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ABSTRACT: We have successfully synthesised a series of novel octakis(m-
alkoxyphenylthio)phthalocyaninato copper(11) complexes, (m-C,OPhS)gPcCu (n = 2, 4, 6, 8, 10, 12, 14,
16: 1b~i), by our developed method to reveal their mesomorphism. The phase transition behaviour 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-C;OPhS)gPcCu (1a) and (m-C,OPhS)sPCu (1b), show a
hexagonal ordered columnar (Col,,) mesophase, whereas each of the other longer-chain-substituted
derivatives, (m-C,0OPhS)sPcCu (n=4~16: 1c~i), shows only rectangular ordered columnar (Col,)
mesophase(s). In contrast to the present longer-chain-substituted phenylthio derivatives, each of the
previous longer-chain-substituted phenoxy derivatives, (m-C,0OPhQO)gPcCu (n = 10-20), shows a different
columnar mesophase of Col,,. 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 (m-C;yOPhO)gPcCu and (m-C,,OPhS)sPcCu (1f) from absorption
edge of the Q-bands 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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1. INTRODUCTION

Since the first discotic columnar liquid crystal was found by Chandrasekhar and co-workers in 1977 [1], various
discogens have been synthesised up to date. In general, a columnar liquid crystal has a m-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 n-n 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 7 orbitals of the n-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 mobilities 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 synthesised columnar liquid crystalline phthalocyanine
compounds, (Cj,H,50)sPcH, and (Cj,H,5S)sPcH,, illustrated in Figure 1. The hexagonal ordered columnar (Coly,)
phases in (C;,H,50)sPcH; and (C,,H,5S)sPcH, exhibited high charge carrier mobilities of 0.051 cm?/Vs and 0.28 cm?*/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-C,OPhO) groups at the -positions
of Pc gave columnar liquid crystalline derivatives, (m-C,OPhO)sPcCu (Figure 1), satisfying above two requirements.
Therefore, if we can synthesise columnar liquid crystalline phthalocyanines substituted by m-alkoxyphenylthio(-
C,OPhS) groups instead of m-alkoxyphenoxy(m-C,0OPhQ) groups, higher charge carrier mobility may be realized. The
alkylthio-substituted phthalocyanine derivative, (C,S)sPcH,, exhibits 5 times higher charge carrier mobility than the
alkoxy-substituted phthalocyanine derivative, (C,0)sPcH,, as mentioned above [4-6]. Therefore, we can expect similarly
that the phenylthio-substituted derivative, (PhS)sPcCu, may exhibit higher charge carrier mobility than the phenoxy-
substituted derivative, (PhO)gPcCu. Although the (PhS)sPcCu derivatives have been reported so far [9-19], no liquid
crystalline (PhS)gPcCu derivatives have been reported.

Recently, we have synthesised (PhS)gPcCu 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 categorised to “flying-seed-like” liquid crystals [21-25]. However, these flying-seed-like liquid crystals (x-
C;0OPhS)gPcCu 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 synthesise new long n-alkoxy-substituted (m-
C,OPhS)gPcCu 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 phenyithio-substituted derivatives, (m-C,0OPhS)sPcCu
(n=2-16: 1b-1i in Figure 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-C,OPhQ)sPcCu (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.

2. EXPERIMENTAL

2-1. Materials

The chemical reagents of 3-hydroxybenzenethiol, tritylchloride, Et;SiH, 3-iodophenol, n-alkylbromide, NaBH, 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 CaH, under reduced pressure and
stored in the presence of 4A molecular sieves. THF was pre-dried over CaCl, 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

2-2. Measurements

The '"H-NMR measurements were carried out by using a Bruker Ultrashield 400 M Hz. The MALDI-TOF mass spectral
measurements were carried out by using a Bruker Daltonics Autoflex III spectrometer (matrix: dithranol). The elemental
analyses were performed by using a Perkin-Elmer Elemental Analyzer 2400. The data of MALDI-TOF mass spectra and
elemental analyses are listed in Table 1. Electronic absorption (UV-vis) spectra were recorded by using a Hitachi U-4100
spectrophotometer. UV-vis spectral data of the (m-C,OPhS)sPcCu complexes synthesised in this study were summarised
in Table 2. Thermal gravimetric analysis (TGA) was carried out with a Rigaku Thermo Plus TG8120 thermal gravity
analyser. All TGA were performed under N, atomosphere. Phase transition behaviour of the present complexes was
observed with a polarizing optical microscope (Nikon ECLIPSE E600 POL; magnifications of the objective and ocular
lenses were x 10, respectively) equipped with a Mettler FP82HT hot stage and a Mettler FP-90 Central Processor, and a
Shimadzu DSC-50 differential scanning calorimeter. The phase transition temperatures and enthalpy changes are listed in
Table 3. The mesophases were identified by using a small angle X-ray diffractometer (Bruker Mac SAXS System)
equipped with a temperature-variable sample holder adopted a Mettler FP82HT hot stage.

2-3. Synthesis

Schemes 1 and 2 illustrate synthetic routes for the precursors of m-alkoxythiophenol (4b~i) and the corresponding liquid
crystalline Pc derivatives (m-C,0PhS)sPcCu (1b~i), respectively. All reactions were carried out under nitrogen

atmosphere.

[Route A]

3-Triphenylmethylsulfanylphenol (2A in Scheme 1)
Synthetic method was adopted that of Ref[26]. A three necked flask dried was charged with 3-hydroxybenzenethiol(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 hours. When TLC (SiO, / AcOEt : n-hexane = 1 : 1) confirmed disappearance of
the spot of the starting reagent of 3-hydroxybenzenethiol (R¢= 0.50) and appearance of the target compound (R¢= 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 Na,SO, overnight. Na,SO, was filtrated off and dichloromethane and pyridine were evaporated in vacuo. The
residue was dried in vacuo to obtain colourless oil (0.268 g). Yield: 85.6%.
"H-NMR(400 MHz, de-DMSO, TMS): &, ppm 9.31 (brs, 1H, -OH), 7.33-7.20 (m, 15H, ArH), 6.83 (t, J = 8.0Hz, 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 in Scheme 1)
Three necked flask dried was charged with 3-triphenylmethylsulfanylphenol (2A: 0.505 g, 1.37 mmol), Cs,CO5 (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 rt for 4.5 hours. When TLC (SiO, / AcOEt : n-hexane = 1 : 1) confirmed disappearance of the spot of starting
reagent (R¢= 0.18) of 2A and appearance of the target compound (3Af) (Ry= 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 Na,SO, overnight. Na,SO, was
filtrated off and dichloromethane was evaporated in vacuo to obtain the crude product. It was purified by silica gel
column chromatography (R¢= 0.55, CH,Cl, : n-hexane = 1 : 2). The solvents were evaporated in vacuo and resulting
product was dried in vacuo to obtain colourless oil (0.598 g). Yield: 85.8%.
'H-NMR(400 MHz, d¢-DMSO, TMS): §, ppm 7.35-7.21 (m, 15H, ArH), 6.98 (t, J = 7.9Hz, 1H, ArH), 6.71, 6.70 (dd,
J=2.4,6.0Hz, 1H, ArH), 6.59 (d, J=7.8Hz, 1H, ArH), 6.32-6.31 (m, 1H, ArH), 3.58 (t, /= 6.6Hz, 2H, -OCH,-), 1.53
(quin, J = 6.4Hz, 2H, -OCCH,-), 1.32-1.20 (m, 14H, -CH,- x 7), 0.857 (t, /= 6.7Hz, 3H, -CH3,).
3-Decyloxybenzenethiol (4f in Scheme 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), CH,Cl, (1.1 mL) and Et;SiH(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 Na,SO, overnight. Na,SO, 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 by-compound 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 in Scheme 1)

A three necked flask dried was charged with K,CO; (1.89 g, 13.7 mmol ), 3-iodophenol (1.00 g, 4.55mmol ) 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 °C.
Proceeding of the reaction was monitored by TLC (SiO, / n-hexane). After one hour, disappearance of the spot of 3-
iodophenol (R = 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 Na,SO, overnight. Na,SO, 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.



"H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.27-7.24 (m, 2H, ArH), 6.98 (t, J = 8.0Hz, 1H, ArH), 6.86-6.84 (m, J =
2.4Hz, 8.4Hz, 1H, ArH), 4.00 (quart, J = 6.9Hz, 2H, -OCH,-), 1.40 (t, /= 7.0Hz, 3H, -CH,).
3-Hexyloxyiodobenzene (2Bd)
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 / Ry = 0.30) to obtain colourless liquid (1.29 g).
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.20-7.18 (m, 2H, ArH), 6.90 (t, J = 7.8Hz, 1H, ArH), 6.79-6.77 (m, 1H,
ArH), 3.84 (t, J = 6.6Hz, 2H, -OCH;-), 1.69 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.41-1.22 (m, 6H, -(CH,);-), 0.835 (t, J =
7.0Hz, 3H, -CH3).
'H-NMR datum was in accordance with that of Ref[28].

Other homologues 2Bc~i were synthesised by the same method for 2Bd. Only the yield and "H-NMR data were
shown below. All compounds were obtained as liquid except for 2Bi.
3-Butoxyiodobenzene (2Bc)
Yield: 42.7%.
'H-NMR (400MHz, CDCl;, TMS): §, ppm 7.27-7.25 (m, 2H, ArH), 6.98 (t, J = 8.0Hz, 1H, ArH), 6.87-6.84 (m, 1H,
ArH), 3.92 (t, J = 6.4Hz, 2H, -OCH,-), 1.75 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.48 (sext, J = 7.4Hz, 2H, -OCCCH,-),
0.969 (t, J = 7.2Hz, 3H, -CH,).
3-Octyloxyiodobenzene (2Be)
Yield: 92.2%.
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.20-7.17 (m, 2H, ArH), 6.91 (t, J = 7.8Hz, 1H, ArH), 6.79-6.77 (m, 1H,
ArH), 3.84 (t, J= 6.6Hz, 2H, -OCH,-), 1.69 (quin, J = 7.2Hz, 2H, -OCCH,-), 1.40-1.20 (m, 10H, -(CH,)s-), 0.818 (t, J
=7.0Hz, 3H, -CH;). The 'H-NMR datum was in accordance with that of Ref[29].
3-Decyloxyiodobenzene (2Bf)
Yield: 93.9%. '"H-NMR (400MHz, CDCl;, TMS): &, ppm 7.30-7.27 (m, 2H, ArH), 7.04 (t, J = 8.2Hz, 1H, ArH), 6.89-
6.87 (m, 1H, ArH), 3.97 (t, J = 6.4Hz, 2H, -OCH,-), 1.85 (quin, J = 6.6Hz, 2H, -OCCH,-), 1.50-1.30 (m, 14H, -(CH,)--
), 0.946 (t, J = 7.0Hz, 3H, -CH3;).
3-Dodecyloxyiodobenzene (2Bg)
Yield: 85.2%. '"H-NMR (400MHz, CDCly, TMS): &, ppm 7.26-7.24 (m, 2H, ArH), 6.97 (t, J = 7.8Hz, 1H, ArH), 6.86-
6.83 (m, 1H, ArH), 3.91 (t, J= 6.6Hz, 2H, -OCH,-), 1.75 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.45-1.27 (m, 18H, -(CH;)y-
), 0.881 (t, J=7.0Hz, 3H, -CHj).
3-Tetradecyloxyiodobenzene (2Bh)
Yield: 84.1%. '"H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.27-7.24 (m, 2H, ArH), 6.97 (t, J = 8.0Hz, 1H, ArH), 6.86-
6.84 (m, 1H, ArH), 3.91 (t, J = 6.4Hz, 2H, -OCH,-), 1.75 (quin, J = 6.6Hz, 2H, -OCCH,-), 1.47-1.26 (m, 22H, -
(CHy)y1-), 0.88 (t, J=7.0Hz, 3H, -CHj).
3-Hexadecyloxyiodobenzene (2Bi)
Yield: 83.3%. Mp: 32.4 °C. '"H-NMR(400MH, CDCl;, TMS): §, ppm 7.27-7.23 (m, 2H, ArH)), 6.98 (t, J = 8.0Hz, 1H,
ArH), 6.86-6.83 (m,1H, ArH), 3.91 (t, J = 6.6Hz, 2H, -OCH,-), 1.76 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.43 (quin, J =
7.3Hz, 2H, -OCCCH,;-), 1.33-1.26 (m,24H, -CH,- x 12), 0.88 (t, J= 6.8Hz, 3H,-CH;).
3-Ethoxybenzenthiol (4b in Scheme 1)
Synthetic method was adopted that of Ref[30]. A three necked flask dried was charged with K,CO5(1.00 g, 7.26 mmol),
powdered sulfur (0.358 g, 11.2 mmol), Cul (72.3 mg, 0.380 mmol), 3-ethoxyiodebenzene (2Bb) (0.897 g, 3.62 mmol)
and dry DMF (4 mL). The reaction was carried out at 90 °C with stirring for 12 hours. TLC (SiO,/ 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 Na,SO, overnight. Na,SO, 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 hours. The
reaction was quenched with slowly dropwise adding conc.HCI 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 Na,SO, overnight. Na,SO, was filtrated off and the solvent was evaporated in vacuo to obtain
colourless liquid (0.382 g). The product was used for next reaction without further purifications. Yield: 68.5%.
'H-NMR (400MHz, CDCls, TMS): , ppm 7.12 (t, J = 8.0Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.68 (dd, J = 2.0Hz,
6.0Hz, 1H, ArH), 4.00 (quart, J=7.1Hz, 2H, -OCH;-), 3.44 (s, 1H, -SH), 1.39 (t, /= 7.0Hz, 3H, -CH,).

Other homologues 4¢~i were synthesised by the same method for 4b. Only the yield and "H-NMR data were shown
below. All compounds 4c~i were obtained as liquid.
3-Butoxybenzenethiol (4c)
Yield: 77.9%.
'H-NMR (400MHz, CDCl;, TMS): &, ppm 7.12 (t, J = 8.0Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.68 (dd, J = 3.2Hz,
7.6Hz, 1H, ArH), 3.93 (t, J = 6.4Hz, 2H, -OCH,-), 3.43 (s, 1H, -SH), 1.75 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.48 (sext,
J=17.4Hz, 2H, -OCCCH,-), 0.969 (t, J = 7.4Hz, 3H, -CHj).
3-Hexyloxybenzenethiol (4d)
Yield: 65.9%.
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.05 (t, J = 7.8Hz, 1H, ArH), 6.76-6.75 (m, 2H, ArH), 6.62-6.60 (m, 1H,
ArH), 3.86 (t, J = 6.6Hz, 2H, -OCH,-), 3.36 (s, 1H, -SH), 1.68 (quin, J = 7.1Hz, 2H, -OCCH,-), 1.41-1.27 (m, 6H, -
OCCCH;-), 0.832 (t, J = 6.8Hz, 3H, -CHj).
3-Octyloxybenzenethiol (4e)
Yield: 91.6%.
'H-NMR (400MHz, CDCl;, TMS): &, ppm 7.05 (t, J = 8.0Hz, 1H, ArH), 6.76-6.74 (m, 2H, ArH), 6.63-6.60 (m, 1H,
ArH), 3.84 (t, J = 6.6Hz, 2H, -OCH,-), 3.36 (s, 1H, -SH), 1.69 (quin, J = 7.2Hz, 2H, -OCCH,-), 1.40-1.22 (m, 10H,
CH, x 5), 0.816 (t, J=7.0Hz, 3H, -CH3).
3-Decyloxybenzenethiol (4f)
Yield: 80.5%.
"H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.04 (t, J = 8.0Hz, 1H, ArH), 6.79-6.73 (m, 2H, ArH), 6.63-6.59 (m, 1H,
ArH), 3.84 (t, J = 6.6Hz, 2H, -OCH,-), 3.36 (s, 1H, -SH), 1.75 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.41-1.20 (m, 14H,
CH,x 7), 0.811 (t, J= 6.8Hz, 3H, -CHj).
3-Dodecyloxybenzenethiol (4g)
Yield: 62.3%.
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.12 (t, J = 8.2Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.70-6.67 (m, 1H,
ArH), 3.91 (t, J = 6.6Hz, 2H, -OCH,-), 3.43 (s, 1H, -SH), 1.76 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.45-1.27 (m, 18H,
CH, % 9), 0.881 (t, J=7.0Hz, 3H, -CHj).
3-Tetradecyloxybenzenethiol (4h)
Yield: 92.7%.



"H-NMR (400MHz, CDCl;, TMS): &, ppm 7.12 (t, J = 7.8Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.70-6.67 (m, 1H,
ArH), 3.92 (t, J = 6.6Hz, 2H, -OCH,-), 3.43 (s, 1H, -SH), 1.76 (quin, J = 7.0Hz, 2H, -OCCH,-), 1.47-1.26 (m, 22H,
CH, x 11), 0.88 (t, J= 6.8Hz, 3H, -CHj).

3-Hexadecyloxybenzenethiol (4i)

Yield: 51.8%.

'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.12 (t, J = 8.2Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.69, 6.68 (dd, J =
2.0Hz, 6.0Hz, 1H, ArH), 3.92 (t, J = 6.6Hz, 2H, -OCH,-), 3.44 (s, 1H, -SH), 1.76 (quin, J = 7.0Hz, 2H, -OCCH,-),
1.47-1.26 (m, 26H, -(CH,)3-), 0.88 (t, J = 6.4Hz, 3H, -CH3).

[Route C]

Derivative 4i was also synthesised by another method of Refs[31-32].

Bis(3-hydroxyphenyl)disulfide (2C in Scheme 1).

In a three neck flask 3-hydroxybenezenthiol(0.247 g, 1.96 mmol) was dissolved in 10 mL of DMSO-CHCI; 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 hours. When TLC(SiO,/CHCl;) confirmed disappearance of the spot of starting reagent of 3-
hydroxybenzenethiol (R¢ = 0.10) and appearance of a new spot of target compound 2C(R¢ = 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
Na,SO, overnight. Na,SO, 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 °C(broad).

'H-NMR(400MHz, d¢-DMSO, TMS): &, ppm 9.75 (s, 2H, -OH), 7.17 (t, J = 8.0Hz, 2H, ArH), 6.93-6.90 (m, 4H, ArH),
6.68-6.60 (m, 2H, ArH).

Bis(3-hexadecyloxypheny)disulfide (3Ci in Scheme 1)

A three necked flask was charged with bis(3-hydroxyphenyl)disulfide (2C) (0.263 g, 1.05 mmol), K,CO; (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 °C for 3.5 hours. The reaction was terminated when TLC (SiO,/CH,Cl,) 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 (SiO,/CH,Cl,, 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 Na,SO, overnight. Na,SO, was filtrated off and the solvent was
evaporated in vacuo. The crude product was recrystallised from acetone and then n-hexane at 25 °C to obtain white
powder (0.330 g). Yield:44.9%

Mp: 62.5 °C(mp1), 64.8 °C(mp2) (This compound showed double melting behaviour.).

"H-NMR(400MHz, CDCL;, TMS): &, ppm 7.18(t, J = 8.2Hz, ArH, 2H), 7.06-7.04(m, ArH, 4H), 6.75, 6.74(dd, J =
2.2Hz, 6.6Hz, ArH, 2H), 3.90(t, J = 6.6Hz, -(OCH,)- x 2, 4H), 1.74(quin, J = 7.1Hz, -(OCCH,)- x 2, 4H), 1.45-1.26(m,
-(CH,)- x 26, 52H), 0.879(t, J = 6.8Hz, -CH; X 2, 6H).

3-Hexadecyloxybenzenthiol (4i in Scheme 1)

Compound 4i was synthesised 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), PPh; (0.299 g, 1.14 mmol) and THF (12
mL) and then conc.HCI aq. sol. (0.4 mL) and H,O (2mL). It was gently refluxed with stirring for 5 hours. After cooled
to rt, large excessive amounts of iodomethane was added to the reaction mixture and stirred at rt for 9 hours. 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 Na,SO, overnight. Na,SO, 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 rt. 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 colourless
o0il (0.151 g). Yield: 46.5%.

"H-NMR (400MHz, CDCl;, TMS): &, ppm 7.12 (t, J = 8.2Hz, 1H, ArH), 6.84-6.81 (m, 2H, ArH), 6.69, 6.68 (dd, J =
2.0Hz, 6.0Hz, 1H, ArH), 3.92 (t, J = 6.6Hz, 2H, -OCH,-), 3.44 (s, 1H, -SH), 1.76 (quin, J = 7.0Hz, 2H, -OCCH,-),
1.47-1.26 (m, 26H, -(CH,)3-), 0.88 (t, J= 6.4Hz, 3H, -CH3).

[Scheme 2]

4,5-Bis(m-ethoxyphenylthio)phthalonitrile (5b)

Synthetic method was adopted that of Ref[33]. A three necked flask was charged with K,COj; (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 °C. To the reaction mixture,
4,5-dichlorophthalonitrile (0.102 g, 0.517 mmol) was added and stirred at 90 °C for 7 hours 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 Na,SO, overnight. Na,SO, was filtrated off and the solvent was evaporated in vacuo. The crude product was
purified by column chromatography (SiO,, CH,CL, Ry= 0.50) to obtain white crystals (0.112 g).

Yield: 50.2%. Mp: 139.8 °C.

'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 8.2Hz, 2H, ArH), 7.12-7.03 (m, 8H, ArH), 4.07 (quart, J =
7.1Hz, 4H, -OCH,-), 1.45ppm(t, J = 7.0Hz, 6H, -CH3).

Other homologues 5c~i were synthesised by the same method for 5b. The eluents for the column chromatography,
yields, melting points and '"H-NMR data were described below for these homologues.
4,5-Bis(m-butoxyphenylthio)phthalonitrile (5c)

Si0,, CH,Cl, : n-hexane =4 : 1, R¢= 0.30.

Yield: 68.9%. Mp: 96.1 °C.

'H-NMR (400MHz, CDCls, TMS): 3, ppm 7.41 (t, J = 7.4Hz, 2H, ArH), 7.11-7.04 (m, 8H, ArH), 3.99 (t, J = 6.6Hz,
4H, -OCH,-), 1.80 (quin, J = 7.0Hz, 4H, -OCCH,-), 1.51 (sext, J = 7.5Hz, 4H, -OCCCH,-), 0.993 (t, J = 7.4Hz, 6H, -
CH;).

4,5-Bis(m-hexyloxyphenylthio)phthalonitrile (5d)

Si0,, CH,Cl, : n-hexane =4 : 1, Ry = 0.48.

Yield: 86.0%. Mp: 64.1 °C.

'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 7.9Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.4Hz,
4H, -OCH,-), 1.81 (quin, J = 7.0Hz, 4H, -OCCH,-), 1.49-1.33 (m, 12H, (-CH,-); x 2), 0.914 (t, J = 7.0Hz, 6H, -CHj;).
4,5-Bis(m-octyloxyphenylthio)phthalonitrile (5e)

Si0,, CH,Cl, : n-hexane =4 : 1, Ry= 0.58.

Yield: 95.1%. Mp: 72.1 °C.

'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 8.0Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.6Hz,
4H, -OCH,-), 1.81 (quin, J = 7.1Hz, 4H, -OCCH,-), 1.49-1.24 (m, 20H, (-CH,-);5 x 2), 0.889 (t, J = 6.8Hz, 6H, -CHj;).
4,5-Bis(m-decyloxyphenylthio)phthalonitrile (5f)

Si0,, CH,Cl,, R¢= 0.80.



Yield: 78.1%. Mp: 76.5 °C.
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.43 (t, J = 7.6Hz, 2H, ArH), 7.13-7.08 (m, 8H, ArH), 4.00 (t, J = 6.6Hz,
4H, -OCH,-), 1.83 (quin, J = 7.4Hz, 4H, -OCCH,-), 1.53-1.31ppm(m, 28H, (-CH,-); x 2), 0.904 (t, J = 6.6Hz, 6H, -
CH;).
4,5-Bis(m-dodecyloxyphenylthio)phthalonitrile (5g)
SiO,, CH,Cl, : n-hexane =4 : 1, Ry = 0.58.
Yield: 29.3%. Mp: 76.2 °C.
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 8.2Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.6Hz,
4H, -OCH,-), 1.81 (quin, J = 7.1Hz, 4H, -OCCH,-), 1.50-1.21 (m, 36H, (-CH,-)y X 2), 0.88 (t, J = 6.8Hz, 6H, -CH3).
4,5-Bis(m-tetradecyloxyphenylthio)phthalonitrile (5h)
Si0,, CH,Cl, : n-hexane =4 : 1, R;= 0.38.
Yield: 75.0%.
Mp: 50.0 °C(mp;), 83.3 °C(mp,) (This compound showed double melting behaviour).
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 7.8Hz, 2H, ArH), 7.11-7.04 (m, 8H, ArH), 3.98 (t, J = 6.4Hz,
4H, -OCH,-), 1.81 (quin, J = 7.0Hz, 4H, -OCCH,-), 1.49-1.26 (m, 44H, (-CH,-);; x 2), 0.879 (t, J = 6.8Hz, 6H, -CH3).
4,5-Bis(m-hexadecyloxyphenylthio)phthalonitrile (5i)
Si0,, CH,Cl, : n-hexane =5 : 2, Ry = 0.70.
Yield: 73.9%.
Mp: 58.3 °C(mp,), 70.2 °C(mp,) (This compound showed double melting behaviour.).
'H-NMR (400MHz, CDCl;, TMS): 8, ppm 7.41 (t, J = 8.2Hz, 2H, ArH), 7.11-7.03 (m, 8H, ArH), 3.98 (t, J = 6.4Hz,
4H, -OCH,-), 1.81 (quin, J = 7.0Hz, -OCCH,-), 1.47 (quin, J = 7.2Hz, -OCCCH,-), 1.38-1.26 (m, 48H, -(CH))-,),
0.878 (t, J = 6.8Hz, 6H, -CH3).
Octakis(m-ethoxyphenylthio)phthalocyaninato copper(Il) (1b)
A three necked flask was charged with anhydrous CuCl, (155 mg, 0.115 mmol), 4,5-bis(3-
ethoxyphenylthio)phthalonitrile (94.1 mg, 0.218mmol) and 1-hexanol (SmL). To the reaction mixture 5 drops of DBU
was added and refluxed for 1.5 hours. 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 1¢, 1h and 1i were also synthesised and purified by the same procedure for 1b.
Octakis(m-hexyloxyphenylthio)phthalocyaninato copper(Il) (1d)
A three necked flask was charged with anhydrous CuCl, (9.2 mg, 0.068 mmol), 4,5-bis(3-
hexyloxyphenylthio)phthalonitrile (5d: 48.2 mg, 0.0885mmol) and 1-hexanol (5SmL). To the reaction mixture 5 drops of
DBU was added and it was refluxed with stirring for 1.5 hours. 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 (SiO,, CHCl;, Rf = 1.0) to obtain green solid (27.6 mg).

The homologues 1e~g were also synthesised and purified by the same procedure for 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 (T4) obtained from TGA are listed below.
1b: T4 > 400 °C, 1c: Ty =389 °C, 1d: Ty =397°C, 1e: T4 =359°C, 1f: T4 =386 °C, 1g: Ty =399°C, 1h: T4 = 371
°C, 1i: T4 =360 °C.

3. RESULTS AND DISCUSSION

3-1. Synthesis

Phenylthio substituted phthalocyanine derivatives (PhS)sPcM (M = H,, 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 1) for the long alkoxy chain-substituted benzenethiol precursors 4b-i.

Route A in Scheme | was followed those of Refs[26-27]. The starting material, 3-hydroxybenzenethiol, 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 non-polar decyl groups. In Refs.
[26-27], the target benzenthiol derivative can be separated from reaction mixture since substituent R is higher polarity
group than decyloxy group. Due to the low polarity of substituent R in this study, Compound 4f could not be separated
from the reaction mixture.

Route B in Scheme 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 synthesised by using another method [31] (Route C in Scheme 1). 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 1 successfully provided the long alkoxy-substituted benzenethiol
derivatives 4b~i.

As shown in Scheme 2, the synthetic method of target phthalocyanine derivatives (m-C,OPhS)sPcCu (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 Sa~i. These phenylthio-substituted phthalonitriles
5a~i were tetracyclised to afford the target phenylthio-substituted phthalocyanines, (m-C,OPhS)sPcCu (1a~i), in
relatively good yields (average yield: 59%). Each of the phthalocyanines could be satisfactorily identified by the MALDI-
TOF MASS, elemental analysis and UV-vis spectrum (Tables 1 and 2).

3-2. Phase transition behaviour



Table 3 summarizes phase transition behaviour of all the phenylthio-substituted PcCu complexes: the shortest-alkoxy-
substituted derivative (m-C,;OPhS)sPcCu (1a) synthesised in our previous work, and the other longer-alkoxy-substituted
derivatives, (m-C,0OPhS)gPcCu (n = 2~16; 1b~i), synthesised in this work.

In Figure 2, the phase transition temperatures of all the derivatives (m-C,OPhS)sPcCu (n = 1~16: 1a~i) were
plotted against the alkyl chain length (n). As can be seen this figure, each of the lines for the clearing points (), the
highest melting points (e), and the liquid crystal - liquid crystal transition points (A) 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 (Col,) phases for 1a-b (n = 1, 2) and the
rectangular ordered columnar (Col,, (P2m)) phases for 1e~i(n = 4~16). Furthermore, each of the derivatives 1f~i (n =
10~16) shows two rectangular ordered columnar phases of Col,,;(P2m) and Col,,,(P2m).

Interestingly, the Coly, phases appear only for the extremely short alkoxy-susbstituted 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 Col,(P2m) phase(s) appear only for the longer alkoxy-
substituted derivatives 1e~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 our best 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.

3-3. Polarizing optical microscopic observation

Figure 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 (m-C,OPhS)sPcCu (1b) at 220 °C. As can be seen 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 (Coly) phase. Therefore, this liquid crystalline phase of 1b could be identified as a Col,, phase. Photo (C) is a
Col,»(P2m) phase in the moderately long alkyl-substituted derivative (m-C;,OPhS)sPcCu (1f) at 115 °C. Both (D) and
(E) are a Col,,;(P2m) phase in the same derivative 1f at 90 °C. As can be seen from these photos, both Col,,;, » 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 Col,(P2m) phase in 1f could be
identified as a liquid crystalline phase. Photo (F) shows a Col,,;(p2m) phase in the longest alkoxy-substituted derivative
(m-C140PhS)sPcCu (1i) at 100 °C. 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.

3-4. Temperature-dependent small angle X-ray diffraction (TD-SAXS) measurements

Table 4 summarizes temperature-dependent small angle X-ray diffraction (TD-SAXS) data of the liquid crystalline
phases in (m-C,OPhS)sPcCu (1a~i). Figures 4, 5 and 6 show the representative SAXS patterns of (m-C,OPhS)gPcCu
(1b), (m-C,,OPhS)gPcCu (1f) and (m-C,s0OPhS)gPcCu (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-C,OPhS)sPcCu (1b) at 220 °C is shown in Figure 4. As can be seen from this figure, a
very broad halo (#1) due to thermal fluctuation of phenylthio groups was observed in 20 = 13~23°. This broad halo #1
was also observed for the previous flying-seed-like liquid crystalline derivative, (m-C;OPhS)sPcCu (1a) [20]. The d-
spacings in the low angle region are in a ratio of 1 : 13 : 17 : 1/3, which is typical of a Coly, phase. Therefore, the

mesophase could be identified as a Col, phase. This identification is consistent with the dendritic texture typical of a Col,,



mesophase mentioned above. In addition, two peaks at around 2@ = 6° and 13° could be assigned to the interdimer
stacking dg;(2h = 14.3A) and the intermonomer stacking dgo;(h = 7.12A), respectively. This means that an equilibrium
between the dimers and monomers exists in the Col,, mesophase as the same case as the [m,p-(C,0),PhO]gPcCu
derivatives reported in 2001 [7]. From the Z value calculation [40], the Z value of this Col,, mesophase in 1b could be
obtained as Z = 1.0 assuming the intermonomer stacking distance as h = 7.12A and the density of the mesophase as p =
1.0 g.cm™. Although the intracolumnar stacking distance h (7.12A) is much larger than that of conventional Coly, phases.
However, the value Z = 1.0 is consistent with the theoretical value (Z = 1.0) for a Col;,, mesophase. Moreover, the large
stacking distance h = 7.12A 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 Col,,(P2m) phase [20].
However, the d spacings of 1a are also in a ratio of 1 : 1/N3 : 1/N7 : 1/3 as the same as that of 1b. From the Z value
calculation, the result (Z = 0.95 = 1.0) is consistent with a Coly,, phase. Moreover, the equilibrium between the dimers
and monomers in the Col,, mesophase could be also observed as the same case as the (m-C,OPhS)sPcCu (1b)
homologue. Therefore, the liquid crystalline phase of 1a could be also identified as Coly,, phase, so that we correct the
identification of this mesophase from Col,,(P2m) to Coly, in this study.

Figure 5 shows a SAXS pattern of the moderately long alkoxy-substituted derivative (m-C;yOPhS)gPcCu (1f) at
115 °C. 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 Col,,, (P2m) (a =37.0 A, b=27.6 A, h=
4.06 A). Figure 6 shows the SAXS pattern of the longest alkoxy-substituted derivative (m-C;,OPhS)sPcCu (1i) at 100
°C. The liquid crystalline phase was also identified as Col,(P2m) (a = 49.9 A, b = 28.6 A, h = 4.07 A). It is very
interesting that each of the present longer alkoxy-substituted phenylthio derivatives (m-C,OPhS)gPcCu (n = 4~16)
showed only rectangular columnar (Col,(P2m)) phase(s), whereas each of the previous longer alkoxy-substituted

phenoxy derivatives (m-C,0PhQ)sPcCu (n = 10~20) showed only a hexagonal columnar (Coly,) phase [8-9].

3-5. Columnar stacking structures of (m-C,OPhQ)gPcCu (n = 10-20) and (m-C,OPhS)gPcCu (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 (Col,) phase in
comparison with a hexagonal columnar (Col,) phase [41-43]. As schematically shown in Figure 7, covalent bond radius
of sulfur atom (1.04 A) is larger than that of oxygen atom (0.66 A). Hence, C-S bond length (1.81 A) is longer than C-O
bond length (1.43 A) [44]. Accordingly, the interaction between Pc cores in the phenoxy-substituted derivatives (-
C,OPhO)gPcCu (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-C,OPhO)sPcCu (n = 10-20) may form the hexagonal columnar phase
(Coly). On the other hand, the interaction between Pc cores in the phenylthio-substituted derivatives (m-C,OPhS)sPcCu
(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 7 (dotted lines). Thus, the phenylthio-substituted derivatives (m-C,OPhS)sPcCu (n = 4-16)

may form the rectangular columnar (Col,) phase.

3-6. UV-vis absorption spectra

Figure 8 shows the UV-vis absorption spectra of (m-C,,OPhO)sPcCu (upper) and (m-C;,OPhS)sPcCu (1f) (lower) in
THF solution. Table 5 lists their spectral data. As can see from these figure and table, the Q-band of the phenylthio-



substituted derivative (m-C;iOPhS)sPcCu (1f) red-shifts by 35.7 nm into near infrared region compared with the
phenoxy-substituted derivative (m-C,yOPhO)gPcCu. This result is compatible with those of the phenylthio-substituted
phthalocyanes reported so far [16-20].

Moreover, we could estimate the optical band gaps of (m-C;yOPhO)gPcCu and (m-C;,OPhS)gPcCu (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.

3. CONCLUSION

In this study, we have successfully synthesised novel phenylthio-substituted phthalocynaine derivatives (m-
C,OPhS)gPcCu(1b~i) to reveal their mesomorphism. We found that the shortest alkoxy-substituted derivatives, (m-
C,0PhS)gPcCu (1a) and (m-C,0OPhS)gPCu (1b) could be classified as flying-seed-like liquid crystals. On the other hand,
the other longer alkoxy-substituted derivatives (m-C,0OPhS)gPcCu: n = 4~16 (1c~i) 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-C,0OPhS)sPcCu (n = 4~16) showed only rectangular columnar (Col,,(P2m)) phase(s), whereas each of the
previous longer alkoxy-substituted phenoxy_derivatives (m-C,0OPhQ)sPcCu (n = 10~20) showed only a hexagonal
columnar (Coly,) 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 (m-C,yOPhS)sPcCu (1f) red-shifts by 35.7 nm into near infrared region compared with the
phenoxy-substituted derivative (m-C;yOPhO)gPcCu. Thus, in this study, we successfully synthesised a novel series of
liquid crystalline (m-C,0OPhS)sPcCu (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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Table 1. Yields and elemental analysis data of (m-C,OPhS)gPcCu (1a~i).

Mol. formula Exact Mass Elemental analysis: Found(Calcd.)(%) . o
Compound (Mol. wt) Mass observed c o Yield(%)
CogHgoNgOgSgCu 64.60 491 5.92
1b:  (m-C,OPhS)gPcCu 96 (1839;7*;)8 179132 1791.32 (64.28) (4.50) (6.25) 44.1
le:  (m-C4OPhS)gPcCu C“zf(lzl(l)ﬁf‘;gfgc” 201558 2015.50 (22:22) (22?91) é:g) 65.9
1d:  (m-C¢OPhS)¢PcCu C”S}(Izlglefgsségcu 2239.83  2239.80 (ggjgz) (2:‘5‘;) (2:8(5)) 55.7
le:  (m-CgOPhS)ePcCu Cl““lélfgi%sf‘cu 2467.06  2464.14 (gg:?z) (;:?;) (ijgi) 60.4
1f:  (m-C;,OPhS)gPcCu Cl"‘)}(lzzgﬁgjf‘gisfgcu 2688.33 268831 (;}:Zg) (%g) (Zfé) 65.6
1g:  (m-C;,OPhS)gPcCu C1761322;°11\51f‘9018)38c“ 2912.58  2913.61 (;i:i;) (gjg) é:gz) 68.1
C19oH,75Ng0gSCu 73.34 8.92 3.55
1h:  (m-C,OPhS)gPcCu 192 (3’23023 8 3136.83  3138.02 (73.43) 873) (3.57) 47.4
. . 3.23
li:  (m-C4OPhS)gPcCu Cz"“(';g‘g:f‘%sxcu 3361.07 3362.24 (;j.(z); (gﬁ) (3.33) 66.1
Table 2. UV-vis spectral data in CHCI; solution of (m-C,OPhO)sPcCu (1b~i).
A/nm (loge
Compound Concentration (log )b 3
p (X10mol L) Soret band Q-ban
Qy.;-band Qo.o-band
1b: (m-C,0OPhS)gPcCu 2.32 344.0(4.91) 642.0(4.68) 718.0(5.42)
1c: (m-C,OPhS)gPcCu 2.39 344.0(4.92) 642.0(4.69) 716.0(5.42)
1d: (m-C4OPhS)gPcCu 2.26 344.0(4.93) 642.0(4.69) 718.0(5.43)
le: (m-CgOPhS)gPcCu 2.26 344.0(4.93) 642.0(4.70) 718.0(5.44)
1f: (m-C,,OPhS)gPcCu 2.29 345.5(4.90) 643.0(4.65) 718.9(5.42)
1g: (m-C,,OPhS)¢PcCu 242 342.0(4.88) 642.0(4.66)  718.0(5.40)
1h: (m-C,;,OPhS)gPcCu 2.34 344.0(4.88) 642.0(4.65) 718.0(5.38)
1i: (m-C,40OPhS)gPcCu 2.37 344.0(4.89) 6420(4.65) 718.0(5.38)




Table 3. Phase transition temperatures and enthalpy changes of 1a~i.

Compound

T (°C) [AH (kJmol™)]

Phase Phase w—= Relaxation
K ca. 180
! N 287.4[15.8 334.2[6.7
1a*: (m-C,OPhS)sPcCu K, U581 o, (671 L
(decomp.)
212.5[57.6] 239.5[6.1]
1b: (m-C,0PhS)gPcCu K, ————— > Coljy ——————— L
191.3 199.9
1c: (m-C,OPhS)sPcCu K, Colioy IL.
(P2m)
95.0[7.2] 143.9[1.9] Col 152.7[60.3]
1d: (m-C4OPhS)gPcCu Ky, K, O ro2 IL.
(P2m)
106.5 Col 142.6[60.3]
le: (m-CgOPhS)gPcCu Ky ro2 LL.
100.1 _~ (P2m)
Ky
96.3 /
K3v
41.6[7.3] 64.7[3.2] 81.1[7.5] 133.5[95.5]
1f: (m-C,,OPhS)gPcCu Kay Colr: Colror LL.
58.6[18.1] (P2m) (P2m)
Col,,
. Koy (pzln])““““’“”“”\ 81.5 Col,,, 085 Col., 110.9[67.0]
. . K TO TO!
g: (m-C,,0PhS)gPcCu | o P LL.
K, 30 Coliz immmmmnnnnn
Y (P2m) 93.2[6.5]
63.9 g 38.1[4.1] Col c 117.9[70.9]
. - ) . ol OlmZ
1h: (m-C,4OPhS)gPcCu Ky ®2m) (P2m) IL.
.. Ky, 75.0 Col,, 111.2[48.9]
li: (m-C;cOPhS)gPcCu K, 64.0 7 (P2m) IL.

Phase nomenclature: K = crystal, Col;, =

Figure 2. * Ref[20].

rectangular ordered columnar, I.L. = isotropic liquid and v = virgin state. Coly,i~Colr2: See
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Fig. 2. Phase transition temperature versus the number of carbon atom in the alkoxy chains for (m-C,OPhS)gPcCu (1a-i).

o: clearing point, ®: melting point, m: crystal-crystal phase transition, and A : mesophase-mesophase transition.
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Fig. 3. Photomicrographs of (A) and (B): Coly, of (m-C,OPhS)sPcCu (1b) at 220 °C; (C) Col,,n(P2m) of (m-
Co0OPhS)gPcCu (1f) at 115 °C; (D) Coly,(P2m) of (m-C;yOPhS)sPcCu (1f) at 90 °C; (E) sheared sample of the photo
(D) of 1f at 90 °C; (F) Col,,;(P2m) of (m-C,OPhS)sPcCu (1i) at 100 °C; (G) sheared sample of the photo (F) of 1i at
100 °C.



Table 4 . X-ray data of 1a~i.

Compound A Spacing/A Miller indices
(mesophase) Lattice constants/A
Observed Calculated (hkI)
1a* : (m-C;OPhS)gPcCu 18.1 182 (100)
Col,,, at 300°C 2;1083 13.6 13.6 (001)™"
Z=0.95forp=1.1 10.1 105 10
9.16 9.05 (200)
6.82 6.82 (001)"
ca.5.9 6.03 (300)+#1
3.98 3.95 (410)
1b : (m-C,OPhS)gPcCu 19.0 19.0 (100)
2=22.0 14.3 14.4 (001)?
Coly, at 220°C h=7.12 10.9 11.0 (110)
Z=10for p=1.1 7.12 7.19 (210)+(001)"
6.23 6.34 (300)
ca.5.2 - #1
4.00 4.15 (410)
1c : (m-C4OPhS)gPcCu 227 97 (100)
Col,, (P2m) at 199°C E;i'_; 10.8 10.8 (020)l
h—717 7.17 7.17 0oy
Z=11for p=10 526 527 (140)
4.88 4.89 (240)+#1
4.18 4.19 (520)
371 3.73 (610)
1d: (m-C4OPhS)gPcCu 266 266 010,
a=36.8
Col,yy (P2m) at 148°C b= 266 12‘7‘ ii: ggg;
h=3.60 8.61 8.63 (130)
Z=1.0for p=1.1 7.92 8.00 (230)
5.82 5.85 (340)
5.02 5.04 (630)
458 4.60 (800)+#2
4.06 4.08 (830)
3.60 3.60 0ot
1e: (m-CgOPhS)gPcCu 35.0 35.0 (100)
Col,, (P2m) at 115°C a=350 21.6 21.6 (110)
b=27.5 15.9 14.8 (210)
h=3.99 10.8 10.7 (310)
Z=10for p=11 7.06 7.00 (500)
6.58 6.41 (240)
5.14 5.25 (250)+#2
4.69 4.70 (720)+#2
3.99 3.99 (001)"
1f : (m-C1yOPhS)gPcCu . s6s (100)
Col,,,(P2m) at 80°C a=36.6 21.8 21.8 (110)
b=27.2 13.7 13.6 (020)
h=4.01 10.7 10.9 (220)
Z=098 for p=1.1 6.93 7.07 (510)
5.01 4.98 (540)+#2
4.61 4.57 (800)+#2
4.01 401 (0ony
Col,g(P2m) at 115°C a=37.0 Z? Z(l’ 8??);
b=276 10.6 11.1 (220)
h=4.06
210 for p L1 7.06 7.15 (510)
5.08 5.05 (540)+#2
4.61 4.60 (060)+#2
4.06 4.06 (001)"




Table 4 . (continued.)

Compound . Spacing/A Miller indices
(mesophase) Lattice constants/A
Observed  Calculated (hkd)
1g : (m-C1,0PhS)gPcCu 395 395 (100)
Colyz (P2m) at 100°C a=39.5 21.3 213 (010)
b=213 10.7 10.7 (020)
k=5.09 8.02 7.90 (500)
Z=097forp=1.1 6.98 7.00 (130)
5.09 5.09 (001)h
4.63 - 4
a=43.1 43.1 43.1 (100)
b=21.6 216 21.6 (010)
Colyyy (P2m) at 90°C h=4.96 13.7 13.7 (300)
Z=11 forp=1.1 10.8 10.8 (400)
7.04 7.11 (130)
4.96 4.96 (001)"
4.62 - #2
1h : (m-C,4OPhS)gPcCu 437 437 (100)
Col,y, (P2m) at 105°C . ;‘;'; 215 215 (010)
P 14.4 14.6 (300)
Z= 1..0 forp=1.1 106 107 (020)
7.14 7.15 (030)
5.08 5.08 (001)"
ca.4.6 - #2
~ 50.1 50.1 (100)
Col,y; (P2m) at 85°C . zg é 2.6 226 (010)
g 14.3 134 (310)
Z-11 forp=11 10.7 11.0 (410)
7.09 7.16 (700)
ca.4.9 - #2
4.59 4.59 (001"
1i : (m-CsOPhS)gPcCu
49.9 49.9 (100)
Col,,; (P2m) at 100°C a= 49.9 248 248 (110)
h=107 o e o)
Z=1.0 forp=1.0 10.7 10.8 (320)
7.07 7.07 (140)
ca.5.1 - #2
ca.4.6 - #2
4.07 4.07 (001)"

#1, #2 = Broad halos due to the thermal fluctuation of the phenylthio groups and the molten alkyl chains,

respectably. h = Stacking distance. p = assumed density (g/cm’). * Ref [20].



#1

~N
S

~—(210) + (001)"

-—(300)

Intensity (a.u.)
~=(410)

~—(001)2"
- (110)

10 13

0.8 3
20 / degree

Fig. 4. XRD pattern of (m-C,0PhS)sPcCu (1b) at 220 °C (on cooling from I.L). #1 = Broad halo due to the thermal

fluctuation of the phenylthio groups.
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Fig. 5. XRD pattern of (m-C;,OPhS)gPcCu (1f) at 115 °C. #2 = Broad halo due to the molten alkyl chains.
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Fig. 6. XRD pattern of (m-C;,0PhS)sPcCu (1i) at 100 °C (on cooling from I.L). #2 = Broad halo due to the molten
alkyl chains.
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(m-C,OPhS)gPcCu (n = 4-16).
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Fig. 8. UV-vis absorption spectra of (m-C;(OPhO)gPcCu (upper) and (m-C;yOPhS)sPcCu (1f)

(lower) in THF solution.



Table 5. UV-vis spectral data of (m-C;,OPhO)gPcCu and (m-C;,OPhS)gPcCu in THF solution.

Aabs / nm (loge)

Concentration

Compound P y Soret band Q-band Medge Egap* / €V
(X 10°°mol L ) QO-I_band Qo_o-band / nm
(m-C1QOPhO)sPcCu  2.27 351.9(4.93)  608.3(4.64) 675.9(543) 6928 1.79
(m-C1oOPhS)gPcCu (1f) 2.29 353.3(4.90)  635.7(4.69) 711.6(5.44) 7311 1.70

* Egap Was estimated from the absorption edge of Q-band.



