fluidic around room temperature.
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Figure 1-12. Molecular structure for axial substituted fluidic Pc and fluidic Pc-analogues.

There are reports for axial substituted type fluidic Pc and fluidic Pc-analogues (Figure 1-12).
Introducing flexible chains to axial position can also produce fluidic Pcs. Kenney et al. synthesized
SiPc having eight butoxy groups and two (diiso-butyloctadecyl)siloxy groups at α- and axial positions,
respectively.85 The SiPc was obtained as green oil. During studies on water-soluble Pcs, Foulger et al.
synthesized a series of SiPcs having two axial polyethyleneglycol groups with different molecular
weights.86 Among them, two SiPcs with repeated units of from 11 to 13 ethyleneglycol were obtained
as blue oil.
Fluidic ring-expanded Pc-analog was reported. Maya et al. synthesized a series of
phenanthralocyanines (Phcs).39a Among them, PbPhc having four 2-oligosiloxyphenyoxy groups in
periphery was fluidic at room temperature. The PbPhc had very low glass transition temperature (-125
o

C). In addition, they exhibited optical limiting property originated from their thermorefractive effect.
Fluidic ring-contracted Pc-analogues were reported. Torres et al. synthesized a series of boron

subphthalocyanines (SubPcs).87 Among them, hydroxyl and triethylsiloxy SubPcs having six octylthio
and hexadecylthio chains were violet gelatine-like viscous fluid. The fluidic SubPcs exhibited
temperature-dependent change of their viscosity. Torres et al. synthesized a series of boron
subporphyrazines (SubPz).88 Among them, chloro and hydroxy boron SubPzs having six pentylthio
chains were dark red syrup at room temperature.
Liquid double-decker Pc was reported. Nakanishi et al. synthesized double-decker lutetium Pc
(LuPc2) having Guerbet alcohol-based 2-octyldodecylthio chains at β-positions.89 The LuPc2 was non18

newtonian liquid by confirming with rheology. In addition, the liquid LuPc2 exhibited spin-active and
electrochromic feature in the solvent-free liquid state.

1.3.

Thesis objectives

The aim of this thesis is design and characterization of Pc-based liquid crystals (Chapter 3) and
liquids (Chapter 4 and 5). The states exhibit opposite assembled structures, which provides different
functions. In addition, considering their application to materials and devices, the states have benefits
such as the absence of solvents and their soft feature. The tune of structures in molecular assemblies
plays a key role for enhancing performance of Pc-based materials and devices. How do the molecular
structures affect their molecular assembled structures? Especially, the relationship between the
molecular structures and aggregation structures in Pc-based liquids is still frontier in material
chemistry and the chemistry of Pcs. It is a crucial issue for their applications to provide guidelines for
the open question.
In this thesis, the author focused on structures and positions of side groups in Pcs. The author aims
to reveal their molecular structures-assembled structures relationship. For this purpose, the author
focuses on control of intermolecular interactions through the molecular design based on combination
of Pc core and flexible units. Pcs having three types of side groups have been designed and synthesized,
and their structures of molecular assembly have been characterized by polarizing optical microscopy,
X-ray scattering / diffraction, and UV-vis absorption / fluorescence spectra. In addition, the
relationship between the structures of molecular assembly and the functions such as stimuli-responsive
rheological property and fluorescence in NIR spectral region. These works are summarized in the
sections as follows:
Chapter 3 describes the design and characterization of novel phenylthio-substituted Pcs. The effect
of alkyl chain-length and sulfur-replacement to π-π stacking structures in liquid crystalline state was
investigated.
Chapter 4 describes the detailed investigation for liquid Pcs. The author investigated their
rheological property and aggregation structure in liquid state. The stimuli-response of aggregates was
also investigated.
Chapter 5 describes the design, synthesis, and characterization of novel tetra α-substituted Pcs. The
author investigated relationship between their molecular structure and aggregation property. The nearinfrared fluorescent property in liquid state was also investigated.
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2.1. Syntesis and characterizations
2.1.1. Materials and synthesis
All starting chemicals were purchased from commercial suppliers and used without further
purifications unless otherwise noted. Column chromatography was performed with silica (WAKO gel
C-200) or activated alumina (WAKO 200 mesh). Recycling preparative gel permeation
chromatography was carried out by a recycling high performance liquid chromatography (HPLC,
Japan Analytical Industry Co., Ltd.) using chloroform as an eluent. Analytical thin layer
chromatography was performed with commercial Merck plates coated with silica gel 60F254 or
aluminum oxide.

2.1.2. Characterization of compounds
High resolution atmospheric pressure chemical ionization time-of-flight (HR-APCI-TOF) mass
spectra were recorded with Bruker micrOTOF-Ⅱ. 1H and 13C NMR spectra were recorded with Bruker
BioSpin AVANCE NEO 400 ONEBAY at 400.13 and 100.61 MHz, respectively. Chemical shift was
reported relative to internal standard (tetramethylsilane (TMS), 0.00 pppm). Chemical shifts were
expressed in δ (ppm) values, and coupling constants (J) were expressed in hertz (Hz). The following
abbreviations of multiplicity are used: s=singlet, d=doublet, dd=double doublet, t=triplet, quin=quintet,
m=multiplet, brs=broad singlet, br=broad. Fourier transfer infrared (FT-IR) absorption spectra were
recorded on Shimadzu IR Prestige-21 with Dura Sample IR Ⅱ.

2.1.3. UV-vis absorption and fluorescence spectroscopy
The absorption spectra in solution state were recorded with Shimadzu UV-2600. The molar
absorption (or extinction) coefficient (ε) were calculated from absorption measurements in solution
state:
ூ

 ܣൌ ሺ ሻ ൌ ߝ݈ܿ
ூ

(Lambert-Beer’s law)

బ

Where A is the measured absorbance, I is transmitted intensity, I0 is the intensity of the incident light
at a given wavelength, c is the molar concentration of samples in solvents, l is the pass length through
the sample. Plotting A against to c, if the relationship A and c is linear, Lambert-Beer’s law is satisfied.
If not linear, aggregates are formed in the solution.

The absorption spectra in thin film were recorded with JASCO V-650. In general, π-conjugate
molecules tend to form aggregates in condensed state. The absorption spectra in condensed state
powerful technique for analyzing structure of aggregates. According to Kasha’s exciton coupling
theory1, the shape and position of absorption spectra are affected by relative configurations of π28

conjugate molecules (Figure 2-1). Therefore, aggregation structures of π-conjugate molecules can be
determined with this theory. The absorption bands originated from highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) transition are dramatically affected by
formation of aggregates. In the case of Pcs, the Q-bands are HOMO-LUMO transition. Hence, the
author focused the position and shape of the Q-bands in this thesis. When face-to-face (H-) dimers are
formed, the absorption bands are blue-shifted (shift to higher energy region). On the other hand, the
absorption bands are red-shifted (shift to lower energy region) in parallel arrangement of the πconjugate molecules. When slipped stacked dimers are formed, the shift of bands depends on tilt angle
θ between the monomers. In the case of θ>54.7o, the bands are blue-shifted. In the case of θ<54.7o,
the bands are red-shifted. In the case of θ=54.7o, the bands are not shifted. When herringbone dimers
are formed, the bands are splitting.
The fluorescence spectra were recorded with JASCO FP-750. Fluorescence spectra is sensitive to
surrounding environment around the molecules at excited state. The fluorescence spectra in condensed
state provide an information about intermolecular interactions.

Figure 2-1. Exciton energy diagrams for four dimers.

2.1.4. Polarizing optical microscopy
Polarizing optical microscopic (POM) observations were carried out with polarizing optical
microscope (NIKON ECLIPSE LV100ND) equipped with a hot stage (METTLER TOLEDO
FP82HT). The technique probe the microscale ordering or homogenous isotropic nature of the samples.
Neat samples sandwiched two glasses are observed directly under the microscope with/without
temperature control. In liquid crystalline samples, birefringent textures are observed due to the
presence of optically long-ranged ordered structure with anisotropy. The shape of textures is helpful
to characterize structures of liquid crystalline phase (Figure 2-2). When anisotropic structure is present
29

in sample, birefringence is observed. In general, if the samples perfectly align on substrate, no
birefringence is observed because the perfectly aligned sample is optically homogenous, i.e. not
anisotropic. In liquid samples, no birefringence is observed due to the absence of optically long-ranged
ordered structure.

Figure 2-2. The relationship between textures and grown directions of column.

2.1.5. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out with Seiko Instruments EXSTAR TG/DTA6200
under nitrogen gas flow at san rate 10 oC /min. The decomposition temperature (Td) of a sample can
be determined by TGA. Td has to been obtained in prior to differential scanning calorimetry to avoid
decomposition of sample on thermal scan.

2.1.6. Differential scanning calorimetry
Differential scanning calorimetry (DSC) was carried out with Hitachi High-tech Science DSC7020
under liquid nitrogen cooling and nitrogen gas flow. The technique is important to define thermal
phase transition behavior of samples. In a typical liquid crystalline sample, DSC thermogram shows
two endothermic peak (Figure 2-3). The one at lower temperature can be assigned to crystal-liquid
crystal transition (Tm). The other one at higher temperature can be assigned to liquid crystal-isotropic
liquid transition (Tc). The area of peak correspond to enthalpy of phase transition. In a typical liquid
sample, the thermogram shows only broad shift of baseline (Tg). External parameters like scan rate
(oC /min) and hold time at a specific temperature can affect to the result in a few case such as
supercooling behavior2. The difference of result by the external parameters providing us useful
30

information for characterizing phase transition behavior of the sample.

Figure 2-3. Typical DSC thermograms for liquid crystalline
(upper) and liquid sample (lower).

2.1.7. Small-angle X-ray scattering/diffraction
Small angle X-ray scattering (SAXS) measurements were performed with Bruker Mac SAXS
System (CuKα source). Small angle X-ray diffraction (SAXD) measurements were performed with
Rigaku RINT-ultima/S2K (CuKα source). These techniques provide an information in distance
between packing structures. In relatively ordered samples such as liquid crystals, the SAXS/SAXD
peaks will be sharp and assignable. Peaks have an information on spacing distance. The spacing
distance (d) can be obtained from Bragg’s law:
ߣ ൌ ʹ݀  ߠ (Bragg’s law)
where λ is wavelength of X-ray (1.5418 Å for CuKα source), θ is glancing angle. The lattice structure
can be determined from d-spacing, Miller indices, and structure factor (extinction rule) of the lattice.3
In liquid samples, a broad peak and a halo appeared in small-angle region and wide-angle region,
respectively. In general, the broad peak reflect average distance of π-conjugate units. The halo reflect
average distance of disordered alkyl chains.
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2.1.8. Rheology
Rheology measurements were carried out with Anton Parr Physica MCR301 rheometer, using the
parallel plate geometry (10 mm diameter). Strain amplitude (γ) scans were firstly performed to
determine the linear-viscoelastic region. For both samples strain amplitude (γ) of 0.1% and 50% were
within this linear viscoelastic region. Rheology is one of the informative techniques for studies of
fluids. The measurements give us an estimate of the storage modulus (G′) and the loss modulus (G′′).
G′ and G′′ are defined as the functions of ω in following equations.4
ܩᇱ ൌ

 ߬ܩଶ ߱ଶ
߱߬ܩ
ǡ ܩᇱᇱ ൌ
ͳ  ߬ ଶ߱ଶ
ͳ  ߬ ଶ߱ଶ

Where G and τ are relaxation modulus and relaxation time, respectively. For liquids, the G′′ should
be greater than the G′ (G′′ > G′). More importantly, rheology analysis give us the complex viscosity
(η*) of the liquid samples. The η* vs. angular frequency (ω) plot helps us to categorize where the
liquid has Newtonian or non-Newtonian behavior. Newtonian liquids exhibit a constant η* against
to ω. On the other hand, for non-Newtonian liquids, η* depends on ω.
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Chapetr 3

Synthesis and mesomorphism of phthalocyanines substituted
by m-alkoxyphenylthio groups

Summary:

We

have

successfully

synthesized

a

series

of

novel

octakis(m-

alkoxyphenylthio)phthalocyaninato copper(II) complexes, (m-CnOPhS)8PcCu (n = 2, 4, 6, 8, 10, 12,
14, 16: 1b~i), by our developed method to reveal their mesomorphism. The phase transition behavior
and mesophase structures have been established by using a polarizing optical microscope, a
differential scanning calorimeter, and a temperature-dependent small angle X-ray diffractometer.
Interestingly, the very short chain-substituted derivatives, (m-C1OPhS)8PcCu (1a) and (mC2OPhS)8PcCu (1b), show a hexagonal ordered columnar (Colho) mesophase, whereas each of the
other longer-chain-substituted derivatives, (m-CnOPhS)8PcCu (n= 4~16: 1c~i), shows only rectangular
ordered columnar (Colro) mesophase(s). In contrast to the present longer-chain-substituted phenylthio
derivatives, each of the previous longer-chain-substituted phenoxy derivatives, (m-CnOPhO)8PcCu (n
= 10-20), shows a different columnar mesophase of Colho. We discuss this difference of
mesomorphism from the viewpoint of the different steric hindrance originated by the peripheral
substituents, PhO and PhS groups. Moreover, we could estimate the optical band gaps of (mC10OPhO)8PcCu and (m-C10OPhS)8PcCu (1f) from a crossing point of their absorption edge of the Qbands to be 1.79 eV and 1.70 eV, respectively. Therefore, the phenylthio-substituted derivative gave
a narrower band gap by ca. 0.1 eV in comparison with the phenoxy-substituted derivative.
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3.1. Introduction
Since the first discotic columnar liquid crystal was found by Chandrasekhar and co-workers in 1977
1

, various discogens have been synthesized up to date. In general, a columnar liquid crystal has a π-

conjugated macrocyclic core such as triphenylene, hexabenzocoronene and phthalocyanine (Pc),
together with more than six long alkyl chains in the periphery 2. When these discogens are heated, the
peripheral long alkyl chains firstly melt to form soft parts, but the central rigid cores maintain columnar
stacking structure due to their strong π-π interaction. Accordingly, columnar liquid crystalline phases
can be induced by this special situation. Therefore, pre-melting of the long alkyl chains by heating is
driving force to induce liquid crystalline phases. In addition, since π orbitals of the π-conjugated
macrocyclic cores are overlapped in one-dimensional columns formed by self-assembly, high charge
carrier mobility along the columnar axis may be achieved. Therefore, the columnar liquid crystalline
compounds exhibiting high charge carrier mobility have attracted a lot of our attention to apply to
organic semiconducting devices such as organic photovoltaic cell, organic field effect transistor and
so on 3. In our previous works

4-6

, we synthesized columnar liquid crystalline phthalocyanine

compounds, (C12H25O)8PcH2 and (C12H25S)8PcH2, illustrated in Figure 3-1. The hexagonal ordered
columnar (Colho) phases in (C12H25O)8PcH2 and (C12H25S)8PcH2 exhibited high charge carrier
mobilities of 0.051 cm2 /Vs and 0.28 cm2 /Vs, respectively. Therefore, the alkylthio(RS)-substituted
phthalocyanine derivative gives about 5 times higher charge carrier mobility than the alkoxy(RO)substituted phthalocyanine derivative. In order to achieve much higher charge carrier mobility in
columnar liquid crystalline Pc compounds, the following two points may be furthermore required:
(1) To show very short intracolumnar stacking distance,
(2) To exhibit highly ordered alignment (ideally, homeotropic alignment).
In our previous works 7, 8, we found that substitution of m-alkoxyphenoxy (m-CnOPhO) groups at
the β-positions of Pc gave columnar liquid crystalline derivatives, (m-CnOPhO)8PcCu (Figure 3-1),
satisfying above two requirements. Therefore, if we can synthesise columnar liquid crystalline
phthalocyanines

substituted

by

m-alkoxyphenylthio(m-CnOPhS)

groups

instead

of

m-

alkoxyphenoxy(m-CnOPhO) groups, higher charge carrier mobility may be realized. The alkylthiosubstituted phthalocyanine derivative, (CnS)8PcH2, exhibits 5 times higher charge carrier mobility than
the alkoxy-substituted phthalocyanine derivative, (CnO)8PcH2, as mentioned above 4-6. Therefore, we
can expect similarly that the phenylthio-substituted derivative, (PhS)8PcCu, may exhibit higher charge
carrier mobility than the phenoxy-substituted derivative, (PhO)8Pc-Cu. Although the (PhS)8PcCu
derivatives have been reported so far

9-19,

no liquid crystalline (PhS)8PcCu derivatives have been

reported.
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Figure 3-1. Molecular formulae of liquid crystals based on phthalocaynine.
*1: Ref. 8, 9, 21. *2: Ref. 20

Recently, we have synthesized (PhS)8PcCu complexes having very short methoxy groups at the o-,
m-, m- & p-positions of the phenylthio group to induce mesomorphism in spite of the absence of long
alkoxy chains

20.

The thermal fluctuation of the bulky substituents by heating makes soft parts to

induce liquid crystalline phases. Hence, they are categorized to “flying-seed-like” liquid crystals 21-25.
However, these flying-seed-like liquid crystals (x-C1OPhS)8PcCu substituted by very short alkoxy
groups are not suitable for application to organic semiconductor, because they show mesomorphism
only at extremely high temperatures and transform into isotropic liquid with accompanying
decomposition. Therefore, we have planned to synthesize new long n-alkoxy-substituted (mCnOPhS)8PcCu derivatives showing mesomorphism from room temperature and clearing into
isotropic liquid without decomposition.
In this study, we have developed the synthetic route of the new phenylthio-substituted derivatives,
(m-CnOPhS)8PcCu (n = 2-16: 1b-1i in Figure 3-1), having long n-alkoxy groups at the m- position, in
order to investigate their mesomorphism and mesomorphic structures. In comparison with the previous
phenoxy-substituted Pc derivatives, (m-CnOPhO)8PcCu (n = 10-20), we discuss the difference of
mesomorphism from the viewpoint of the different steric hindrance originated by the peripheral PhO
and PhS groups.
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3.2. Experimental
3.2.1. Materials
The chemical regents of 3-Hydroxybenzenethiol, tritylchloride, Et3SiH, 3-iodophenol, n-alkylbromide,
NaBH4 and 4,5-dichlorophthalonitrile were purchased from Tokyo Chemical Industry and used
without further purifications. Other reagents were purchased from Wako Pure Chemical Industries and
used without further purifications. Thin layer chromatography sheet (TLC) and silica gel were
purchased from Merck. All reaction solvents were purchased from Wako Pure Chemical Industries.
DMF was pre-dried over KOH and distilled over CaH2 under reduced pressure and stored in the
presence of 4A molecular sieves. THF was pre-dried over CaCl2 and distilled from Na wire /
benzophenone kethyl. 1-Hexanol was used without further purifications. Deuterated chloroform and
DMSO for NMR measurements were purchased from Merck and WAKO Pure Chemical Industries,
respectively. Abbreviations of reagents and solvents were as follows:
DBU: 1,8-diazabicyclo[5.4.0]-7-undecene, DMF: N,N-dimethylformamide, THF: tetrahydrofuran,
DMSO: dimethylsulfoxid and TFA: trifluoroacetic acid

3.2.2. Synthesis

Scheme 3-1. Synthetic routes (a), (b), and (c) for 3-alkoxybenzenethiol: (a) by using the methods adopted
Ref. 26 and 27; (b) Ref. 30; (c) Ref. 31.
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Schemes 3-1 and 3-2 illustrate synthetic routes for the precursors of m-alkoxythiophenol (4b~i) and
the corresponding liquid crystalline Pc derivatives (m-CnOPhS)8PcCu (1b~i), respectively. All
reactions were carried out under nitrogen atmosphere.

[Route A]
3-Triphenylmethylsulfanylphenol (2A). (Scheme 3-1)
Synthetic method was adopted that of Ref. 26. A three necked flask dried was charged with 3hydroxybenzenethiol (1.03 g, 8.15 mmol) and dry pyridine (0.679 g, 8.58 mmol). Trityl chloride (2.27
g, 8.14 mmol) was added to the reaction mixture and it was stirred at rt for 3.5 h. When TLC (SiO2 /
AcOEt: n-hexane = 1:1) confirmed disappearance of the spot of the starting reagent of 3hydroxybenzenethiol (Rf = 0.50) and appearance of the target compound (Rf = 0.68), the reaction was
terminated. The reaction mixture was diluted with water and extracted with dichloromethane. The
organic layer was washed with water three times and saturated brine once. The organic layer was
collected and dried over Na2SO4 overnight. Na2SO4 was filtrated off and dichloromethane and pyridine
were evaporated in vacuo. The residue was dried in vacuo to obtain colorless oil (0.268 g).
Yield: 85.6%. 1H-NMR (400 MHz, d6-DMSO, TMS): δ, ppm 9.31 (brs, 1H, -OH), 7.33-7.20 (m, 15H,
ArH), 6.83 (t, J = 8.0 Hz, 1H, ArH), 6.55-6.52 (m, 1H, ArH), 6.39-6.38 (m, 1H, ArH), 6.32-6.30 (m,
1H, ArH).

1-Decyloxy-3-triphenylmethylsulfanylbenzene (3Af). (Scheme 3-1)
Three necked flask dried was charged with 3-triphenylmethylsulfanylphenol (2A: 0.505 g, 1.37 mmol),
Cs2CO3 (0.564 g, 1.73 mmol) and dry DMF (5 mL) at rt. 1-Bromodecane (0.315 g, 1.42 mmol) was
added to the reaction mixture and stirred at r.t for 4.5 h. When TLC (SiO2 / AcOEt: n-hexane = 1: 1)
confirmed disappearance of the spot of starting reagent (Rf = 0.18) of 2A and appearance of the target
compound (3Af) (Rf = 0.63), the reaction was terminated. The reaction mixture was diluted with water
and extracted with dichloromethane. The organic layer was washed with water three times and
saturated brine once. The organic layer was collected and dried over Na2SO4 overnight. Na2SO4 was
filtrated off and dichloromethane was evaporated in vacuo to obtain the crude product. It was purified
by silica gel column chromatography (Rf = 0.55, CH2Cl2: n-hexane = 1:2). The solvents were
evaporated in vacuo and resulting product was dried in vacuo to obtain colorless oil (0.598 g).
Yield: 85.8%. 1H-NMR(400 MHz, d6-DMSO, TMS): δ, ppm 7.35-7.21 (m, 15H, ArH), 6.98 (t, J = 7.9
Hz, 1H, ArH), 6.71, 6.70 (dd, J = 2.4, 6.0 Hz, 1H, ArH), 6.59 (d, J = 7.8Hz, 1H, ArH), 6.32-6.31 (m,
1H, ArH), 3.58 (t, J = 6.6 Hz, 2H, -OCH2-), 1.53 (quin, J = 6.4 Hz, 2H, -OCCH2-), 1.32-1.20 (m, 14H,
-(CH2)7-), 0.857 ( t, J = 6.7 Hz, 3H, -CH3).
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3-Decyloxybenzenethiol (4f). (Scheme 3-1)
Synthetic method was adopted that of Ref. 27. A three necked flask was charged with trifluoroacetic
acid (3 mL), 1-decyloxy-3-triphenylmethylsulfanylbenzene (3Af: 0.598 g, 1.18 mmol), CH2Cl2 (1.1
mL) and Et3SiH (0.487 g, 4.19 mmol). It was stirred at rt for 30 min. The reaction mixture was
concentrated in vacuo and diluted with water and extracted with dichloromethane. The organic layer
was washed with water three times and saturated brine once. The organic layer was collected and dried
over Na2SO4 overnight. Na2SO4 was filtrated off and dichloromethane was evaporated in vacuo. Even
by using any purification techniques, it was not possible to separate the target compound and the bycompound containing deprotection trityl group. Therefore, the synthesis of 4f by Route A was
abandoned. Next, synthesis of 4b~i by Route B in Scheme 1 was carried out.

[Route (b)]
3-Ethoxyiodobenzene (2Bb). (Scheme 3-1)
A three necked flask dried was charged with K2CO3 (1.89 g, 13.7 mmol), 3-iodophenol (1.00 g, 4.55
mmol) and dry DMF (5 mL). Ethylbromide (0.595 g, 5.46 mmol) was then added to the reaction
mixture and it was stirred at 90 oC. Proceeding of the reaction was monitored by TLC (SiO2 / n-hexane).
After 1 h, disappearance of the spot of 3-iodophenol (Rf = 0.0) was confirmed, so that the reaction was
quenched with water and cooled to rt. The product was extracted with ethyl acetate and the organic
layer was washed with water three times and saturated brine once. The organic layer was collected
and dried over Na2SO4 overnight. Na2SO4 was filtrated off and the solvent was evaporated in vacuo
to obtain yellowish liquid (1.06 g). Yield: 93.8%. The product was used for next reaction without
further purification. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.27-7.24 (m, 2H, ArH), 6.98 (t, J =
8.0 Hz, 1H, ArH), 6.86-6.84 (m, J = 2.4 Hz, 8.4 Hz, 1H, ArH), 4.00 (quart, J = 6.9 Hz, 2H, -OCH2-),
1.40 (t, J = 7.0 Hz, 3H, -CH3).
3-Hexyloxyiodobenzene (2Bd). (Scheme 3-1)
Yield: 91.6%. This synthesis was carried out as the same method of 2Bb. The crude product was
purification by silica gel column chromatography (n-hexane / Rf = 0.30) to obtain colorless liquid (1.29
g). 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.20-7.18 (m, 2H, ArH), 6.90 (t, J = 7.8 Hz, 1H, ArH),
6.79-6.77 (m, 1H, ArH), 3.84 (t, J = 6.6 Hz, 2H, -OCH2-), 1.69 (quin, J = 7.0 Hz, 2H, -OCCH2-), 1.411.22 (m, 6H, -(CH2)3-), 0.835 (t, J = 7.0 Hz, 3H, -CH3).
1H-NMR

datum was in accordance with that of Ref. 28. Other homologues 2Bc~i were synthesized

by the same method for 2Bd. Only the yield and 1H-NMR data were shown below. All compounds
were obtained as liquid except for 2Bi.
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3-Butoxyiodobenzene (2Bc). (Scheme 3-1)
Yield: 42.7%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.27-7.25 (m, 2H, ArH), 6.98 (t, J = 8.0 Hz,
1H, ArH), 6.87-6.84 (m, 1H, ArH), 3.92 (t, J = 6.4 Hz, 2H, -OCH2-), 1.75 (quin, J = 7.0 Hz, 2H, OCCH2-), 1.48 (sext, J = 7.4 Hz, 2H, -OCCCH2-), 0.969 (t, J = 7.2 Hz, 3H, -CH3).
3-Octyloxyiodobenzene (2Be). (Scheme 3-1)
Yield: 92.2%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.20-7.17 (m, 2H, ArH), 6.91 (t, J = 7.8 Hz,
1H, ArH), 6.79-6.77 (m, 1H, ArH), 3.84 (t, J = 6.6 Hz, 2H, -OCH2-), 1.69 (quin, J = 7.2 Hz, 2H, OCCH2-), 1.40-1.20 (m, 10H, -(CH2)5-), 0.818 (t, J = 7.0 Hz, 3H, -CH3). The 1H-NMR datum was in
accordance with that of Ref. 29.

3-Decyloxyiodobenzene (2Bf). (Scheme 3-1)
Yield: 93.9%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.30-7.27 (m, 2H, ArH), 7.04 (t, J = 8.2 Hz,
1H, ArH), 6.89-6.87 (m, 1H, ArH), 3.97 (t, J = 6.4Hz, 2H, -OCH2-), 1.85 (quin, J = 6.6 Hz, 2H, OCCH2-), 1.50-1.30 (m, 14H, -(CH2)7-), 0.946 (t, J = 7.0 Hz, 3H, -CH3).
3-Dodecyloxyiodobenzene (2Bg). (Scheme 3-1)
Yield: 85.2%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.26-7.24 (m, 2H, ArH), 6.97 (t, J = 7.8 Hz,
1H, ArH), 6.86-6.83 (m, 1H, ArH), 3.91 (t, J = 6.6 Hz, 2H, -OCH2-), 1.75 (quin, J = 7.0 Hz, 2H, OCCH2-), 1.45-1.27 (m, 18H, -(CH2)9-), 0.881 (t, J = 7.0 Hz, 3H, -CH3).
3-Tetradecyloxyiodobenzene (2Bh). (Scheme 3-1)
Yield: 84.1%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.27-7.24 (m, 2H, ArH), 6.97 (t, J = 8.0 Hz,
1H, ArH), 6.86-6.84 (m, 1H, ArH), 3.91 (t, J = 6.4 Hz, 2H, -OCH2-), 1.75 (quin, J = 6.6 Hz, 2H, OCCH2-), 1.47-1.26 (m, 22H, -(CH2)11-), 0.88 (t, J = 7.0 Hz, 3H, -CH3).
3-Hexadecyloxyiodobenzene (2Bi). (Scheme 3-1)
Yield: 83.3%. mp 32.4 oC. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.27-7.23 (m, 2H, ArH)), 6.98
(t, J = 8.0 Hz, 1H, ArH), 6.86-6.83 (m,1H, ArH), 3.91 (t, J = 6.6 Hz, 2H, -OCH2-), 1.76 (quin, J = 7.0
Hz, 2H, -OCCH2-), 1.43 (quin, J = 7.3 Hz, 2H, -OCCCH2-), 1.33-1.26 (m,24H, -CH2-×12), 0.88 (t, J
= 6.8 Hz, 3H,-CH3).
3-Ethoxybenzenthiol (4b). (Scheme 3-1)
Synthetic method was adopted that of Ref. 30. A three necked flask dried was charged with K2CO3
(1.00 g, 7.26 mmol), powdered sulfur (0.358 g, 11.2 mmol), CuI (72.3 mg, 0.380 mmol), 3ethoxyiodebenzene (2Bb) (0.897 g, 3.62 mmol) and dry DMF (4 mL). The reaction was carried out at
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90 oC with stirring for 12 h. TLC (SiO2 / n-hexane) confirmed disappearance of the spot of starting
reagent of 2Bb (Rf = 0.30) and appearance of the new spot (Rf = 0.0) were confirmed by TLC. The
reaction mixture was cooled to rt and diluted with water. The product was extracted with ethyl acetate
and the organic layer was washed with water three times and saturated brine once. The organic layer
was collected and dried over Na2SO4 overnight. Na2SO4 was filtrated off and the solvent was
evaporated in vacuo to obtain the crude product, which was used for next reaction without further
purification. The three necked flask containing the crude product was charged with NaBH4 (4.24 g,
112 mmol) and dry THF (10 mL) and it was stirred for 32 h. The reaction was quenched with slowly
dropwise adding conc. HCl in an ice bath. The product was extracted with ethyl acetate and the organic
layer was washed with water three times and saturated brine once. The organic layer was collected
and dried over Na2SO4 overnight. Na2SO4 was filtrated off and the solvent was evaporated in vacuo to
obtain colorless liquid (0.382 g). The product was used for next reaction without further purifications.
Yield: 68.5%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 8.0 Hz, 1H, ArH), 6.84-6.81 (m,
2H, ArH), 6.68 (dd,

J= 2.0 Hz, 6.0Hz, 1H, ArH), 4.00 (quart, J = 7.1 Hz, 2H, -OCH2-), 3.44 (s, 1H,

-SH), 1.39 (t, J = 7.0 Hz, 3H, -CH3).
Other homologues 4c~i were synthesized by the same method for 4b. Only the yield and 1H-NMR
data were shown below. All compounds 4c~i were obtained as liquid.

3-Butoxybenzenethiol (4c). (Scheme 3-1)
Yield: 77.9%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 8.0 Hz, 1H, ArH), 6.84-6.81 (m,
2H, ArH), 6.68 (dd, J = 3.2 Hz, 7.6 Hz, 1H, ArH), 3.93 (t, J = 6.4 Hz, 2H, -OCH2-), 3.43 (s, 1H, -SH),
1.75 (quin, J = 7.0 Hz, 2H, -OCCH2-), 1.48 (sext, J = 7.4 Hz, 2H, -OCCCH2-), 0.969 (t, J = 7.4 Hz,
3H, -CH3).
3-Hexyloxybenzenethiol (4d). (Scheme 3-1)
Yield: 65.9%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.05 (t, J = 7.8 Hz, 1H, ArH), 6.76-6.75 (m,
2H, ArH), 6.62-6.60 (m, 1H, ArH), 3.86 (t, J = 6.6Hz, 2H, -OCH2-), 3.36 (s, 1H, -SH), 1.68 (quin, J
= 7.1 Hz, 2H, -OCCH2-), 1.41-1.27 (m, 6H, -OCCCH2-), 0.832 (t, J = 6.8Hz, 3H, -CH3).
3-Octyloxybenzenethiol (4e). (Scheme 3-1)
Yield: 91.6%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.05 (t, J = 8.0 Hz, 1H, ArH), 6.76-6.74 (m,
2H, ArH), 6.63-6.60 (m, 1H, ArH), 3.84 (t, J = 6.6 Hz, 2H, -OCH2-), 3.36 (s, 1H, -SH), 1.69 (quin, J
= 7.2 Hz, 2H, -OCCH2-), 1.40-1.22 (m, 10H, CH2×5), 0.816 (t, J = 7.0 Hz, 3H, -CH3).
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3-Decyloxybenzenethiol (4f). (Scheme 3-1)
Yield: 80.5%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.04 (t, J = 8.0 Hz, 1H, ArH), 6.79-6.73 (m,
2H, ArH), 6.63-6.59 (m, 1H, ArH), 3.84 (t, J = 6.6 Hz, 2H, -OCH2-), 3.36 (s, 1H, -SH), 1.75 (quin, J
= 7.0 Hz, 2H, -OCCH2-), 1.41-1.20 (m, 14H, CH2×7), 0.811 (t, J = 6.8 Hz, 3H, -CH3).
3-Dodecyloxybenzenethiol (4g). (Scheme 3-1)
Yield: 62.3%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 8.2 Hz, 1H, ArH), 6.84-6.81 (m,
2H, ArH), 6.70-6.67 (m, 1H, ArH), 3.91 (t, J = 6.6 Hz, 2H, -OCH2-), 3.43 (s, 1H, -SH), 1.76 (quin, J
= 7.0 Hz, 2H, -OCCH2-), 1.45-1.27 (m, 18H, CH2×9), 0.881 (t, J = 7.0 Hz, 3H, -CH3).
3-Tetradecyloxybenzenethiol (4h). (Scheme 3-1)
Yield: 92.7%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 7.8 Hz, 1H, ArH), 6.84-6.81 (m,
2H, ArH), 6.70-6.67 (m, 1H, ArH), 3.92 (t, J = 6.6 Hz, 2H, -OCH2-), 3.43 (s, 1H, -SH), 1.76 (quin, J
= 7.0 Hz, 2H, -OCCH2-), 1.47-1.26 (m, 22H, CH2×11), 0.88 (t, J = 6.8 Hz, 3H, -CH3).
3-Hexadecyloxybenzenethiol (4i). (Scheme 3-1)
Yield: 51.8%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 8.2 Hz, 1H, ArH), 6.84-6.81 (m,
2H, ArH), 6.69, 6.68 (dd, J = 2.0 Hz, 6.0 Hz, 1H, ArH), 3.92 (t, J = 6.6 Hz, 2H, -OCH2-), 3.44 (s, 1H,
-SH), 1.76 (quin, J = 7.0 Hz, 2H, -OCCH2-), 1.47-1.26 (m, 26H, -(CH2)13-), 0.88 (t, J = 6.4 Hz, 3H, CH3).
[Route (c)]
Derivative 4i was also synthesized by another method of Refs. 31 and 32.

Bis(3-hydroxyphenyl)disulfide (2C). (Scheme 3-1)
In a three neck flask 3-hydroxybenezenthiol (0.247 g, 1.96 mmol) was dissolved in 10 mL of DMSOCHCl3 mixed solvent (1:1, v/v). To the reaction mixture, 47wt% HBr aq. sol. (72.9 mg, 0.423 mmol)
was added and it was stirred at rt for 12.5 h. When TLC (SiO2/CHCl3) confirmed disappearance of the
spot of starting reagent of 3-hydroxybenzenethiol (Rf = 0.10) and appearance of a new spot of target
compound 2C (Rf = 0. 0), the reaction was terminated. The solvents were evaporated in vacuo to
concentrate the reaction mixture. The product was extracted with ethyl acetate and washed with water
three times and saturated brine once. The organic layer was collected and dried over Na2SO4 overnight.
Na2SO4 was filtrated off and the solvent was evaporated in vacuo. The residue was dried in vacuo to
obtain the target compound 2C as white powder (0.242 g). Yield: 98.5%. mp 80-90 oC (broad).
1H-NMR

(400 MHz, d6-DMSO, TMS): δ, ppm 9.75 (s, 2H, -OH), 7.17 (t, J = 8.0 Hz, 2H, ArH), 6.93-

6.90 (m, 4H, ArH), 6.68-6.60 (m, 2H, ArH).
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Bis(3-hexadecyloxypheny)disulfide (3Ci). (Scheme 3-1)
A three necked flask was charged with bis(3-hydroxyphenyl)disulfide (2C) (0.263 g, 1.05 mmol),
K2CO3 (0.744 g, 5.38 mmol) and dry DMF (4 mL). 1-Bromohexadecane (0.808 g, 2.64 mmol) was
then added to the reaction mixture and it was stirred at 90 oC for 3.5 h. The reaction was terminated
when TLC (SiO2/CH2Cl2) confirmed disappearance of both the spots of starting reagent of 2C (Rf =
0.0) and monoalkylated compound (Rf = 0.55), and appearance of only one spot of dialkylated
compound (SiO2/CH2Cl2, Rf = 0.95). The reaction mixture was diluted with water and the product was
extracted with dichloromethane. The organic layer was washed with water three times and saturated
brine once. The organic layer was collected and dried over Na2SO4 overnight. Na2SO4 was filtrated
off and the solvent was evaporated in vacuo. The crude product was recrystallized from acetone and
then n-hexane at 25 oC to obtain white powder (0.330 g). Yield: 44.9% mp: 62.5 oC (mp1), 64.8 oC
(mp2). (This compound showed double melting behavior.). 1H-NMR (400 MHz, CDCl3, TMS): δ,
ppm 7.18(t, J = 8.2 Hz, ArH, 2H), 7.06-7.04(m, ArH, 4H), 6.75, 6.74(dd, J = 2.2 Hz, 6.6 Hz, ArH,
2H), 3.90(t, J = 6.6 Hz, -(OCH2)-×2, 4H), 1.74(quin, J = 7.1 Hz, -(OCCH2)-×2, 4H), 1.45-1.26(m, (CH2)-×26, 52H), 0.879(t, J = 6.8 Hz, -CH3×2, 6H).
3-Hexadecyloxybenzenthiol (4i). (Scheme 3-1)
Compound 4i was synthesized from Compound 3Ci according to the method of Ref. 32. A three
necked flask was charged with bis(3-hexadecyloxypheny)disulfide (3Ci: 0.324 g, 0.464 mmol), PPh3
(0.299 g, 1.14 mmol) and THF (12 mL) and then conc. HCl aq. sol. (0.4 mL) and H2O (2mL). It was
gently refluxed with stirring for 5 h. After cooled to r.t, large excessive amounts of iodomethane was
added to the reaction mixture and stirred at r.t for 9 h. The reaction mixture was diluted with water
and extracted with toluene. The organic layer was washed with water three times and saturated brine
once. The organic layer was collected and dried over Na2SO4 overnight. Na2SO4 was filtrated off and
the solvent was concentrated in vacuo. n-Hexane was added to the solution until precipitation was
occurred. It was heated until the precipitates were completely dissolved and then cooled to r.t. The
resulted precipitates were removed by filtration. To the filtrate n-hexane was furthermore added to
occur precipitation completely. The precipitates were removed again by filtration, and then the filtrate
was evaporated in vacuo to remove the solvent to afford colorless oil (0.151 g).
Yield: 46.5%. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.12 (t, J = 8.2 Hz, 1H, ArH), 6.84-6.81
(m, 2H, ArH), 6.69, 6.68 (dd, J = 2.0 Hz, 6.0 Hz, 1H, ArH), 3.92 (t, J = 6.6 Hz, 2H, -OCH2-), 3.44
(s, 1H, -SH), 1.76 (quin, J = 7.0 Hz, 2H, -OCCH2-), 1.47-1.26 (m, 26H, -(CH2)13-), 0.88 (t, J = 6.4
Hz, 3H, -CH3).
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4,5-Bis(m-ethoxyphenylthio)phthalonitrile (5b). (Scheme 3-2)
Synthetic method was adopted that of [33]. A three necked flask was charged with K2CO3 (0.653 g,
4.73 mmol), 3-ethoxybenzenethiol (3a) (0.234 g, 1.52 mmol) and DMF (5mL) and it was heated up
to 90 oC. To the reaction mixture, 4, 5-dichlorophthalonitrile (0.102 g, 0.517 mmol) was added and
stirred at 90 oC for 7 h with occasionally monitoring by TLC. When the reaction was completed, it
was quenched with water. The product was extracted with ethyl acetate and the organic layer was
washed with water three times and saturated brine once. The organic layer was collected and dried
over Na2SO4 overnight. Na2SO4 was filtrated off and the solvent was evaporated in vacuo. The crude
product was purified by column chromatography (SiO2, CH2Cl2, Rf = 0.50) to obtain white crystals
(0.112 g). Yield: 50.2%. mp: 139.8 oC. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.41 (t, J = 8.2 Hz,
2H, ArH), 7.12-7.03 (m, 8H, ArH), 4.07 (quart, J = 7.1 Hz, 4H, -OCH2-), 1.45 (t, J = 7.0 Hz, 6H, CH3).
Other homologues 5c~i were synthesized by the same method for 5b. The eluents for the column
chromatography, yields, melting points and 1H-NMR data were described below for these homologues.

Scheme 3-2. Synthetic route for (m-CnOPhS)8PcCu (1a~1i). 1a: previous work Ref. 20.
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4,5-Bis(m-butoxyphenylthio)phthalonitrile (5c). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 4:1, Rf = 0.30. Yield: 68.9%. mp: 96.1 oC. 1H-NMR (400 MHz, CDCl3,
TMS): δ, ppm 7.41 (t, J = 7.4 Hz, 2H, ArH), 7.11-7.04 (m, 8H, ArH), 3.99 (t, J = 6.6 Hz, 4H, -OCH2-),
1.80 (quin, J = 7.0 Hz, 4H, -OCCH2-), 1.51 (sext, J = 7.5 Hz, 4H, -OCCCH2-), 0.993 (t, J = 7.4 Hz,
6H, -CH3).
4,5-Bis(m-hexyloxyphenylthio)phthalonitrile (5d). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 4:1, Rf = 0.48. Yield: 86.0%. mp: 64.1 oC. 1H-NMR (400 MHz, CDCl3,
TMS): δ, ppm 7.41 (t, J = 7.9 Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.4 Hz, 4H, -OCH2-),
1.81 (quin, J = 7.0 Hz, 4H, -OCCH2-), 1.49-1.33 (m, 12H, (-CH2-)3×2), 0.914 (t, J = 7.0 Hz, 6H, CH3).
4,5-Bis(m-octyloxyphenylthio)phthalonitrile (5e). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 4:1, Rf = 0.58. Yield: 95.1%. mp: 72.1 oC. 1H-NMR (400 MHz, CDCl3,
TMS): δ, ppm 7.41 (t, J = 8.0 Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.6 Hz, 4H, -OCH2-),
1.81 (quin, J = 7.1 Hz, 4H, -OCCH2-), 1.49-1.24 (m, 20H, (-CH2-)5×2), 0.889 (t, J = 6.8 Hz, 6H, CH3).
4,5-Bis(m-decyloxyphenylthio)phthalonitrile (5f). (Scheme 3-2)
SiO2, CH2Cl2, Rf = 0.80. Yield: 78.1%. mp: 76.5 oC. 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.43
(t, J = 7.6 Hz, 2H, ArH), 7.13-7.08 (m, 8H, ArH), 4.00 (t, J = 6.6 Hz, 4H, -OCH2-), 1.83 (quin, J = 7.4
Hz, 4H, -OCCH2-), 1.53-1.31 (m, 28H, (-CH2-)7×2), 0.904 (t, J = 6.6 Hz, 6H, -CH3).
4,5-Bis(m-dodecyloxyphenylthio)phthalonitrile (5g). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 4:1, Rf = 0.58. Yield: 29.3%. mp: 76.2 oC. 1H-NMR (400 MHz, CDCl3,
TMS): δ, ppm 7.41 (t, J = 8.2 Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.6 Hz, 4H, -OCH2-),
1.81 (quin, J = 7.1 Hz, 4H, -OCCH2-), 1.50-1.21 (m, 36H, (-CH2-)9×2), 0.88 (t, J = 6.8 Hz, 6H, -CH3).
4,5-Bis(m-tetradecyloxyphenylthio)phthalonitrile (5h). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 4:1, Rf = 0.38. Yield: 75.0%. mp: 50.0 oC(mp1), 83.3 oC(mp2) (This
compound showed double melting behavior). 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.41 (t, J =
7.8 Hz, 2H, ArH), 7.11-7.04 (m, 8H, ArH), 3.98 (t, J = 6.4 Hz, 4H, -OCH2-), 1.81 (quin, J = 7.0 Hz,
4H, -OCCH2-), 1.49-1.26 (m, 44H, (-CH2-)11×2), 0.879 (t, J = 6.8 Hz, 6H, -CH3).
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4,5-Bis(m-hexadecyloxyphenylthio)phthalonitrile (5i). (Scheme 3-2)
SiO2, CH2Cl2: n-hexane = 5:2, Rf = 0.70. Yield: 73.9%. mp: 58.3 oC(mp1), 70.2 oC(mp2) (This
compound showed double melting behavior.). 1H-NMR (400 MHz, CDCl3, TMS): δ, ppm 7.41 (t, J =
8.2 Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.4 Hz, 4H, -OCH2-), 1.81 (quin, J = 7.0 Hz, OCCH2-), 1.47 (quin, J = 7.2 Hz, -OCCCH2-), 1.38-1.26 (m, 48H, -(CH2)12-,), 0.878 (t, J = 6.8 Hz,
6H, -CH3).
Octakis(m-ethoxyphenylthio)phthalocyaninato copper(Ⅱ) (1b). (Scheme 3-2)
A three necked flask was charged with anhydrous CuCl2 (15.5 mg, 0.115 mmol), 4,5-bis(3ethoxyphenylthio)phthalonitrile (94.1 mg, 0.218mmol) and 1-hexanol (5mL). To the reaction mixture
5 drops of DBU was added and refluxed for 1.5 h. It was cooled to rt and poured into methanol to
precipitate. The precipitates were collected by filtration and washed with methanol, ethanol and ethyl
acetate successively. The precipitates were purified by Soxhlet extraction (toluene) two times. The
obtained toluene solution was concentrated in vacuo and the residue was reprecipitated from acetone
to obtain green solid (43.1 mg).
The homologues 1c, 1h and 1i were also synthesised and purified by the same procedure for 1b.

Octakis(m-ethoxyphenylthio)phthalocyaninato copper(Ⅱ) (1d). (Scheme 3-2)
A three necked flask was charged with anhydrous CuCl2 (9.2 mg, 0.068 mmol), 4,5-bis(3hexyloxyphenylthio)phthalonitrile (5d: 48.2 mg, 0.0885mmol) and 1-hexanol (5mL). To the reaction
mixture 5 drops of DBU was added and it was refluxed with stirring for 1.5 h. It was cooled to rt and
poured into methanol to precipitate. The precipitates were collected by filtration and washed with
methanol, ethanol and ethyl acetate successively. The residue was dissolved in chloroform and the
solution was concentrated in vacuo. Subsequently, the crude product was purified by column
chromatography (SiO2, CHCl3, Rf = 1.0) to obtain green solid (27.6 mg).
g were also synthesized and purified by the same procedure for
The homologues 1e~g
1d. Table 1 lists the yields, MALDI-TOF-MASS and elemental analysis data of all the
homologues 1b~i. The UV-vis spectral data were summarized in Table 2.

Decomposition temperatures of 1b~1i
Decomposition temperatures (Td) obtained from TGA are listed below.
1b. Td > 400 oC, 1c. Td = 389 oC, 1d. Td = 397 oC, 1e. Td = 359 oC, 1f. Td = 386 oC, 1g. Td = 399 oC,
1h. Td = 371 oC, 1i. Td = 360 oC.
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Table 3-1. Yields and elemental analysis data of (m-CnOPhS)8PcCu (1a~1i).

Table 3-2. UV-vis spectral data in CHCl3 solution of (m-CnOPhS)8PcCu (1b~1i).
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3.3. Results and discussion
3.3.1. Synthesis
Phenylthio substituted phthalocyanine derivatives (PhS)8PcM (M = H2, metal) reported up to date
were prepared from commercially available benzenthiol derivatives as the starting reagents

10-20.

However, each of these benzenethiol derivatives doesn’t have long alkyl chains. Therefore, at first we
have developed the synthetic route for the long alkoxy chain-substituted benzenethiols 4b~i in this
study. Although many synthetic methods for benzenethiol derivatives have been reported so far 34-39,
we have tried in this study the following three relatively simple methods (Routes A, B and C in Scheme
3-1) for the long alkoxy chain-substituted benzenethiol precursors 4b-i.
Route A in Scheme 3-1 was followed those of Refs. 26 and 27. The starting material, 3hydroxybenzenethiol, was commercially available. The thiol group in 3-hydroxybenzenethiol was
protected with trityl group to obtain derivative 2A. Subsequently, the OH group in the phenol
derivative 2A was substituted by an alkoxy group using Williamson reaction to obtain derivative 3Af.
The trityl group in 3Af was deprotected by triethylsilane in acidic condition. Although the reaction
proceeded, it was not possible to separate the target compound 4f and the by-product containing trityl
group. It is attributable to the nonpolarity of both the target compound and the by-product having nonpolar decyl groups. If they would have big difference of the polarities, they could separate them like
as the derivatives reported in Refs. 26 and 27.
Route B in Scheme 3-1 was followed that of Ref. 30. Firstly, the OH group in 3-iodophenol was
substituted by long alkoxy group using Williamson reaction to obtain derivatives 2Bb~i. Subsequently,
these iodobenzene derivatives 2Bb~i were successfully converted into benzenethiol derivatives 4b~i
in good yields (average total yield: 62.8%).
Derivative 4i was also successfully synthesized by using another method 31 (Route C in Scheme 31). Firstly, commercially available 3-hydroxybenzenethiol was converted into corresponding disulfide
derivative 2C in the presence of HBr aq. sol. and DMSO. Subsequently, the OH groups in this disulfide
derivative 2C were substituted by long alkoxy groups using Williamson reaction to obtain disulfide
derivative 3Ci. Following the method of Ref. 32, derivative 3Ci was converted into corresponding
benzenethiol derivative 4i. This method also successfully provided the key benzenethiol derivative 4i
in moderate yield (total yield: 20.1%).
Thus, the methods of Routes B and C in Scheme 3-1 successfully provided the long alkoxysubstituted benzenethiol derivatives 4b~i.
As shown in Scheme 3-2, the synthetic method of target phthalocyanine derivatives (mCnOPhS)8PcCu (1a~i) was followed the method of Ref. 33. Firstly, each of the long alkoxy-substituted
benzenethiol derivatives 4a~i was reacted with 4,5-dichlorophthalonitrile to obtain the phthalonitrile
derivatives 5a~i. These phenylthio-substituted phthalonitriles 5a~i were tetracyclised to afford the
target phenylthio-substituted phthalocyanines, (m-CnOPhS)8PcCu (1a~i), in relatively good yields
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(average yield: 59%). Each of the phthalocyanines could be satisfactorily identified by the MALDITOF MASS, elemental analysis and UV-vis spectrum (Tables 3-1 and 3-2).
Table 3-3. Phase transition temperatures and enthalpy changes of 1b~1i.

3.3.2. Phase transition behavior
Table 3-3 summarizes phase transition behavior of all the phenylthio-substituted PcCu complexes:
the shortest-alkoxy-substituted derivative (m-C1OPhS)8PcCu (1a) synthesized in our previous work,
and the other longer-alkoxy-substituted derivatives, (m-CnOPhS)8PcCu (n = 2~16; 1b~i), synthesized
in this work.
In Figure 3-2, the phase transition temperatures of all the derivatives (m-CnOPhS)8PcCu (n = 1~16:
1a~i) were plotted against the alkyl chain length (n). As can see this figure, each of the lines for the
clearing points (○), the highest melting points (●), and the liquid crystal - liquid crystal transition
points (▲) is very smoothly connected. However, there is only a gap between n=2 and 4 for the melting
points. It may correspond to the difference of mesomorphism driving forces between the hexagonal
ordered columnar (Colho) phases for 1a-b (n = 1, 2) and the rectangular ordered columnar (Colro (P2m))
phases for 1c~i (n = 4~16). Furthermore, each of the derivatives 1f~i (n = 10~16) shows two
rectangular ordered columnar phases of Colro1 (P2m) and Colro2 (P2m).
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Interestingly, the Colho phases appear only for the extremely short alkoxy-substituted derivatives
1a-b (n = 1, 2), so that these discogens can be considered as flying-seed-like liquid crystals induced
by thermal fluctuation of the bulky peripheral substituents

20-25

. On the other hand, the Colro (P2m)

phase(s) appear only for the longer alkoxy- substituted derivatives 1c~i (n = 4~16), so that these
discogens can be considered as conventional liquid crystals induced by melting of the peripheral long
alkoxy chains. To the best of our knowledge, this is the first example changing from flying-seed-like
liquid crystals to long alkyl chain type of liquid crystals in a series of liquid crystalline homologues.

Figure 3-2. Phase transition temperature vs. the number of carbon atom
in the alkoxy chains for (m-CnOPhS)8PcCu (1a-1i). ○: clearing point,
●: melting point, ▲: mesophase-mesophase transition.
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3.3.3. Polarizing optical microscopic observation
Figure 3-3 shows the polarizing optical photomicrographs of liquid crystalline phases in the
representative derivatives, 1b (n = 2), 1f (n = 10) and 1i (n = 16). Both (a) and (b) are the
photomicrographs of the liquid crystalline phase in the shortest alkoxy-substituted derivative (mC2OPhS)8PcCu (1b) at 220 oC. As can see from these photos, photo (a) shows a focal conic texture
typical of liquid crystalline phases and photo (b) shows a dendritic texture typical of a hexagonal
columnar (Colh) phase. Therefore, this liquid crystalline phase of 1b could be identified as a Colh
phase. Photo (c) is a Colro2 (P2m) phase in the moderately long alkyl-substituted derivative (mC10OPhS)8PcCu (1f) at 115 oC. Both (d) and (e) are a Colro1 (P2m) phase in the same derivative 1f at
90 oC. As can see from these photos, both Colro1, 2 phases did not give any typical textures of
mesophases. However, when the phase in photo (d) was pressed and sheared, it showed both stickiness
and birefringence as shown in photo (e). Therefore, the Colro1 (P2m) phase in 1f could be identified as
a liquid crystalline phase. Photo (f) shows a Colro1 (P2m) phase in the longest alkoxy-substituted
derivative (m-C16OPhS)8PcCu (1i) at 100 oC. This photo exhibits a focal conic texture typical of liquid
crystalline phases. In addition, when this sample was pressed and sheared, it showed both stickiness
and birefringence as shown in photo (g). Therefore, this phase could be also identified as a liquid
crystalline phase.

Figure 3-3. Photomicrographs of (a) and (b): Colho of (m-C2OPhS)8PcCu (1b) at 220 oC;
(c) Colro2 (P2m) of (m-C10OPhS)8PcCu (1f) at 115 oC; (d) Colro1 (P2m) of (m-C10OPhS)8Pc-Cu
(1f) at 90 oC; (e) sheared sample of the photo (d) of 1f at 90 oC; (f) Colro1 (P2m) of (mC16OPhS)8PcCu (1i) at 100 oC; (g) sheared sample oh the photo (f) of 1i at 100 oC.
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3.3.4. Temperature-dependent small angle X-ray diffraction (TD-SAXS) measurements
Table 3-4 summarizes temperature-dependent small angle X-ray diffraction (TD-SAXS) data of the
liquid crystalline phases in (m-CnOPhS)8PcCu (1a~i). Figures 3-4, 3-5 and 3-6 show the representative
SAXS patterns of (m-C2OPhS)8PcCu (1b), (m-C10OPhS)8PcCu (1f) and (m-C16OPhS)8PcCu (1i),
respectively. In these figures, the enlarged diffractgrams are shown as the insets. These SAXS patterns
were measured for the samples obtained by cooling from isotropic liquid.
The SAXS pattern of (m-C2OPhS)8PcCu (1b) at 220 oC is shown in Figure 3-4. As can see from
this figure, a very broad halo (#1) due to thermal fluctuation of phenylthio groups was observed in 2θ
= 13~23°. This broad halo #1 was also observed for the previous flying-seed-like liquid crystalline
derivative, (m-C1OPhS)8PcCu (1a) 20. The d-spacings in the low angle region are in a ratio of 1: 1/√3:
1/√7: 1/3, which is typical of a Colh phase. Therefore, the mesophase could be identified as a Colh
phase. This identification is consistent with the dendritic texture typical of a Colh mesophase
mentioned above. In addition, two peaks at around 2θ = 6° and 13° could be assigned to the interdimer
stacking d001 (2h = 14.3 Å) and the intermonomer stacking d001 (h = 7.12 Å), respectively. This means
that an equilibrium between the dimers and monomers exists in the Colho mesophase as the same case
as the [m,p-(CnO)2PhO]8PcCu derivatives reported in 2001 7. From the Z value calculation 40, the Z
value of this Colho mesophase in 1b could be obtained as Z = 1.0 assuming the intermonomer stacking
distance as h = 7.12 Å and the density of the mesophase as ρ = 1.0 g/cm3. Although the intracolumnar
stacking distance h (7.12 Å) is much larger than that of conventional Colho phases. However, the value
Z = 1.0 is consistent with the theoretical value (Z = 1.0) for a Colho mesophase. Moreover, the large
stacking distance h = 7.12 Å is comparable as that of flying-seed-like liquid crystals reported in our
previous works 20, 24. Thus, the present derivative 1b could be classified as a flying-seed-like liquid
crystal similar to the previously reported derivative 1a. In our previous work, this liquid crystalline
phase of 1a was identified as a Colro (P2m) phase 20. However, the d spacings of 1a are also in a ratio
of 1: 1/√3: 1/√7: 1/3 as the same as that of 1b. From the Z value calculation, the result (Z = 0.95 Ҹ
1.0) is consistent with a Colho phase. Moreover, the equilibrium between the dimers and monomers in
the Colho mesophase could be also observed as the same case as the (m-C2OPhS)8PcCu (1b)
homologue. Therefore, the liquid crystalline phase of 1a could be also identified as Colho phase, so
that we correct the identification of this mesophase from Colro (P2m) to Colho in this study.
Figure 3-5 shows a SAXS pattern of the moderately long alkoxy-substituted derivative (mC10OPhS)8PcCu (1f) at 115 oC. As can see from this figure, a broad halo (#2) due to the molten long
alkyl chains was observed. From the reciprocal lattice calculation 40, the liquid crystalline phase was
identified as Colro2 (P2m) (a = 37.0 Å, b = 27.6 Å, h = 4.06 Å). Figure 3-6 shows the SAXS pattern of
the longest alkoxy-substituted derivative (m-C16OPhS)8PcCu (1i) at 100oC. The liquid crystalline
phase was also identified as Colro1 (P2m) (a = 49.9 Å, b = 28.6 Å, h = 4.07 Å). It is very interesting
that each of the present longer alkoxy-substituted phenylthio derivatives (m-CnOPhS)8PcCu (n = 4~16)
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Table 3-4. X-ray data of 1a~1i.
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Table 3-4. (Continued)
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Figure 3-4. XRD pattern of (m-C2OPhS)8PcCu (1b) at 220 oC (on cooling from I. L.). #1 = broad halo
due to the thermal fluctuation of the phenylthio groups.

Figure 3-5. XRD pattern of (m-C10OPhS)8PcCu (1f) at 115 oC. #2 = broad halo due to the molten alkyl
chains.
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Figure 3-6. XRD pattern of (m-C16OPhS)8PcCu (1i) at 100 oC (on cooling from I. L.). #2 = broad halo
due to the molten alkyl chains.

showed only rectangular columnar (Colro (P2m)) phase(s), whereas each of the previous longer
alkoxy-substituted phenoxy derivatives (m-CnOPhO)8PcCu (n = 10~20) showed only a hexagonal
columnar (Colho) phase8, 9.

3.3.5. Columnar stacking structures of (m-CnOPhO)8PcCu (n = 10-20) and (m-CnOPhS)8PcCu
(n = 1-16).
The different mesophase appearance mentioned above may be attributed to difference of interaction
among the Pc cores having steric hindrance of the peripheral substituents (PhO and PhS).
It is well known that stronger interaction between cores is required to form a rectangular columnar
(Colr) phase in comparison with a hexagonal columnar (Colh) phase 41-43. As schematically shown in
Figure 3-7, covalent bond radius of sulfur atom (1.04 Å) is larger than that of oxygen atom (0.66 Å).
Hence, C-S bond length (1.81 Å) is longer than C-O bond length (1.43 Å)

44.

Accordingly, the

interaction between Pc cores in the phenoxy-substituted derivatives (m-CnOPhO)8PcCu (n =10-20) is
weakened by bigger steric hindrance of the phenoxy groups closer to the Pc core. As the result, the
phenoxy-substituted derivatives (m-CnOPhO)8PcCu (n = 10-20) may form the hexagonal columnar
phase (Colh). On the other hand, the interaction between Pc cores in the phenylthio-substituted
derivatives (m-CnOPhS)8PcCu (n = 4-16) is strengthened by smaller steric hindrance of phenylthio
group farther from the Pc core. In this case, an additional coordination bonds may be formed between
copper atoms and nitrogen atoms between the upper and lower Pc cores, as illustrated in Figure 3-7
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(dotted lines). Thus, the phenylthio-substituted derivatives (m-CnOPhS)8PcCu (n = 4-16) may form
the rectangular columnar (Colr) phase.

Figure 3-7. Columnar stacking structures of (m-CnOPhO)8PcCu (n = 10-20) and (m-CnOPhS)8PcCu (n =
4-16).
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3.3.6. UV-vis absorption spectra
Figure 3-8 shows the UV-vis absorption spectra (dotted line) and the fluorescence spectra (solid
line) of (m-C10OPhO)8PcCu (upper) and (m-C10OPhS)8PcCu (1f) (lower) in THF solution. Table 3-5
lists their spectral data. As can see from these figure and table, the Q-band of the phenylthio-substituted
derivative (m-C10OPhS)8PcCu (1f) red-shifts by 35.7 nm into near infrared region compared with the
phenoxy-substituted derivative (m-C10OPhO)8PcCu. This result is compatible with those of the
phenylthio-substituted phthalocyanines reported so far16-20.

Figure 3-8. UV-vis absorption spectra of (m-C10OPhO)8PcCu (upper) and
(m-C10OPhS)8PcCu (1f) (lower) in THF solution.

Moreover, we could estimate the optical band gaps of (m-C10OPhO)8PcCu and (m-C10OPhS)8PcCu
(1f) from absorption edge of the Q-bands to be 1.79 eV and 1.70 eV, respectively. Hence, the
phenylthio-substituted derivative gave a narrower band gap by ca. 0.1 eV in comparison with the
phenoxy-substituted derivative.
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Table 3-5. UV-vis spectral data of (m-C10OPhO)8PcCu and (m-C10OPhS)8PcCu in THF solution.

3.4. Conclusion
In this study, we have successfully synthesized novel phenylthio-substituted phthalocyanine
derivatives (m-CnOPhS)8PcCu (1b~1i) to reveal their mesomorphism. We found that the shortest
alkoxy-substituted derivatives, (m-C1OPhS)8PcCu (1a) and (m-C2OPhS)8PCu (1b) could be classified
as flying-seed-like liquid crystals. On the other hand, the other longer alkoxy-substituted derivatives
(m-CnOPhS)8PcCu: n = 4~16 (1c~1i) could be classified as conventional long alkyl-chain-melting
liquid crystals. It is very interesting that each of the present longer alkoxy-substituted phenylthio
derivatives (m-CnOPhS)8PcCu (n = 4~16) showed only rectangular columnar (Colro- (P2m)) phase(s),
whereas each of the previous longer alkoxy-substituted phenoxy derivatives (m-CnOPhO)8PcCu (n =
10~20) showed only a hexagonal columnar (Colho) phase. The different mesophase appearance may
be originated from the difference of interaction among the Pc cores having steric hindrance of the
peripheral substituents (PhO and PhS). The Q-band of the phenylthio-substituted derivative (mC10OPhS)8PcCu (1f) red-shifts by 35.7 nm into near infrared region compared with the phenoxysubstituted derivative (m-C10OPhO)8PcCu. Thus, in this study, we successfully synthesized a novel
series of liquid crystalline (m-CnOPhS)8PcCu (n = 1~16) derivatives showing the Q-bands in near
infrared region. We intend to measure the charge carrier mobilities in the near future.
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Chapetr 4

Stimuli-responsive rheological properties for liquid phthalocyanines
Summary: Highly viscous phthalocyanine-based molecular liquids 1 and 2 were synthesized, and
detailed analyses of their liquid property were conducted. 1 and 2 formed face-to-face aggregates in
solvent-free liquid state. They exhibited stimuli-responsive rheological properties in response to the
changes of temperature and shear force due to collapse of the rod-like aggregates.
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4.1. Introduction
Combination of functional π-molecules with flexible alkyl chains has received great attention
because of the possible applications to optoelectronic devices.1 This method can not only enhance
solubility but also offer formation of well-ordered self-assembled structures such as liquid crystalline
(LC) phases.2 These states are induced by the phase segregation between a rigid π-conjugated unit and
molten alkyl chains as well as noncovalent interactions among molecular components. Functional
molecular liquids (FMLs) are being intensively developed by the precise tuning of intermolecular
interactions among π-molecules.3
Phthalocyanines (Pcs) and their metal complexes (MPcs) have been used as blue or green dyes and
pigments because of their intense absorption bands positioning at red or near-infrared light regions
and their excellent photo and chemical stability.4 The control of their organized states and structures
is crucial for enhancing the performance in applications.5 Pcs form various states in their condensed
phases such as LC, glassy, and crystalline states.6 To date, a handful of Pc-based liquid-like
compounds have been reported.7 Ohta et al. investigated the systematic reduction of intermolecular ππ interactions among CuPc rings by changing the position of linear long-alkyl chains at the peripheral
phenoxy units.7f Among them, orthosubstituted CuPc 1 did not exhibit typical LC behavior, and its
state was assigned as an amorphous liquid by polarized microscope (POM) analyses. However, no
detailed investigation for 1 has been reported so far. Liquid-like Pcs are still limited in examples and
leave open questions about the origin of their high viscosity. In this paper, we investigated the
rheological properties of viscous Pc-based molecular liquids 1 and 2, and found their unique stimuliresponsive rheological properties. We also examined the organized structures in nanometer length
scale of 1 and 2 in the condensed state by spectroscopic, thermal, and X-ray scattering analyses.

4.2. Experimental
4.2.1. Materials
All commercial available chemicals were used without further purification unless otherwise noted.
4, 5-dichlorophthalonitrile and 1-bromododecane were purchased from Tokyo Chemical Industry.
Others were purchased from Wako pure chemical. Molecular sieves and K2CO3 were dried at 200 oC
in vacuo in prior to use to activate them. All solvents were purchased from Wako Pure Chemical and
solvents for synthesis were dried over drying agents in prior to use (3A molecular sieves for DMF and
1-butanol).
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4.2.2. Synthesis
2-Dodecyloxyphenol and 4,5-bis(2ʹ-dodecyloxyphenoxy)phthalonitrile were synthesized
according to literature methods.7f

1: 2,3,9,10,16,17,23,24-octa(2ʹ -dodecyloxyphenoxy)phthalocyanine
A test tube was filled with dry 1-butanol (3.0 mL) and lithium metal (11.6 mg, 1.67 mmol). The
mixture was slowly heated up to 70 oC to dissolve all lithium metal. After perfectly dissolved, the
mixture was cooled to r. t. 4,5-bis(2′-dodecyloxyphenoxy) phthalonitrile (416 mg, 0.611 mmol) was
added to this solution at r. t., and the resulting mixture was refluxed under Ar for 2 h. After cooling to
r. t., one portion of acetic acid and water were added to this mixture, and extracted with n-hexane. The
organic layer was washed with water and brine, and dried over Na2SO4. After removing Na2SO4, the
filtrate was evaporated in vacuo. Subsequently, the crude product was purified with silica gel column
chromatography (CH2Cl2: n-hexane = 5:1, Rf = 0.50) and recycling preparative HPLC (CHCl3) to
obtain dark colored viscous liquid (103 mg, 25%).
High resolution HR-APCI-TOF-Mass (negative): m/z 2723.8638 [M]; calcd for C176H242O16N8:
m/z 2723.8363.
1

H-NMR (400.13 MHz, CDCl3, TMS): δ (ppm) = 8.69 (s, 8H, ArH), 7.37-7.28 (m, 16H, ArH), 7.19

(d, J = 7.2Hz, 8H, ArH), 7.12 (m, 8H, ArH), 4.11 (t, J = 6.8 Hz, 16H, -OCH2-), 1.71 (quin, J = 7.1 Hz,
16H, -OCCH2-), 1.24 (quin, J = 7.5 Hz, 16H, -OCCCH2-), 1.07 (quin, J = 7.2 Hz, 32H, OCCCCH2CH2-), 0.945-0.580 (m,120H, -(CH2)6CH3), -0.542 (s, 2H, -NH).
13C-NMR

(100.61 MHz, CDCl3, TMS): δ(ppm) = 151.3, 151.2, 145.9, 125.6, 121.9, 121.6, 115.0,

111.6, 69.5, 32.1, 29.8, 29.7, 29.4, 26.3, 22.9.
UV-visible (THF) λmax /nm (log ε): 704 (5.14), 668 (5.13), 349 (4.88).

2: 2,3,9,10,16,17,23,24-octa(2ʹ-dodecyloxyphenoxy)phthalocyaninato copper(II)
A three necked flask was filled with anhydrous CuCl2 (36.8 mg, 0.274 mmol), 4,5-bis(2′
dodecyloxy)phthalonitrile (492 mg, 0.722 mmol), 1-pentanol (6.0 mL), and DBU (1,8diazabicyclo[5.4.0]-7-undecene) (121 mg, 0.795 mmol). The reaction mixture was refluxed for 24 h
with stirring under Ar. After cooling down to r. t., methanol was added to precipitate the target
compound. The precipitates were collected by filtration and washed with methanol to remove residual
Cu ion. The crude product was purified with silica gel column chromatography (CHCl3, Rf = 1.0) and
recycling preparative HPLC (CHCl3) to obtain dark colored viscous liquid (339 mg, 67%).
HR-APCI-TOF-Mass (negative): m/z 2784.7455 [M]+; calcd for C176H240O16N8Cu: m/z 2784.7503.
UV-visible (THF) λmax /nm (log ε): 681 (5.48), 347(4.93).
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4.3. Results and discussion
4.3.1. Synthesis
We synthesized compounds 1 and 2, in which eight 2-dodecyloxypheoxy units were attached at the
peripheral positions of a Pc ring (Figure 4-1a).7f After tetramerization of 4,5-bis(2-dodecyloxypheoxy)phthalonitrile 3 in the presence or absence of CuCl2, 1 and 2 were purified by silica gel column
chromatography and recycling preparative HPLC to obtain dark colored highly viscous oils (Figure 41b). The obtained 1 and 2 exhibited good solubility in various organic solvents except for polar ones,
e.g. methanol, ethanol, and water. The mass spectra of 1 and 2 showed [M]- peaks at m/z 2784.7455
and 2723.8638 g mol-1, respectively which exactly agreed with their calculated molecular weights. All
peaks of the 1HNMR spectrum of 2 in CDCl3 were well resolved and sharp (Figure 4-2). In particular,
the six protons of the Pc ring can be found as a sharp singlet at 8.69 ppm, indicating no formation of
aggregates among the Pc rings in CDCl3. Thermogravimetric analysis (TGA) was performed for 1 and
2 to confirm the absence of impurities such as solvents or unreacted precursors (Figure 4-3). In both
TGA data, only decomposition-triggered weight losses were observed at around 390 °C. Therefore,
the highly viscous fluid states of pure 1 and 2 as shown in Figure 4-1b are their intrinsic properties
without contamination of residual solvents and impurities.

Figure 4-1. a) Molecular structure of 1 and 2. b) A photograph of 2
as a sticky compound on glass plate at r. t.
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Figure 4-2. 1H NMR spectrum of 2 in CDCl3.

Figure 4-3. TGA profiles for 1 (a) and 2 (b) under N2 atmosphere (scan rate: 10 oC /min).
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4.3.2. Aggregation property
The shape and position of the Q-bands are known to be an indicator for analyzing the aggregation
behavior of MPcs.8 Figures 4-4a and 4-4b show the absorption spectra of 1 and 2 in THF and n-hexane.
For 2 in the THF solution, two split Q-bands were observed at 704 and 668 nm, while 1 in THF had a
strong sharp peak at 681 nm. The spectral shapes, Q-band position, and ε values for 1 and 2 nearly
agreed with the reported values of monomeric metal-free Pcs and CuPcs.7f,9 The Q bands of 1 and
2 in nonpolar n-hexane were broadened by decreasing the absorption intensities relative to the THF
solutions, and new small shoulder peaks at around 640 nm appeared. The absorbance ratio between
two peaks at 681 and 640nm decreased with increasing the concentration of 1 in n-hexane (Figure 45). These changes arose from the interaction between neighboring excitons, indicating the formation
of aggregates through intermolecular π-π interactions among Pc units.8 The inset of Figure 4-4b shows
the UV-visible absorption spectra of neat samples 1 or 2 sandwiched by two quartz glasses. The sharp
Q-bands as observed in the THF solutions almost disappeared and broadened, and new blue-shifted
peaks appeared at around 640 nm. These spectral shapes indicate the stacking of Pcs with face-to-face
arrangements.10 When the UV-visible absorption spectra of the thin films of 1 and 2 were monitored
by heating from room temperature (r.t.) to 90 °C, there was no appearance of sharper Q-bands which
indicates the stability of aggregates without remarkable dissociation (Figure 4-6). In other words, these
imply the formation of thermally-stable face-to-face stacks through π-π interactions among planar Pc
rings in their condensed phase.

Figure 4-4. UV-visible absorption spectra of 1 (a) and 2 (b) in THF (solid line) and n-hexane (dashed
line). The inset of (b) shows UV-visible absorption spectra of neat samples of 1 (dashed line) and 2 (solid
line). c) SAXS pattern for 1 at r. t. d) An optimized structure of 1 estimated by DFT calculation. Dodecyl
chains were omitted for DFT calculation.
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Figure 4-5. Concentration dependence of UV-visible absorption
spectra of 1 in n-hexane. The inset shows the plots of absorbance
ratios between two peaks at 681 and 640 nm vs. [1].

Figure 4-6. Absorption spectra of Q-band region of 1
measured at r.t., 40, 55, 70, and 85 oC.
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4.3.3. Liquid property
No birefringence was observed for either 1 or 2 even though these neat samples are sheared or
pushed under POM observation, revealing the absence of optically long-range-ordered structures
(Figure 4-7).6c Differential scanning calorimetry (DSC) measurements were performed for 1, 2, and 3
to identify their thermal phase transition behavior (Figure 4-8). Both compounds 1 and 2 possess only
a glass transition (Tg) at 9.2 and 6.1 °C, respectively. The Tg values of 1 and 2 were much higher than
that of 3 (Tg = 139 °C), revealing that Tg was significantly increased by the tetramerization. Figure 44c shows a small-angle X-ray scattering (SAXS) pattern for 1 at r.t. A relatively broad reflection at 2θ
= 1.3-7.9 degrees having a peak at d = 2.2 nm was observed, and the d spacing is almost compatible
to the molecular diameter of the rigid Pc core decorated with eight phenoxy units (2.19 nm) estimated
by the density functional theory (DFT) calculation (Figure 4-4d). This can be attributed to the
reflection from the average center-to-center distance of neighboring Pc molecules. Furthermore, the
observed reflection peak is broader than the d100 peaks for liquid crystalline Pcs reported previously,
11

suggesting that the center-to-center distance in 1 fluctuates in the condensed state. The broad halo

observed at around 2θ = 15-20 degrees is characteristic of the molten state of alkyl chains. In addition,
no intermolecular π-π stacking distance was observed around 2θ = 20 degrees as a peak, indicating the
absence of a long-range order between Pc rings through π-π stacking.9 The SAXS pattern of 1 did not
change with increasing temperature from r.t. to 90 °C, indicating no structural change in this
temperature range (Figure 4-9). These SAXS patterns for 1 and 2 (Figure 4-10) are similar to the
reported patterns of porphyrin derivatives with long alkyl chains.12

Figure 4-7. Optical micrographs of 1 (a, b) and 2 (c, d) at 25 oC. Images
of (b) and (d) were taken under crossed polarizer.
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Figure 4-8. DSC profiles for 1, 2 and 3 on a heating trace under N2
atmosphere (scan rate: 10 oC /min).

Figure 4-9. SAXS patterns for 1 (a) and 2 (b) measured at r. t., 45, 55, 75, 85, and 90 oC.
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Figure 4-10. (a) SAXS pattern for 2 at r. t. (b) Optimized molecular
structure of 2 estimated by DFT calculation. Dodecyl chains were
omitted for DFT calculation.

Figure 4-11. Apparent viscosity change of 1 by heating from 25 oC (a) to 45 oC (b).

Viscous fluid 2 formed a thread through mechanical pulling at 25 °C, and this thread was broken
by being heated up to 45 °C (Figure 4-11). The origin of this behavior can be seen as a decreasing of
the viscosity of 2 accompanied by heating. Rheological measurements were performed for 1 and 2 to
investigate their rheological properties.3 For both samples, strain amplitude (γ) scans were firstly
performed to determine the linear-viscoelastic region. For both samples strain amplitude (γ) of 0.1%
and 50% were within this linear viscoelastic region (Figure 4-12). Figure 4-13a shows the angular
frequency (ω) dependence of storage elastic modulus (G′) and viscous loss modulus (G′′) at a shear
strain of γ = 0.1% on double logarithmic plots. Both 1 and 2 displayed higher G′′ values than the G′
values in the whole measured ω range at 25 °C, which is typical of liquid-like behavior.3 The double
logarithmic plots of G′ vs. ω for 1 and 2 have two slopes with the inflection point around ω = 5 s-1,
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revealing a slow relaxation process below this point.13 Figure 4-13b shows ω dependence of the
complex viscosity (η*) measured at 25 °C at γ = 0.1% and 50%. Zero-shear viscosities (η0) given by
limω→0_η*_ 1.60 × 104 and 1.03 × 104 Pa•s for 1 and 2 at γ = 0.1%.13 These η0 values are seven orders
of magnitude higher than the viscosity of water (about 1 × 10-3 Pa•s), and the η0 values of 2 are slightly
higher than that of 1. The η* values of 1 and 2 were almost independent of ω at γ = 0.1% (Figure 413b). In contrast, the η* value decreased as ω increased at the high shear strain (γ = 50%), indicating
shear-thinning behavior.13 Shear-thinning behavior is a typical behavior for liquids containing nonspherical materials and aggregates.14 The observed shear-thinning behavior suggests the formation of
rod-like clusters composed of short Pc-stacks with axial ratios, and these aggregates collapse into
smaller clusters with increasing angular frequency under high shear force. The shear-thinning behavior
at γ = 50% disappeared by heating above 35 °C, and the ω dependencies of η* at 35-90 °C showed
plateau Newtonian-like liquid profiles (Figure 4-14). The η0 values of 1 and 2 at γ = 0.1% significantly
decreased by four orders of magnitude as the temperature rose to 90 °C (Figure 4-13c). Thus, Pc-based
molecular liquids exhibited a significant change of viscosity in response to the changes of temperature
and shear force.

Figure 4-12. Storage elastic modulus (Gʹ: ■) and viscous loss modulus (Gʺ: ●) vs. strain
amplitude (γ) for 1 (a) and 2 (b).
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Figure 4-13. a) Storage elastic modulus (G′) and viscous loss modulus (G′′)
vs. angular frequency (ω) on double logarithmic scale at 25°C (γ = 0.1%).
●: G′′ for 1, ■: G′ for 1, ○: G′′ for 2, □: G′ for 2. b) Complex viscosity (η*)
vs. ω on double logarithmic scale. □: 1 (γ = 0.1%), ■: 1 (γ = 50%), ڹ: 2
(γ = 0.1%), ڸ: 2 (γ = 50%). c) Plots of log η0 vs. temperature at γ = 0.1%
for 1 ( )ڹand 2 (○ ).

Figure 4-14. Complex viscosity (η*) vs. angular frequency (ω) for 1 at
γ = 50% (a) and 0.1% (b). ●: 25 oC, ♦: 30 oC, ■: 35 oC, ▲: 45 oC,
▼: 55 oC, ○: 75 oC.
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4.4. Conclusion
In summary, we have investigated the rheological properties of Pc-based molecular liquids. The
highly viscous liquids displayed only a glass transition at below 10 °C. The absorption spectra revealed
the formation of face-to-face aggregations. Furthermore, SAXS patterns did not show the reflection
from the long-range stacking distance. From these results, we can conclude that 1 and 2 form short
rod-like nanoaggregates made of π-π stacks, and the aggregates were thermally stable. Rheological
analyses revealed their liquid-like behavior, and significant viscosity changes by external inputs of
temperature and shear force.
We propose a mechanism of the stimuli-responsive rheological properties observed for Pc-based
molecular liquids schematically illustrated in Figure 4-15. First, monomeric Pcs aggregate into the
short stacks with face-to-face conformations. Second, these stacks entangle each other and organize
large rod-like clusters as observed in the broad SAXS reflection corresponding to the molecular
diameter of the rigid Pc core. This is one reason for the high viscosities of 1 and 2. The size of the
cluster is reduced by increasing the temperature or shear force, and the viscosities dramatically
decrease as a response to these external inputs. The alkylated-π FMLs have great potential for the
fabrication of optoelectronic molecular devices.15 The near-IR absorbing Pc-based molecular liquids
with unique rheological properties will provide new opportunities for realizing these devices utilizing
the near-IR light region.

Figure 4-15. Stimuli-responsive structural change in Pc-based molecular liquids.
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Chapter 5

A near-infrared fluorescent phthalocyanine liquid developed
through controlling intermolecular interactions

Summary: Novel liquid phthalocyanines 1 and 2 were synthesized, and the correlation between
their molecular structure and intermolecular interactions in the solvent-free state was investigated. Haggregates were formed in 1, and a monomeric non-aggregate state emitting in the near-infrared (NIR)
spectral range was developed in 2, enabling its application in NIR-technology.
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5.1. Introduction
A combination of π-conjugated units and flexible units such as alkyl chains produces functional
soft materials such as optoelectronically-active gels, 1 polymers, 2 and liquid crystals.3 In particular,
solvent-free functional molecular liquids (FMLs) have emerged as a new class of soft materials due to
their non-volatility, processability, free deformability, improved stability to oxidation, solvent-like
functions, and other properties.

4

One of the fascinating features of FMLs is their luminescence

property in the liquid state. Various solvent-free luminous molecular liquids (LMLs)5 have been
reported over the past decade, which are regarded as good candidates for active components in lightemitting devices. 6, 7 In this context, development of near-infrared (NIR) luminous solvent-free liquids
is an attractive avenue for realizing conversion systems of photon energy in the NIR spectral region8
and light- weight/bendable/wearable light-emitting device9 applicable in biomedicine and biosensing.
However, most of the LMLs reported so far were composed of a relatively small π-conjugate
molecular unit with branched alkyl side chains and exhibited luminescence limited to the visible light
region. Most of the molecules with NIR absorption and luminescence have a rigid planar structure due
to their large π-conjugation.10 Therefore, precise control of molecular interactions in the liquid state is
required for sufficient isolation of the large π-unit to avoid self-quenching of the emission due to the
formation of face-to-face (H-) aggregates. For these reasons, development of NIR LMLs is quite
challenging. As a good reference example, a molecular design focusing on the control of π-π
interactions in the liquid state was developed by using the pyrene core as a fluorescent probe.11
Recently, intermolecular interactions in liquid porphyrins have been successfully tuned on the basis
of alkyl-π engineered molecular design.12 Peripheral modification of a large π-conjugated unit with
bulky yet flexible alkyl side chains could be a potential methodology for developing solvent-free NIR
LMLs.
Phthalocyanines (Pcs) have been paid much attention for their NIR absorption and potential
application in luminous dyes due to their photo- and chemical stability, tunability of their absorption
and emission properties through structural modification, and complexation with various metals.13
There are several reports on liquefaction of Pcs.14 However, H-aggregates were noticed in their
solvent-free liquid state, which are not desirable for NIR luminous properties. Dendrons have been
used as axial or peripheral substituents of Pcs for suppressing face-to-face π-π interactions among Pc
cores in the condensed state.15,

16

In this approach, isolation of the Pc unit was successful, but

liquefaction and NIR emission were not. In addition, six-coordinate central metals such as silicon and
ruthenium were used, and much effort was required to synthesize the entire molecule. Therefore,
liquefaction and isolation of the Pc core through structural modification of a metal-free Pc (H2Pc)
would be a priority in developing solvent-free NIR LMLs.
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We designed H2Pc 1 and 2 with bulky yet flexible 3,5- or 2,5-di(2-hexyldecyloxy)phenyl groups11,
12

at non-peripheral (α)-positions17 on a Pc ring for effective liquefaction of the molecules and isolation

of the Pc unit (Scheme 5-1); we aim to clarify their aggregation properties. We discuss how the
substituent pattern at the α-position on the Pc ring and the aggregation structure correlate, as well as
the NIR fluorescence properties in the solvent-free liquid state.

Scheme 5-1. Molecular structure and synthetic route for 1, 2, and 3.

5.2. Experimental
5.2.1. Materials
All commercial available chemicals were used without further purifications unless otherwise noted.
4A molecular sieves and potassium acetate (AcOK) were dried at 200 oC in vacuo in prior to use. 1Butanol and 1-dodecanol for synthesis of phthalocyanines was dried over 4A molecular sieves in prior
to

use.

2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl

(Sphos)

and

tetrakis(triphenyl-

phosphine)palladium (0) (Pd(PPh3)4) were purchased from Sigma Aldrich. Palladium acetate
(Pd(OAc)2), dichlorobis-(triphenylphosphine)palladium (Ⅱ) ( PdCl2(PPh3)2), AcOK, tripotassium
phosphate (K3PO4), potassium carbonate (K2CO3), Li metal, and all solvents were purchased from
WAKO pure chemical. Bis(pinacolato)diboron was purchased from Matrix Scientific. 2Hexyldecylbromide and 2, 5-dimethoxyphenyl boronic acidwerepurchased from Tokyo Chemical
Industry.
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5.2.2. Synthesis
3,5-Di(2-hexyldecyloxy)benzeneboronic acid pinacol ester (4 in Scheme 5-1)11
The title compound was prepared by palladium-catalyzed Miyaura-Ishiyama borylation.18 A flask
containing 3,5-di(2-hexyldecyloxy)bromobenzene11 (612mg, 0.960 mmol), AcOK (280 mg, 2.85
mmol, 3eq.), bis(pinacolato)diboron (B2pin2) (366 mg, 1.43 mmol, 1.5eq.) and PdCl2(PPh3)2(73mg,
0.095 mmol, 0.1eq.) was filled with Ar. Deoxygenaized dioxane (3.2 mL) was added to the mixture
with syringe through septum. The mixture was heated at 80 oC for 72 h. After cooling to r.t, the reaction
mixture was diluted with n-hexane. This mixture was filtrated to remove insoluble chemicals. The
filtrate was washed with water and brine. The organic layer was dried over Na2SO4. After filtration,
the solvent was evaporated in vacuo. The crude product was purified with recycling preparative HPLC
(CHCl3) to obtain colorless oil. Yield: 67%
1H-NMR

(400.13 MHz, CDCl3) δ (ppm): 6.92(d, J = 2.4 Hz, ArH, 2H), 6.56(t, J = 2.2 Hz, ArH, 1H),

3.84(d, J = 5.6 Hz, -OCH2-, 4H), 1.74(brs, -OCCH-, 2H), 1.43-1.27(m, -(CH2)12-and -CH3 of pinacol
unit, 60H), 0.90-0.86(m, -CH3, 12H).
13

C-NMR (100.16 MHz, CDCl3) δ (ppm):160.65, 112.63, 105.35, 84.15, 71.07, 38.54, 32.35, 32.32,

32.30, 31.88, 30.47, 30.14, 30.04, 29.77, 27.31, 25.25, 23.11, 14.52.
HR-APCI-TOF-Mass (positive) found m/z: 683.6046, calcd. for C44H81O4B m/z: 683.6259 [M]+.
2,5-Di(2-hexyldecyloxy)benzeneboronic acid pinacol ester (6 in Scheme 5-1)11
The synthetic method was the same for that of 4. 2,5-di(2′-hexyldecyloxy)bromobenzene11 was used
as the starting material instead of 3,5-di(2-hexyldecyloxy)bromobenzene. The target compound was
obtained as colorless oil. Yield: 51%
1H-NMR

(400.13 MHz, CDCl3) δ (ppm): 7.18(d, J = 3.2 Hz, ArH, 1H), 6.89(dd, J = 3.2, 5.6 Hz, ArH,

1H), 6.75(d, J = 9. 2Hz, ArH, 1H), 3.78(d, J = 5.2 Hz, -OCH2-, 4H), 1.78-1.56(m, -OCCH-, 2H), 1.541.32(m, -(CH2)12-and -CH3 of pinacol unit, 60H), 0.89-0.86(m, -CH3, 12H).
13C-NMR

(100.16 MHz, CDCl3) δ (ppm):158.61, 153.34, 122.33, 118.68, 115.78, 113.18, 83.70,

72.18, 71.81, 38.77, 38.60, 32.35, 32.33, 32.30, 31.83, 31.58, 30.59, 30.13, 30.09, 30.02, 29.79, 29.76,
27.36,27.32, 27.29, 25.31, 23.09, 14.52.
HR-APCI-TOF-Mass (positive) found m/z: 683.6341, calcd. for C44H81O4B m/z: 683.6259 [M]+.
3-[3′,5′-Di(2-hexyldecyloxy)phenyl)phthalonitrile (5 in Scheme 5-1)
The title compound was prepared by palladium-catalyzed Suzuki-Miyaura coupling in using SPhos as
a ligand.19 The reaction condition was followed to previous report.20 A flask containing 3iodophthalonitrile21 (118 mg, 0.454 mmol, 1.3eq.), 3,5-Di(2-hexyldecyloxy)benzeneboronic acid
pinacol ester(4) (245 mg, 0.358 mmol), K3PO4 (310 mg, 1.40 mmol, 4eq.), Pd(OAc)2(14 mg, 0.035
mmol, 0.1eq.) and SPhos (29 mg, 0.070 mmol, 0.2eq.) was filled with Ar. 6.9 mL of deoxygenaized
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mixed solvent (toluene / 1, 2-dimethoxyehane (DME) / H2O, 1:1:2, v/v/v) was added to the mixture
with syringe through septum. The mixture was refluxed for 72 h. The reaction mixture was cooled to
r.t, and extracted with ethyl acetate. The organic layer was washed with water and brine. The organic
layer was dried overNa2SO4. After filtration, the solvent was evaporated in vacuo. The crude product
was purified with silica gel column chromatography (Rf = 0.33, AcOEt: n-hexane = 1: 15, v/v) and
recycling preparative HPLC (CHCl3) to obtain as colorless oil. Yield: 65%
1H-NMR

(400.13 MHz, CDCl3) δ (ppm): 7.82-7.73(m, ArH, 3H), 6.65-6.59(m, ArH, 3H), 3.89(d, J =

7.2 Hz, -OCH2-, 4H), 1.81-1.78(m, -OCCH-, 2H), 1.49-1.30(m,-(CH2)12-, 48H), 0.92-0.88(m, -CH3,
12H).
13C-NMR

(100.16MHz, CDCl3) δ (ppm):160.86, 147.54, 137.98, 134.04, 132.68, 132.01, 117.27,

115.71, 115.15, 114.50, 107.24, 102.54, 71.23, 37.97, 31.91, 31.86, 31.37, 30.01, 29.68, 29.58, 29.33,
26.85, 26.83, 22.68, 14.11.
HR-APCI-TOF-Mass (negative) found m/z: 684.5661, calcd. for C46H72N2O2 m/z: 684.5588 [M]㸫.
FT-IR (ATR) ν/ cm-1: 2233.57 (-CN)

3-[2′,5′-Di(2-hexyldecyloxy)phenyl]phthalonitrile (7 in Scheme 5-1)
The

synthetic

method

and

purifications

were

the

same

for

that

of

5.

2,5-Di(2-

hexyldecyloxy)benzeneboronic acid pinacol etster (6) was used as the starting material instead of 3,
5-di(2′-hexyldecyloxy)benzeneboronic acid pinacol ester. The target compound was obtained as
colorless oil. Yield: 45% TLC (silica gel): Rf = 0.55 (AcOEt: n-hexane = 1: 30, v/v)
1H-NMR

(400.13 MHz, CDCl3) δ (ppm): 7.76-7.67(m, ArH, 3H), 6.97-6.91(m, ArH, 2H), 6.82(d, J =

2.8Hz, ArH, 1H), 3.80-3.79(m, -OCH2-, 4H), 1.77-1.73(m, -OCCH-, 1H), 1.62(brs, -OCCH-, 1H),
1.46-1.18(m,-(CH2)12-, 48H), 0.90-0.85(m, -CH3, 12H).
13C-NMR

(100.16 MHz, CDCl3) δ (ppm):153.67, 150.35, 145.12, 135.62, 132.45, 132.06, 126.64,

117.18, 117.11, 116.70, 116.16, 115.49, 113.86, 72.18, 38.47, 38.32, 32.31, 32.26, 32.21, 31.86, 31.77,
30.43, 30.39, 30.10, 30.04, 29.97, 29.73, 27.23, 27.15, 23.08, 14.51.
HR-APCI-TOF-Mass (negative) found m/z: 684.5552, calcd. for C46H72N2O2m/z: 684.5588 [M]㸫.
FT-IR (ATR) ν/ cm-1: 2233.55 (-CN)

3-(2′,5′-Dimethoxyphenyl)phthalonitrile (8 in Scheme 5-1)
A flask containing 3-iodophthalonitrile21 (401 mg, 1.58 mmol), 2,5-dimethoxyphenylboronic acid
(373 mg, 2.05 mmol), K2CO3 (468 mg, 3.39 mmol) and Pd(PPh3)4 (181 mg, 0.156 mmol) was filled
with Ar. Degassed mixed solvent (5.6ml, toluene/THF/H2O (3: 1: 1.6, v/v/v))was added to the mixture.
The mixture was refluxed for 36 h under Ar atmosphere. The reaction mixture was cooled to room
temperature, and extracted with ethyl acetate. The organic layer was washed with water and brine, and
dried over Na2SO4. After filtration, the solvent was evaporated in vacuo. The crude product was
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purified with column chromatography (SiO2, eluent: CH2Cl2: AcOEt = 20: 1) and recycling
preparative HPLC (CHCl3) to obtain a white solid (62%).
1

H-NMR (400.13 MHz, CDCl3); δ (ppm): 7.77-7.69(m, ArH, 3H), 6.97(m, ArH, 2H), 6.81-6.80(m,

ArH, 1H), 3.78(s, -OCH3, 3H), 3.77(s, -OCH3, 3H).
13C-NMR

(100.16 MHz, CDCl3); δ (ppm): 154.03, 150.80, 144.58, 135.66, 133.24, 132.34, 126.44,

116.86, 116.83, 116.71, 116.43, 116.39, 115.78, 113.04, 56.35, 56.28.
HR-APCI-TOF-Mass (negative); found m/z: 264.0880, calcd. for C16H12O2N2 m/z: 264.0893 [M]-.
FT-IR (ATR); ν /cm-1: 2233.57 (-CN).

1, 8, 15, 22-Tetra[3′,5′-di(2-hexyldecyloxyphenyl)]phthalocyanine (1 in Scheme 5-1)
The title compound was prepared by Linstead’s method.22 Li metal (27 mg, 3.9 mmol) was dissolved
in dry 1-dodecanol (3.5 mL) at 100 oC under Ar. After Li was perfectly dissolved, the mixture was
cooled to r.t. To this mixture 3-[3′,5′-di(2-hexyldecyloxyphenyl)]phthalonitrile (5) (239mg, 0.349
mmol) was added. The mixture was heated at 200 oC for 10h under Ar. After cooling to r.t, the reaction
mixture was diluted with methanol. The precipitate was collected with filtration and residue was
washed with methanol several times. The crude product was purified with column chromatography
(Al2O3/ CH2Cl2, Rf =1.0). Further purification was carried out with recycling preparative HPLC
(CHCl3). The title Pc derivative was obtained as dark green viscous oil. Yield: 29%
1H-NMR

(400.13 MHz, CDCl3) δ (ppm): 8.87(dd, J = 2.0, 3.2 Hz, HPc -α, 4H), 8.10-8.07(m, H Pc -β,

8H), 7.41(d, J = 2.0 Hz, ArH,8H), 6.97(t, J = 2.2 Hz, ArH, 4H), 3.99(d, J = 5.6 Hz, -OCH2-, 16H),
1.81(quin, J = 6.0 Hz, -OCCH-, 8H), 1.46-0.61(m, aliphatic -CH2-, 240H), -0.23(s, -NH, 2H).
HR-APCI-Mass (negative) found m/z: 2740.2675, calcd.for C184H290N8O8 m/z: 2740.2526 [M]-.
UV-vis (in CHCl3): λmax /nm (logε) = 715(4.99), 681 (4.96), 653 (4.55), 619(4.38), 341(4.79).
Fluorescence (in CHCl3, λex = 625 nm): λFL = 718 nm.
1, 8, 15, 22-Tetra[2′,5′-di(2-hexyldecyloxyphenyl)]phthalocyanine (2 in Scheme 5-1)
The synthetic method and purifications were the same for that of 1. 2′,5′-Di(2-hexyldecyloxyphenyl)]phthalonitrile (7) was used as the starting material instead of 5. The title Pc derivative was
obtained as dark green oil. Yield: 6%
1

H-NMR (400.13 MHz, CDCl3) δ (ppm): 8.72(br, HPc -α, 4H), 8.04(br, HPc -β, 8H), 7.58-7.29(m, ArH,

12H), 3.99-3.59(m, -OCH2-, 16H), 1.83(br, exo-OCCH-, 4H), 1.48-0.15(m, aliphatic -CH2-, 244H), 0.51(s, -NH, 2H).
HR-APCI-Mass (negative) found m/z: 2740.2132, calcd.for C184H290N8O8 m/z: 2740.2526 [M]㸫.
UV-vis (in CHCl3): λmax /nm (logε) = 707(5.05), 673 (5.00), 646(4.54), 611(4.37), 346(4.75).
Fluorescence (in CHCl3, λex = 625nm): λFL =709 nm.
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1, 8, 15, 22-Tetra(2′,5′-dimethoxyphenyl)phthalocyanine (3 in Scheme 5-1)
Li metal (13 mg, 1.9 mmol) was dissolved in dry 1-butanol (3.8 mL) at 70 oC under Ar. The mixture
was cooled to room temperature, and 3-(2′,5′-dimethoxyphenyl)phthalonitrile (8) (100 mg, 0.378
mmol) was added to this mixture. The mixture was refluxed for 4h under Ar. After cooling to room
temperature, the reaction was quenched with acetic acid and methanol. The precipitate was collected
with filtration, and washed with methanol for several times. The crude product was purified with the
recrystallization (CH2Cl2/ acetone) to isolate C4h-regioisomer, and the precipitated solid was collected
with filtration. Yield: 13%
1H-NMR

(400.13 MHz, CDCl3); δ (ppm): 8.70(d, J = 7.2 Hz, HPc -α, 4H), 8.11 (t, J = 7.4Hz, HPc -β,4H),

8.05 (d,J = 7.2 Hz, HPc -β, 4H), 7.48-7.33(m, ArH,12H), 3.96(s, -OCH3,12H), 3.48(brs, -OCH3,12H),
-0.49(s, -NH, 2H).
HR-APCI-TOF-Mass (negative); found m/z: 1058.3760, calcd. for C64H50N8O8 m/z: 1058.3746 [M]-.
UV-Vis (in CHCl3): λmax /nm (logε) = 707(5.09), 672 (5.06), 643 (4.60), 610 (4.44), 346 (4.81).
Fluorescence (in CHCl3, λex = 625 nm): λFL = 709 nm.

5.3. Results and discussion
5.3.1. Synthesis
H2Pc 1 and 2 were synthesized according to Scheme 5-1. The phthalonitrile precursors 5 and 7 for 1
and 2, respectively, were synthesized by Suzuki-Miyaura coupling between 3-iodophthalonitrile and
the corresponding boronic acid esters (4 and 6) in the presence of palladium acetate and Buchwald
ligand (SPhos)19. 1 and 2 were obtained through cyclotetramerization of 5 and 7, respectively, in the
presence of lithium alkoxide.22 The reaction is usually conducted in the presence of 1-butanol, pentanol,
or hexanol; however, cyclotetramerization of 5 and 7 did not proceed in the presence of 1-hexanol due
to the presence of a bulky substituent near the nitrile groups. Therefore, 1-dodecanol was chosen as a
solvent with a higher boiling point, which achieves cyclotetramerization of 5 and 7. The crude product
of 1 and 2 was purified with Al2O3 column chromatography and recycling preparative high
performance liquid chromatography in conjunction with a size-exclusive column to obtain a dark green
oil. The mass spectrometry of 1 and 2 showed [M]+ peaks at m/z 2740.2675 and 2740.2132,
respectively, which agrees with their calculated molecular weights. Cyclotetramerization of the 3substituted phthalonitrile provides four possible regioisomers of the Pc.23 The 1H NMR spectrum of 1
shows simple peaks (Figure 5-1). This suggests that 1 was obtained as a single regioisomer. The 1H
NMR spectrum of 2 was also simple (Figure 5-2), which suggests the formation of a single regioisomer.
Steric repulsion between bulky substituents on the 3-position in phthalonitriles can control the
distribution of the Pc regioisomer during cyclotetramerization, which provides a single regioisomer of
C4h-symmetry.24 Considering these early studies and the molecular structure of phthalonitriles 5 and 7
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with bulky substituents, it was assumed that 1 and 2 were composed of a single C4h-symmetrical isomer.
The proton resonance of methylene protons in –OCH2– among branched alkyl chains shifted up-field
and broadened, as compared with that of 1. This result suggests that the presence of conformational
isomer originated from a rotational barrier of the asymmetrical 2,5-substitution pattern on the phenyl
side groups; the chemical shifts of the methylene groups near the Pc core are affected by a ring-current
effect of π-conjugated units (Figure 5-2 and 5-3).11,

12

Thermogravimetric analysis (TGA) was

performed for 1 and 2 to confirm the absence of impurities such as solvents, by-products, and
unreacted precursors (Figure 5-4). In both TGA results, only decomposition-triggered weight losses
were observed around 360 and 400 °C for 1 and 2, respectively. Therefore, the fluid states as shown
in Figure 5-6a and 5-6b are intrinsic properties of pure 1 and 2 without contamination of residual
solvents and impurities. 3 was synthesized as a control sample for evaluating the difference of steric
wrapping of the Pc core; it was purified with recrystallization to isolate the C4h-symmetrical isomer
(Figure 5-5), and obtained as a solid.

Figure 5-1. 1H NMR spectrum of 1 in CDCl3. Peaks marked with asterisk denote residual solvent and
internal standard.
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Figure 5-2. 1H NMR spectrum of 2 in CDCl3. Peaks marked with asterisk denote residual solvents
and internal standard.

Figure 5-3. Selected region of 1H NMR spectra for 1 (lower)
and 2 (upper) in CDCl3. Insets mean side group conformation
relative to Pc core.
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Figure 5-4. Thermogravimetric analysis curve for 1and 2
(under N2 atmosphere, scan rate 10 oC /min).

Figure 5-5. 1H NMR spectrum for 3 in CDCl3. Peaks marked with asterisk denote residual solvents and
internal standard.
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Figure 5-6. a) and b) Photographs of 1 and 2 as viscous fluids.

Figure 5-7. Polarizing optical microscopic images for 1and
2 at room temperature. Images a) and c) were taken under
open polarizer. Images b) and d) were taken under crossed
polarizer.

5.3.2. Amorphous feature
No birefringence was observed for 1 and 2 even though these samples were sheared or pushed under
polarizing optical microscope observation, revealing the absence of optically long-range-ordered
structures (Figure 5-7).14 Differential scanning calorimetry (DSC) analysis was performed for 1 and 2
to identify their thermal phase transition behavior (Figure 5-8 and 5-9). 1 and 2 showed only a broad
shift of the baseline around -45 and -38 °C, respectively, in both the heating and cooling processes,
which is a typical signal for glass transition. Thanks to their fluid feature at room temperature, 1 and
2 can be easily painted as solvent-free inks over a quartz plate by rubbing to form green liquid films
(Figure 5-10). Figure 5-11 shows X-ray diffraction (XRD) patterns for 1 and 2 of their liquid films at
room temperature. A broad reflection at 2θ = 2.8-7.1 degrees having a peak at d = 21 Å was observed,
which corresponds to the average distance between the centers of neighboring Pc units.14 The observed
reflection peak is broader than the d100 reflections for previously reported liquid crystalline Pcs 25,
suggesting that the center-to-center distance and conformations in 1 fluctuate in the solvent-free liquid
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Figure 5-8. DSC profiles for 1 at scan rate 10 oC /min under N2 flow.

Figure 5-9. DSC profiles for 2 at scan rate 10 oC /min under N2 flow.

state. The broad halo observed at around 2θ = 15-25 degrees is characteristic of the molten state of
alkyl chains. In addition, no intermolecular π-π stacking distance was observed around 2θ = 20 degrees
as a peak14, suggesting the absence of a regular long-range order between the Pc cores through π-π
stacking. This XRD pattern reflects the disordered state and the absence of long-range ordered
structure in 1. In contrast, the XRD pattern of 2 did not show clear reflections in the small-angle region,
suggesting that the ordering between the centers of neighboring Pc molecules is negligible. It has been
concluded that the structural regularity of the aggregates in 1 and 2 in the solvent-free liquid state
depends on the substitution pattern of their branched alkyl chains. It can be qualitatively interpreted
that 2 has a greater disorder state than 1.
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Figure 5-10. Liquid thin film sandwiched by
two quartz plates for 1 (left) and 2 (right).

Figure 5-11. XRD patterns for 1 (solid line)
and 2 (dashed line) at room temperature.
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Figure 5-12. UV-vis absorption (solid line) and fluorescence (dashed line)
spectra for 1 in chloroform solution. ε means molar extinction coefficient.
Excitation wavelength for fluorescence spectrum was 625 nm.

Figure 5-13. UV-vis absorption (solid line) and fluorescence (dashed line)
spectra for 2 in chloroform solution. ε means molar extinction coefficient.
Excitation wavelength for fluorescence spectrum was 625 nm.

5.3.3. Aggregation property
UV-visible-NIR absorption spectral measurements in both solution and solvent-free liquid states for
1 and 2 were conducted to obtain information on the π-π interactions among Pcs. The NIR absorption
bands around 700 nm (Q-band) originated from the HOMO-LUMO electronic transition of Pcs.
Therefore, the shapes and positions of the Q-bands are indicators for qualitative analysis of the
aggregation behavior of Pcs with Kasha’s exciton coupling theory.26, 27 The absorption spectra for 1
and 2 in dilute chloroform solution showed two clear split Q-bands. The spectral shapes, positions and
molar extinction coefficients (1: 9.12104, 2: 1.12105) were exactly the same as the values of the
previously reported monomeric H2Pc derivatives (Figure 5-12 and 5-13).24a The results indicate that
the Pc cores of 1 or 2 were molecularly dispersed in chloroform. Figures 5-14a and 5-14b show visible89

Figure 5-14. (a and b) Visible-NIR absorption spectra for 1 (a, black lines) and 2
(b, blue lines). Solid line: liquid film. Dashed line: chloroform solution (c = 1.26
×10-5 and 1.03×10-5 M for 1 and 2, respectively). (c) Fluorescence spectra for 2.
Solid line: liquid film. Dashed line: chloroform solution (c = 10-6 M). (d) Spectral
overlap between absorption (blue line) and fluorescence (red line) bands in liquid
film of 2. The samples were excited at 625 nm in the fluorescence spectra.

NIR absorption spectra in solvent-free liquid samples for 1 and 2 sandwiched by two quartz plates.
The spectral shape was broadened, and new blue-shifted peaks were observed for 1 (Figure 5-14a).
These spectral features indicate the presence of H-aggregates among Pcs.14a On the other hand, the
spectral shape for 2 was slightly broadened yet sharp even in the solvent-free liquid state, suggesting
that there were aggregated species; however, the π-π interactions were relatively weaker, and there
was no formation of H-aggregates (Figure 5-14b). Fluorescence spectral measurements in solution and
solvent-free liquid states were conducted for 2 to obtain insight into the environment surrounding the
Pc cores in the excited state (Figure 5-14c). A sharp and clear fluorescence emission band for 2 in the
chloroform solution was observed at 709 nm (dashed line in Figure 5-14c), indicating a molecularly
dispersed state in the dilute chloroform solution. The Stokes shift of the fluorescence band is a small
value of 2 nm, reflecting the small change of atomic coordinates through a photo-excitation process
due to the rigid planar structure of the Pc. The relative fluorescence quantum yields (Φ) were calculat
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-ed from eqn 1 (Φ = 0.38 for 1, 0.51 for 2, and 0.57 for 3). Fluorescent solvatochromism was not
observed for these Pcs (Table 1). In the solvent-free liquid state, fluorescence emission was observed
at 720 nm (solid line in Figure 5-14c). The fluorescence band was slightly broadened and red-shifted
due to the surrounding environment or the presence of the dimeric or oligomeric species as in J-type
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arrangement of the Pc core. Heat treatment was applied to the liquid film of 2 to get further insight
into the red shift of the fluorescence peak compared with that in the solution state (Figure 5-15). No
significant shifts of the fluorescence maximum were observed during heating from 25 to 200 °C,
suggesting the absence of specific aggregated species such as J-type dimers or oligomers. This result
reveals that the red shift of the fluorescence maximum in the liquid film originates from the
surrounding environment of the Pc core. The face-to-face π-π interactions of the Pc cores in 2 were
almost suppressed even in the solvent-free liquid state, which was enough to contribute to NIRfluorescence emission, although approximately 50% of the emission was self-quenched due to its
small Stokes shift (Figure 5-14d). Steric wrapping by bulky yet flexible chains can protect the πconjugated unit from reactive species.29 Photostability experiments were conducted by irradiating
dilute chloroform solutions (c = 10-5 M) of the samples under simulated sunlight. The photodegradation rate monitored by the absorption and fluorescence spectral change of 2 was about two
times slower than that of the control sample (3) (Figure 5-16). This result clearly indicates that the
enhanced stability of the Pc core is related to the wrapping by bulky alkyl side chains.

Table 5-1. Polarity effect of solvents on wavelength of fluorescence.
λFL /nm

a

Sample

n-hexanea

tolueneb

CHCl3c

THFd

1

714

718

718

717

2

706

709

709

708

3

n.d.e

709

709

707

ε = 1.90. b ε = 2.38. c ε = 4.70. d ε = 18.5. e The datum was not obtained due to the insolubility. ε means dielectric

constant of solvent.

Figure 5-15. Fluorescence spectra for heating liquid film of 2. Liquid film sandwiched by two quartz
plates was used for this measurement. The liquid film was heated by hot stage (METTLER TOLEDO
FP82HT) for 10 minutes, then the sample was quickly transferred from hot stage to spectrometer and
fluorescence of the sample was measured.
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Figure 5-16. Time-dependent change of absorbance (a) or fluorescence intensity (b) ratio at 707 nm.
The slopes of least squares line mean photo-degradation rate of the samples.

The aggregation properties through intermolecular π-π interactions of 1 and 2 in the liquid state
depend on the substitution pattern of their branched alkyl chains. Figure 5-17 shows a proposed
schematic illustration for the molecular structure-aggregation property relationship. As 1 with 2hexyldecyl branched chains at the 3,5-positions in the phenyl side groups has a space over the Pc core,
there is a chance for the face-to-face approach of the Pc core. Therefore, 1 forms H-aggregates in the
solvent-free liquid state. On the other hand, the Pc core of 2 was efficiently covered by 2-hexyldecyl
branched chains at the 2-position in the phenyl side groups as confirmed by 1H NMR and photostability
experiments in the solution state. The configurations of the branched alkyl chains prohibit the face-toface arrangement approach of the Pc cores even in the condensed solvent-free liquid state. Therefore,
face-to-face π-π interactions in 2 are suppressed, and the NIR fluorescence emission from the liquid
sample of 2 can be preserved.

Figure 5-17. Schematic representation of the molecular structure-aggregation property
relationship for 1 and 2.
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5.4. Conclusion
Pcs 1 and 2 substituted with four di(2-hexyldecyloxy)phenyl units at the non-peripheral positions
were synthesized, and the correlation between their molecular structure and aggregation property was
investigated. The substitution pattern of the 2-hexyldecyl branched chains on the non-peripheral
phenyl units affected the aggregation property in the solvent-free liquid state. The neat-state XRD and
absorption spectral experiments can provide sufficient information on the Pc-core environment. The
non H-aggregated species, as well as enhanced photostability, are due to the steric wrapping effect
with 2-hexyldecyl branched chains on the Pc surface, which can greatly contribute to the NIRfluorescence in the solvent-free liquid state of 2, albeit its partial self-quenching originated from the
small Stokes shift. On the other hand, the fluorescence of 1 was completely quenched due to the
formation of H-aggregates. The rational molecular design is helpful toward the steric protection of the
Pc core and tuning of the aggregation property in Pc liquids. The NIR-fluorescent Pc-based molecular
liquid will enable the application of NIR-technology in light-emitting devices and photon up
conversion systems. As future prospects, molecular design and/or metal ion-complexation for
increasing the NIR-emissive component should be explored to contribute to the development of soft
materials including solvent-free liquids with potential for efficient utilization of photon energy in the
NIR spectral region.
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Chapter 6

Conclusion
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6.1. Summary and conclusion
The main objective of the present thesis was to reveal the relationship between the molecular
structures and aggregation structures through controlling intermolecular interactions of Pc in liquid
crystalline and solvent-free liquid state. The author focused on the molecular design based on
combination of flexible units and Pc as π-conjugated units. The positions of alkyl chains on phenyl
ether groups have been changed from m-positon (Chapter 3) to o-position (Chapter 4), leading to
reduction of π-π interactions between Pc cores. Detailed analysis have been conducted for the Pc’s
aggregates in columnar liquid crystalline (Chapter 3) and solvent-free liquid state (Chapter 4).
Moreover, the author have focused to the structures of bulky yet flexible units, and the bulky unit’s
positon on Pc ring (Chapter 5). The relationship between the molecular structures and aggregation
property have been investigated. These works are summarized in the following section.
Chapter 3 describes the synthesis, characterization, mesomorphism of novel octa(m-alkoxyphenylthio) copper Pcs. The structure of π-π stacks and liquid crystalline phase depended on the ether-linkers
(O in previous work, S in this work) and length of alkyl chains. Each of the present longer alkoxysubstituted phenylthio derivatives (m-CnOPhS)8PcCu (n = 4~16) showed only rectangular columnar
(Colro(P2m)) phase (tilted π-π stack), whereas each of the previous longer alkoxy-substituted phenoxy
derivatives (m-CnOPhO)8PcCu (n = 10~20) showed only a hexagonal columnar (Colho) phase (faceto-face π-π stack). The different mesophase appearance may be originated from the difference of
interaction among the Pc cores having steric hindrance of the peripheral substituents (PhO and PhS).
Chapter 4 investigates the detailed liquid property of octa(o-dodecyloxyphenoxy) copper Pc and
the metal-free derivative. The result of absorption spectra in liquid film indicated that face-to-face (H-)
aggregates were formed in the solvent-free liquid state. Polarizing optical microscopic and rheology
experiments suggested the presence of nano-sized rod-like cluster, and the clusters collapsed in
response to external inputs of temperature and shear force.
In Chapter 5, the synthesis and relationship between the molecular structures and aggregation
property for novel liquid Pcs, 1, 8, 15, 22-tetra[3′, 5′-(2′′-hexyldecyloxyphenyl)]-phthalocyanine (1)
and 1, 8, 15, 22-tetra[2′, 5′-(2′′-hexyldecyloxyphenyl)]phthalocyanine (2) are reported. 1 formed Haggregates in solvent-free liquid state. On the other hand, 2 remained monomeric non-aggregated state
in the solvent-free state, which contribute to NIR-fluorescence emission in the liquid state. In addition,
enhanced photosatbility in relative to the control sample was found in 2 due to steric wrapping effect
of the branched alkyl chains.
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Table 6-1. Relationship between molecular structure-aggregation structure and functions.

In this thesis, the author investigated the relationship between the molecular structure and the
aggregation structures in liquid crystalline and liquid state. The relationship between molecular design
and the properties is summarized in Table 6-1. The extending of alkyl chains in flexible units (malkoxyphenylthio groups) to outer side in Pc core provides a space over the core, which induces faceto-face stacking of the Pc core in macroscopically ordered columnar structure as well as the flexible
chains are melted by heating (Chapter 3). The self-assembled structure potentially have hole-transport
property. In contrast to that of chapter 3, the dodecyl chains in phenoxy groups are extend to inner
side of Pc core (o-substitution) (Chapter 4). The o-substitution of dodecyl chains weaken π-π
interactions between Pc cores, which inhibit from growing into macroscopically ordered columns.
Therefore, the Pc derivatives can exhibit highly viscous liquid state. However, short columnar
structure was remained in the highly viscous liquid due to the feebly survived π-π interactions. The
stimuli-responsive rheological properties can be originated from the survived short columnar structure.
The introduction of two-typed bulky yet flexible units (3,5- and 2,5-substitution) to α-positions on Pc
core provided different aggregated states (Chapter 5). The extending of branched alkyl chains to outer
side reduce their π-π interactions but provides a space over the Pc core. Therefore, short columnar
structure through their feeble π-π interactions are remained in the liquid state. In contrast to the design,
asymmetrical 2,5-substitution leads to isolate Pc core thanks to the steric wrapping by branched alkyl
chains. Therefore, NIR-fluorescence in the liquid state is preserved and the enhanced photostability is
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observed.
In conclusion, the aggregation structures of the Pc derivatives are dependent in the surface coverage
of Pc core by alkyl chains. The surface coverage of Pc core can be tuned through changing the position
of side groups and alkyl chains. When the Pc core is not covered, the Pc cores are face-to-face stacked
each other and one-dimensionally columnar structures are formed. The columns grow into
macroscopically ordered columns and the one-dimensionally long columns are self-assembled into
two-dimensionally columnar lattice. In contrast to this, when Pc core is insufficiently covered, short
columns are formed through feeble face-to-face π-π interactions in liquid state. The highly viscosity
of the liquid Pcs are originated from the presence of short columns in the liquid state. Moreover,
stimuli-responsive rheological properties are induced through the collapse of the clusters. Introducing
the bulky yet flexible units to Pc core, the Pc core was sterically wrapped by branched alkyl chains,
which leads to isolate the Pc core. As the result, NIR-fluorescence was preserved in the solvent-free
liquid state.

Figure 6-1. Aggregation structures and their size in each chapter.
The results of each chapter are summarized in the view of molecular assembly’s size (Figure 6-1).
The size of molecular assembly is gradually decrease with the increasing surface coverage of Pc core
by alkyl chains. No surface coverage of Pc core provide micro meter-sized self- assemble state. In
the lower surface coverage, nano meter-sized columns are formed through face-to-face π-π
interactions. On the other hand, in the higher surface coverage, Pc cores are near molecularly
dispersed in the solvent free liquid. The structures and size of aggregates affect the functions of
molecular assembly and materials. In the result of this dissertation, it is revealed that the functions of
the Pc-based materials transfer from that of molecular assembly to that of near molecular level with
decreasing the size of molecular assembly.
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