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Ten novel columnar liquid crystals, [octakis(4-alkoxyphenyl)tetrapyrazinoporphyrazinato]metal(II) (abbreviated

as (CnO)8±M; n~10, 12; M~Cu, Ni) and [octakis(3,4-dialkoxyphenyl)tetrapyrazinoporphyrazinato]metal(II)

(abbreviated as (CnO)16±M; n~8, 10, 12; M~Cu, Ni), have been synthesized and characterized. It was found

that the mesophase structures of (CnO)8±M are very sensitive to the central metal and closely related to the

aggregate structures in the solution. The (CnO)16±M derivatives exhibit a Dhd mesophase at lower temperatures

and a Drd (C2/m) phase at higher temperatures. Thus, the mesophase with higher symmetry appears at lower

temperatures for these (CnO)16±M derivatives. This is quite opposite to the general tendency for the higher

symmetry mesophase to appear at higher temperatures. In order to further clarify the structures of both the

mesophases and the aggregate in solutions, the electronic and magnetic circular dichromism (MCD) spectra

were measured. The Q band of (CnO)16±M in n-hexane showed a wide Davidov splitting. It was proven that

such a wide splitting of the Q band can be attributed to the formation of dimers. The dimerization was

con®rmed by vapor pressure osmometric (VPO) measurements in n-hexane solution. Furthermore, the spectrum

of the thin ®lm in the mesophase in the absence of solvent at room temperature was similar to that of the

n-hexane solution. From these electronic absorption spectra, MCD spectra, VPO measurements and

temperature-dependent X-ray diffraction studies, it was clari®ed for (CnO)16±M that the dimer structure in

n-hexane solution is closely related to those in the thermotropic mesophases.

1 Introduction

In general, if a very small amount of compound is added into a
pure solvent, each of the solute molecules is completely
separated from the others. When the concentration is gradually
increased, one molecule comes closer to another molecule to
form a dimer. Upon further elevating the concentration, they
stepwise form a trimer, tetramer, ..., oligomer, and ®nally
multimer in this ¯uid solution. When the concentration is
in®nitely elevated; in other words, when the system becomes a
pure compound without a solvent, it shows a thermotropic
liquid-crystalline state in some cases. This thermotropic
liquid-crystalline phase may have a structure that is
very similar to those of the preceding aggregation states. In
this work, we reveal that our synthesized metal complexes
(CnO)16±M form dimers in non-polar solvents, and that
this dimer becomes a unit disk in a thermotropic hexagonal
columnar mesophase in the absence of solvent. Hence, the
analysis of aggregate structure in solution is very useful for the
analysis of pure thermotropic mesophase structure. We believe
that the present example of dimer-forming liquid-crystalline
complexes will contribute to the ®elds of both solution
chemistry and liquid crystal chemistry.

2 Experimental

Measurements

Precursors, 2,3-dicyano-5,6-bis(3,4-dialkoxyphenyl)pyrazine
derivatives, were identi®ed by using a JEOL A100 infrared

spectrometer and a JEOL JNM PMX60si (60 MHz) NMR
spectrometer. Final products were identi®ed by elemental
analysis (Table 1) and electronic absorption spectra (Table 2)
using a Perkin Elemental Analyzer 240B and a Hitachi 330
spectrometer, respectively. The phase transition behavior of
these compounds was observed by using a polarizing micro-
scope (Olympus BH-2) equipped with a heating plate
controlled by a thermoregulator (Mettler FP80 and FP82)
and measured with a differential scanning calorimeter (Shi-
madzu DSC-50). Temperature-dependent X-ray diffraction
measurements of the mesophases were performed by using a
Rigaku Geiger¯ex with Cu-Ka radiation equipped with a
hand-made heating plate controlled by a thermoregulater.2

Temperature-dependent electronic spectra were recorded by
the technique reported in our previous paper.2b

Synthesis

The synthetic routes to the (CnO)8±M (M~Cu 1, M~Ni 2)
and (CnO)16±M (M~Cu 3, M~Ni 4) derivatives are shown in
Fig. 1. Precursors 5 and 7 were synthesized from the purchased
raw materials according to our previously reported method.3

The detailed procedures are described for a representative
4-dodecyloxy dicyanopyrazine derivative (6c) and the corre-
sponding (C12O)8±Cu (1) in the following section; the other
derivatives were synthesized in the same manner. In Table 1 are
summarized the elemental analysis data of the (CnO)8±M and
(CnO)16±M complexes. Electronic absorption spectral data of
these complexes are listed in Table 2.

2,3-Dicyano-5,6-bis(4-dodecyloxyphenyl)pyrazine 6c. The
pyrazine derivative 6c was prepared by Kanakarajan's{Part 25: Ref. 1.
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method.4 A mixture of 4,4'-didodecyloxybenzyl (1.90 g,
3.11 mmol) and diaminomaleonitrile (0.89 g, 7.8 mmol) in
50 ml of acetic acid was re¯uxed under a nitrogen atmosphere
for 10 h. After cooling to room temperature, the crude product
was extracted with chloroform and washed with water. The
organic layer was dried over anhydrous sodium sulfate and the
solvent was removed under reduced pressure using a rotary
evaporator. The resulting solid was puri®ed by using column
chromatography (SiO2 gel, benzene : hexane~5 : 1 (v/v),
Rf~0.66) to give 1.66 g of 2,3-dicyano-5,6-bis(4-dodecylox-
yphenyl)pyrazine 6c as a yellow solid. Yield 82%.
Mp~88 ³C. 1H NMR (CDCl3, TMS): d 7.44 (d, 4H,
phenyl), 6.75 (d, 4H, phenyl), 3.93 (t, 4H, ±CH2±), 1.25 (m,
40H, ±(CH2)10±), 0.87 (t, 6H, ±CH3). IR (KBr): 2940, 2850,
2250, 1600, 1500, 1460 cm21.

2,3-Dicyano-5,6-bis(4-decyloxyphenyl)pyrazine 6b. Puri®ed
by column chromatography (SiO2 gel, benzene : hexane~5 : 1
(v/v), Rf~0.51). Yellow solid. Yield 88%. Mp~78 ³C. 1H
NMR (CDCl3, TMS): d 7.40 (d, 4H, phenyl), 6.70 (d, 4H,
phenyl), 3.92 (t, 4H, ±OCH2±), 1.28 (m, 32H, ±(CH2)8±), 0.88
(t, 6H, ±CH3). IR (KBr): 2925, 2860, 2240, 1600, 1510,
1460 cm21.

2,3-Dicyano-5,6-bis(3,4-didodecyloxyphenyl)pyrazine 8c.
Puri®ed by column chromatography (SiO2 gel, benzene :
CHCl3~5 : 1 (v/v), Rf~0.80). Yellow solid. Yield 85%.
Mp~75 ³C. 1H NMR (CCl4, TMS): d 7.02±6.52 (m, 6H,
phenyl), 3.93 (t, 4H, ±OCH2±), 3.80 (t, 4H, ±OCH2±), 1.24 (m,
80H, ±(CH2)10±), 0.87 (t, 12H, ±CH3). IR (KBr): 2920, 2860,
1580, 1490, 1460 cm21.

2,3-Dicyano-5,6-bis(3,4-didecyloxyphenyl)pyrazine 8b. Puri-
®ed by chromatography (SiO2, benzene, Rf~0.70). Yellow
solid. Yield 66%. Mp~66 ³C. 1H NMR (CDCl3, TMS): d 7.13±
6.63 (m, 6H, phenyl), 3.93 (t, 4H, ±OCH2±), 3.79 (t, 4H,
±OCH2±), 1.23 (m, 64H, ±(CH2)8±) 0.87 (t, 12H, ±CH3). IR
(KBr): 2950, 2860, 2230, 1590, 1500, 1460 cm21.

2,3-Dicyano-5,6-bis(3,4-dioctyloxyphenyl)pyrazine 8a. Puri-
®ed by chromatography (SiO2 gel, benzene, Rf~0.55).

Yellow solid. Yield 64%. Mp~58 ³C. 1H NMR (CDCl3,
TMS) : d 7.26±6.75 (m, 6H, phenyl), 4.00 (t, 4H, ±OCH2±), 3.83
(t, 4H, ±OCH2±), 1.31 (m, 48H, ±(CH2)6±), 0.89 (t, 12H, ±CH3).
IR (KBr): 2950, 2860, 2230, 1590, 1500, 1460 cm21.

[Octakis(4-dodecyloxyphenyl)tetrapyrazinoporphyrazinato]-
copper(II): (C12O)8±Cu 1c. The copper(II) complex 1 was
prepared by Tomoda's method.5 A mixture of the correspond-
ing dicyano derivative 6c (1.20 g, 1.84 mmol), 1,8-diazabicy-
clo[5,4,0]undec-7-ene (DBU; 0.42 g, 2.8 mmol), and anhydrous
copper(II) chloride (40 mg, 0.30 mmol) in 15 ml of n-pentanol
was re¯uxed for 48 h. After cooling to room temperature, the
resulting mixture was poured into a large quantity of acetone
and methanol, and cooled by immersion in an ice-water bath.
The resulting dark blue precipitates were collected by ®ltration
and washed with hot acetone. The sticky precipitates were
dissolved in hot benzene to remove them from the paper. The
solvent was evaporated to give dark blue liquid crystals.
Puri®cation was carried out by reprecipitation by adding
acetone to a hot solution of the crude product in tetrahy-
drofuran to give 0.28 g of dark blue liquid crystals. Yield 23%.
IR (KBr): 2920, 2850, 1610, 1510, 1470 cm21.

Each of the following (CnO)8M complexes could be prepared
and puri®ed in the same manner as the (C12O)8±Cu complex.

(C12O)8±Ni 2c. Dark green liquid crystals. Yield 14%. IR
(KBr): 2920, 2850, 1610, 1510, 1470 cm21.

(C10O)8±Cu 1b. Dark green liquid crystals. Yield 10%. IR
(KBr): 2920, 2850, 1610, 1510, 1470 cm21.

(C10O)8±Ni 2b. Dark green liquid crystals. Yield 10%. IR
(KBr): 2920, 2850, 1610, 1510, 1470 cm21.

Each of the following (CnO)16±M complexes could be
prepared in the same manner as the above-mentioned
(C12O)8±Cu complex.

Table 1 Elemental analysis data of (CnO)8±M (M~Cu 1, M~Ni 2) and (CnO)16±M (M~Cu 3, M~Ni 4)

Found (calc.) (%)

Complex Molecular formula (M) C H N

1b: (C10O)8±Cu C152H200N16O8Cu (2442.93) 74.01 (74.73) 8.30 (8.25) 9.20 (9.17)
1c: (C12O)8±Cu C168H232N16O8Cu (2667.36) 75.17 (75.65) 8.76 (8.77) 8.16 (8.40)
2b: (C10O)8±Ni C152H200N16O8Ni (2438.08) 75.12 (74.88) 8.42 (8.27) 9.20 (9.19)
2c: (C12O)8±Ni C168H232N16O8Ni (2662.52) 75.46 (75.79) 8.78 (8.78) 8.23 (8.42)
3a: (C8O)16±Cu C200H296N16O8Cu (3244.23) 73.43 (74.05) 9.18 (9.20) 6.85 (6.91)
3b: (C10O)16±Cu C232H360N16O8Cu (3693.09) 74.25 (75.45) 9.84 (9.83) 6.10 (6.07)
3c: (C12O)16±Cu C264H424N16O8Cu (4141.95) 76.44 (76.56) 10.32 (10.32) 5.05 (5.41)
4a: (C8O)16±Ni C200H296N16O8Ni (3239.58) 73.37 (74.15) 9.10 (9.21) 6.71 (6.92)
4b: (C10O)16±Ni C232H360N16O8Ni (3688.24) 75.40 (75.55) 9.75 (9.84) 5.82 (6.08)
4c: (C12O)16±Ni C264H424N16O8Ni (4137.11) 76.51 (76.65) 10.30 (10.33) 5.11 (5.42)

Table 2 Electronic absorption spectral data of (CnO)8±M (M~Cu 1, M~Ni 2) and (CnO)16±M (M~Cu 3, M~Ni 4) in CHCl3

Complex Concentration/mol l21 lmax/nm (log[e/dm3 mol21 cm21])

1b: (C10O)8±Cu 1.1561025 288 (4.79) 377 (5.06) 500 (4.52) 662 (4.77)
2b: (C10O)8±Ni 1.1061025 297 (4.83) 347 (4.92) 377 (4.92) 536 (4.54) 602 (4.64) 666 (5.33)
1c: (C12O)8±Cu 1.4061025 290 (4.76) 377 (5.03) 500 (4.50) 662 (4.84)
2c: (C12O)8±Ni 1.3161025 296 (4.92) 378 (4.99) 492 (4.62) 602 (4.56) 653 (5.23)
3a: (C8O)16±Ni 1.0461025 276 (4.83) 351 (4.91) 377 (4.92) 541 (4.55) 601 (4.64) 666 (5.31)
4a: (C8O)16±Ni 0.9661025 313 (4.92) 334 (4.91) 390 (4.88) 520 (4.53) 595 (4.59) 657 (5.28)
3b: (C10O)16±Cu 1.0661025 276 (4.84) 346 (4.90) 377 (4.92) 542 (4.54) 602 (4.63) 666 (5.29)
4b: (C10O)16±Ni 0.9761025 313 (4.93) 330 (4.92) 391 (4.88) 521 (4.54) 595 (4.59) 657 (5.27)
3c: (C12O)16±Cu 1.0961025 276 (4.83) 347 (4.92) 377 (4.92) 536 (4.54) 602 (4.64) 666 (5.33)
4c: (C12O)16±Ni 1.1461025 314 (4.89) 331 (4.87) 390 (4.83) 514 (4.49) 594 (4.53) 657 (5.22)
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(C12O)16±Cu 3c. Puri®ed by reprecipitation by adding
acetone into a hot solution of the crude product in hexane to
give dark blue liquid crystals. Yield 18%. IR (KBr): 2920, 2850,
1600, 1520, 1470 cm21.

Each of the other (CnO)16±M complexes was puri®ed in the
same manner as this (C12O)16±Cu complex.

(C12O)16±Ni 4c. Dark blue liquid crystals. Yield 14%. IR
(KBr): 2920, 2850, 1600, 1520, 1470 cm21.

(C10O)16±Ni 4b. Dark blue liquid crystals. Yield 6%. IR
(KBr): 2920, 2850, 1600, 1520, 1470 cm21.

(C8O)16±Cu 3a. Dark blue liquid crystals. Yield 8%. IR
(KBr): 2930, 2860, 1600, 1520, 1470 cm21.

(C8O)16±Ni 4a. Dark blue liquid crystals. Yield 6%. IR
(KBr): 2930, 2860, 1600, 1520, 1470 cm21.

3 Results and discussion

Discotic mesomorphism of (CnO)8±M (1, 2) and (CnO)16±M
(3, 4)

Mesomorphism of (CnO)8±M (1, 2). The phase transitions of
(CnO)8±M (1, 2) are summarized in Table 3. Each of the
pristine samples of (CnO)8±M (1, 2) exhibits a tetragonal
columnar (Dtet) mesophase from r.t. to ca. 150 ³C. The X-ray
powder diffraction patterns of (C10O)8±Cu 1 and (C10O)8±Ni 2
at 140 ³C were compared with each other. The re¯ections in the
low angle region could be assigned to a two-dimensional
tetragonal lattice for each of the complexes. The (C10O)8±Cu 1
complex gave a relatively sharp re¯ection at d~3.82 AÊ , which
could be assigned as an interdisk distance in the column. On the
other hand, the (C10O)8±Ni 2 complex gave a broad and weak
re¯ection at d~ca. 3.7 AÊ , which corresponds to ¯uctuation of
the interdisk distance in the column. Therefore, the Dtet phase

Fig. 1 Synthetic route to (CnO)8±M (n~10, 12; M~Cu 1, M~Ni 2)
and (CnO)16±M (n~8, 10, 12; M~Cu 3; M~Ni 4). DBU~1,8-dia-
zabicyclo[5,4,0]undec-7-ene.

Table 3 Phase transition temperatures (Tt), enthalpy changes (DH) and X-ray data of (CnO)8±M (n~10, 12; M~Cu 1, M~Ni 2)

aPhase nomenclature: Dhd~hexagonal disordered columnar mesophase, Dtet,o~tetragonal ordered columnar mesophase, Dtet.d~tetragonal
disordered columnar mesophase and Dx~unidenti®ed mesophase. bRef. 3.
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of the copper complex was identi®ed as an ordered columnar
(Dtet.o) mesophase, whereas that of the nickel complex was
identi®ed as a disordered columnar mesophase (Dtet.d). The
mesophases of (C12O)8±M (M~Cu, Ni) at r.t. could also
similarly be identi®ed. Hence, it is apparent that the (CnO)8±Cu
complexes in the Dtet phase stack more regularly in columns
than the (CnO)8±Ni complexes. More interestingly, on heating
these Dtet phases change into a Dhd phase for the (C10O)8±M
(M~Cu, Ni) derivatives, whereas they change into a Drd (C2/
m) phase for the (C12O)8±M (M~Cu, Ni) derivatives. Thus, the
higher temperature mesophases depend not on the central
metal but on the length of the peripheral chains. On further
heating, each of the (CnO)8±M (1, 2) derivatives decomposes by
two steps. The ®rst decomposition has also been observed for
the octaphenyl-substituted Pc mesogenic derivatives.3 Hence,
we suppose that the decomposition may be due to a ring closure
reaction between two neighboring phenyl groups at the o-
positions. The second decomposition is usual degradation of
the compounds.

When the (C12O)8±M (M~Cu, Ni) derivatives were cooled
from the Drd mesophase and heated again from r.t., they
exhibited a different phase transition sequence, compared with
the virgin samples. They showed two new metastable Dx1 and
Dx2 phases (Table 3). These Dx1 and Dx2 mesophase structures
could not be identi®ed by X-ray diffraction studies, because
they did not give clear re¯ections. Nevertheless, the metastable
mesophases could be repeatedly obtained by cooling of the Drd

phase. On the other hand, when the Dhd phases of the (C10O)8±
M (1, 2) derivatives were cooled to r.t., the Dhd phases
remained. Thus, all the (C10O)8±M (1b, 2b) derivatives are
easily supercooled.

As summarized in Fig. 2, the mesophases in the (CnO)8±M
(1, 2) derivatives are affected by the central metal, chain length,
temperature and bulky phenyl groups. Steric hindrance of the
bulky groups results in a Dtet phase (bulky group effect). These

Fig. 2 Various effects on the liquid crystalline properties of (CnO)8±M
(1, 2).

Table 4 Phase transition temperatures (Tt), enthalpy changes (DH) and X-ray data of (CnO)16M (M~Cu 3, M~Ni 4)

aPhase nomenclature: Dhd~hexagonal disordered columnar mesophase, Drd~rectangular disordered columnar mesophase, X~several
unidenti®ed transitions were observed, Dx~unidenti®ed mesophase and I.L.~isotropic liquid. bGradual decomposition during several heating
and cooling cycles ¡285 ³C.
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Dtet mesophases have an ordered columnar structure and a
disordered columnar structure for copper and nickel, respec-
tively (central metal effect). Moreover, the Dtet mesophases
change into the Dhd phase for the (C10O)8±M (M~Cu, Ni)
derivatives, and into Drd (C2/m) for the (C12O)8±M (M~Cu,
Ni) derivatives, respectively (temperature and chain length
effects).

Mesomorphism of (CnO)16±M (3, 4). The phase transitions
of (CnO)16±M (3, 4) are summarized in Table 4. (C10O)16±Ni
(4b), (C12O)16±Cu (3c) and (C12O)16±Ni (4c) gave a Dhd phase
at r.t. (C8O)16±Cu (3a), (C8O)16±Ni (4a) and (C10O)16±Cu (3b)
exhibited complicated phase transitions at low temperatures
below r.t. For the DSC measurements, they showed several
very complicated peaks which were not reproducible. There-
fore, we noted only the start and end temperatures of these
peaks and denoted them as an X-phase in Table 4. Very
interestingly, each of the (CnO)16±M (3, 4) derivatives except
for (C12O)16±Ni (4) exhibits a Drd1ADrd2 phase transition.
Each of the Drd phases has C2/m symmetry, which was
established from the extinction rules of X-ray re¯ections for
Drd phases.6 These two Drd (C2/m) phases repeatedly appeared
for the DSC measurements. However, the origin of the phase
transition from Drd1 (C2/m) to Drd2 (C2/m) is not clear at this
present time.

(C10O)16±M (M~Cu, Ni) (3b, 4b) and (C12O)16±M (M~Cu,
Ni) (3c, 4c) gave isotropic liquids, whereas (C8O)16±M
(M~Cu, Ni) (3a, 3b) did not give an isotropic liquid (I.L.)
until 300 ³C. The endothermic peaks observed at 323 ³C and
324 ³C by DCS measurements could not be identi®ed by our
polarizing microscope because of the instrumental limit of the
heating plate. During several heating±cooling cycles even
below 285 ³C, all the (CnO)16±M (M~Cu, Ni) derivatives
gradually decomposed. This decomposition may be attribu-
table to the same ring closure reaction between adjacent phenyl
groups as for the (CnO)8±M derivatives, mentioned above. This
gradual decomposition by ring closure was observed by the
polarizing microscope. For example, when one of the (C12O)16±
M (M~Cu, Ni) derivatives was held at ca. 285 ³C for several
hours, a birefringent rigid crystalline area appeared from the
I.L. and gradually spread over the whole area. This crystal did

not melt into an I.L. The same solidi®cation was not observed
for the analogous Pc derivatives, [(CnO)2Ph]8PcCu,7 although
they have the same octakis(dialkoxyphenyl) substituents as the
present (CnO)16±M (M~Cu, Ni) derivatives.

Thus, the (CnO)16±M (Cu, Ni) derivatives gave a higher
symmetry Dhd phase at lower temperatures and a lower
symmetry Drd phase at higher temperatures. It is very
interesting that this sequence is quite opposite to the general
phase transition sequence: a higher symmetry phase usually
appears at higher temperatures.8

To reveal this unique mesomorphism, the electronic
absorption spectra of (CnO)8±M (1, 2) and (CnO)16±M (3, 4)
both in solution and as mesophase thin ®lms were recorded.

Electronic absorption spectra of (CnO)8±M (1, 2) and
(CnO)16±M (3, 4)

Electronic absorption spectra of (C12O)8±M (1c, 2c) and
(C12O)16±M (3c, 4c) in CHCl3 are summarized in Fig. 3, and
the spectral data of all the derivatives are listed in Table 2. As
can be seen from Fig. 3b±d, (C12O)8±Ni (2c) and (C12O)16±M
(3c, 4c) show spectra typical of monomeric Pc analogues.9 A
sharp peak of the Q band around 660 nm and a broad peak of
the Soret band around 390 nm could be observed. On the other
hand, the Q band of (C12O)8±Cu (1c) is broader and weaker
(Fig. 3a) than those of the other complexes (2c, 3c, 4c). This
means that only (C12O)8±Cu (1c) tends to aggregate more in
CHCl3, even though it is present at a similar concentration
(ca. 161025 mol l21) to the other complexes. As illustrated in
Fig. 4b and c, (C10O)8±Cu (1b) also shows high aggregation in
CHCl3, at a concentration of ca. 161025 mol l21. The
spectrum observed at much lower concentration
(1.161027 mol l21) shows a sharp Q band, and this absor-

Fig. 3 Electronic absorption spectra of the CHCl3 solutions: a)
(C12O)8±Cu (1.4061025 mol l21), b) (C12O)8±Ni (1.3161025

mol l21), c) (C12O)16±Cu (1.0961025 mol l21), d) (C12O)16±Ni
(1.1461025 mol l21).

Fig. 4 Electronic absorption spectra of (C10O)8±Cu in CHCl3 at
various concentrations; a) c~~1.10561027 mol l21, b)
c~0.99561025 mol l21, c) c~1.06261025 mol l21.
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bance is bigger than that of the Soret band (Fig. 4a). From
these results, it is apparent that the (CnO)8±Cu (1b, c)
derivatives more easily aggregate than the other (CnO)8±Ni
(2b, c) and (CnO)16±M (3, 4) derivatives in CHCl3.

Compared with the Q band and Soret bands of the core Pz
derivative without octaphenyl groups in the periphery, both the
Q and Soret bands of the present (CnO)8±M (1, 2) and (CnO)16±
M (3, 4) derivatives are located at much longer wavelengths
(shifted about 30 nm) and their absorption coef®cients (e) are
about twice as large.9 Such phenomena have been reported in
other compounds. For example, tetra-tert-butylated magne-
sium tetraazaporphyrin shows Q0±0 and Soret bands at 592 nm
and 335 nm, while octaphenylated magnesium tetraazapor-
phyrin shows these at 636 and 378 nm, respectively, in pyridine.
The e values of the latter are about 3±6 times larger than those
of the former.10 Interestingly, an absorption peak at ca. 500 nm
could be observed for all the present Pz derivatives, although it
is not seen for the core Pz derivative. Although not yet
rationalized, this peak is frequently observed when a number of
phenyl groups are attached to porphyrins and/or phthalocya-
nines.10

3.3 Relationship between liquid crystalline properties and
aggregation in n-hexane of (CnO)8±M (1, 2)

As mentioned above, the (CnO)8±Cu (1) complexes have
stronger molecular interactions and aggregate more in chloro-
form than the (CnO)8±Ni (2) complexes. This may correspond
to the stacking order in columnar mesophases in the absence of
solvent. Actually, the (CnO)8±Cu complexes give an ordered

Dtet.o columnar mesophase, whereas the (CnO)8±Ni complexes
give a disordered Dtet.d columnar mesophase (Table 3).

3.4 Electronic absorption spectra of thin ®lms of (CnO)8±M
(1, 2) and (CnO)16±M (3, 4)

Fig. 5 shows electronic absorption spectra of cast thin ®lms of
(C10O)8±Cu (1b) and (C12O)16±Cu (3c) at various temperatures.
(C10O)8±Cu (1b) shows very little change with increasing
temperature (Fig. 5a). The Q-band and Soret band are slightly
blue-shifted and the band at ca. 500 nm is slightly red-shifted,
as indicated by open arrows in this ®gure. On the other hand,
(C12O)16±Cu (3c) shows two Q bands which are split widely
into peaks at ca. 620 nm and ca. 800 nm (Fig. 5b). Such a wide
separation has been reported previously for long-chain-sub-
stituted phthalocyanines11 and the X-polymorph of non-sub-
stituted phthalocyanine upon forming dimers.12 As can be seen
from Fig. 5b, the intensity of the Q-band of the thin ®lm at
ca. 800 nm gradually decreased and blue-shifted with increas-
ing temperature. Finally, the band at ca. 800 nm disappeared
and a new band at 680 nm appeared. Similar behavior has been
reported previously, and two different interpretations have

Fig. 5 Temperature-dependent electronic absorption spectra of thin
®lms of a) (C10O)8±Cu and b) (C12O)16±Cu. The thin ®lms were
prepared by casting.

Fig. 6 Exciton energy diagrams for various dimers.

Table 5 Vapor pressure osmometric data for (C12O)16±Cu (Mtheor~4141.95)

Solvent Concentration/mol l21 Observed molecular weight, Mobs Number of molecules in an aggregate (n~Mobs/Mtheor)

n-Hexane (35 ³C) 1.6261024 7274 1.8 (#2)
n-Hexane (35 ³C) 1.0161024 6979 1.7 (#2)
n-Hexane (35 ³C) 0.4261024 8832 2.1 (#2)
CHCl3 (35 ³C) 1.2161024 4401 1.1 (#1)
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been suggested.11 One of them is that such a spectral change is
attributable to a change from dimers to monomers.11b Another
interpretation is that the molecular stacking changes from
herringbone to parallel.11c As mentioned above, the present
(C12O)16±Cu complex gives a Dhd mesophase at r.t. and the
molecules stack to form columns which are arranged in a
2D-hexagonal lattice. According to the ®rst interpretation, the
(C12O)16±Cu molecules may form dimers, which stack to form
columns. Since the present Pz molecules are substituted by
phenyl groups (Fig. 1), the Pz cores may rotate through 45³ to
form the dimers. From the exciton coupling theory13 (Fig. 6),
none of the parallel, in-line and slipped dimers show such Q-
band splitting; only the oblique dimer gives such a band-split-
ting. Nevertheless, parallel dimers of the core Pz molecules also
give Q-band splitting in one case: it was reported that a
sandwich lutetium double-decker of Pz gave a wide Q-band
splitting.14 This may be ascribed to a partition of angular
momentum, so that the magnetic circular dichromism (MCD)
spectrum of the split Q-bands shows Faraday A term
dispersions. Hence, in this case we could not explain the Q-
band splitting from pure exciton coupling theory. To clarify the
wide splitting of Q-bands for the cast thin ®lm in the mesophase
of the present (C12O)16±Cu complex, electronic absorption
spectra of n-hexane and chloroform solutions were recorded
(Fig. 7). The spectrum of (C12O)16±Cu in chloroform is typical
of metal phthalocyanines having D4h symmetry and the Q-
band is located at 666 nm, as shown in Fig. 7a. On the other
hand, the spectrum in n-hexane shows wide-split Q-bands at
661 nm and 798 nm, similarly to the thin ®lm at r.t. (Fig. 5b).
Generally, the aggregation band of phthalocyanines appears at
longer wavelength than the Q-band of monomers.15 As far as
we know, such wide-split Q-bands have been reported for the
spectra of Pc derivatives in solid states,11,15 but have never been
reported for the spectra in solution. The wide-split Q-bands
could be observed in the solid state for an X-polymorph of
phthalocyanine. In this X-polymorph, the phthalocyanine
molecules form dimers. Therefore, the present (C12O)16±Cu
complex may form dimers in n-hexane solution. The number of
molecules in an aggregate in the solutions was determined
by using the vapor pressure osmometry (VPO) technique. As
listed in Table 5, the number of molecules in an aggregate is
nearly equal to one in chloroform solution, whereas the
number is nearly equal to two in n-hexane solution. Thus, the
(C12O)16±Cu complex forms dimers in n-hexane solution.

When chloroform was gradually added to the n-hexane
solution, the wide-split Q-bands gradually converged into a
single peak, as shown in Fig. 8. This gradual change upon the
addition of chloroform corresponds well with the gradual
spectral change upon heating of the thin ®lm, as already shown
in Fig. 5b. To clarify the dimer structure, MCD spectra were
recorded for n-hexane and chloroform solutions. Fig. 9 shows
the MCD spectra together with the electronic absorption

Fig. 7 Electronic absorption spectra of (C12O)16±Cu: a) the CHCl3
solution (1.3061025 mol l21), and b) the n-hexane solution
(1.1861025 mol l21).

Fig. 8 Electronic absorption spectra of (C12O)16±Cu in CHCl3±n-
hexane mixtures. CHCl3 : n-hexane ratio: a) 3 : 100 (v/v), b) 4 : 100 (v/v),
c) 7.5 : 100 (v/v), d) 7 : 100 (v/v), e) 150 : 100 (v/v), and f) 100 : 3 (v/v).

Fig. 9 Magnetic circular dichromism (a) and electronic absorption
spectra (b) of (C12O)16±Cu in n-hexane (Ð) and CHCl3 (---).
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spectra. As has been proven by the VPO measurements, the
(C12O)16±Cu complex exists as a monomer and dimer in
chloroform and n-hexane, respectively. Both the electronic
absorption and MCD spectra in chloroform have character-
istics of phthalocyanine analogues with D4h symmetry.16 That
is, a Faraday A term appears, corresponding to the Q0±0 band,
indicating that the excited states are degenerate. The absorp-
tion spectrum in n-hexane is quite different from that in
chloroform, displaying a much weaker and split Q-band.
Faraday B terms appear in the MCD spectrum, corresponding
to the positions of the peaks at ca. 611 nm and 793 nm of the
electronic absorption spectrum. From the dispersion B terms,
these adjacent transitions are judged to be interacting.17 This is
clear evidence that two bands at 611 nm and 793 nm in n-
hexane originate from exciton coupling of the Q band at
666 nm in chloroform, and that the (C12O)16±Cu complexes
aggregate into oblique dimers in n-hexane.

3.5 Models of molecular arrangement of (CnO)16±M in Dhd and
Drd mesophases

The spectrum of (C12O)16±Cu in n-hexane is the same as that of
the thin ®lm in the Dhd mesophase at r.t. (Fig. 5b and 7b).
Hence, the Dhd (C12O)16±Cu complex at r.t. forms oblique
dimers stacking to form a 2-D hexagonal columnar structure,
as illustrated in Fig. 10. It is noteworthy that these phthalo-
cyanine disks are arranged not co-facially but obliquely in this
Dhd mesophase, although disks in Dh mesophases have been
commonly believed to stack co-facially. The spectrum of the
thin ®lm in the Drd mesophase at higher temperatures shows a
non-splitting Q-band (Fig. 5b). Hence, the dimers of the Dhd

(C12O)16±Cu complex may be broken into monomers and stack
in slipped form in the Drd mesophase, as illustrated in Fig. 10.
These columns are packed into a 2D-rectangular lattice having
C2/m symmetry, as described above. In general, molecules in
rectangular columnar mesophases stack in slipped form. This is
compatible with the present spectral results.

Thus, dimerization of the (CnO)16±M complexes (3, 4) results
in such a unique phase transition sequence from Dhd to Drd.
This is quite opposite to the general tendency for higher
symmetry mesophases to appear at higher temperatures.

4 Conclusion

The mesomorphism of (CnO)8±M complexes (1, 2) is very
sensitive to changes in the central metal and chain length. The
(CnO)16±M complexes (3, 4) exhibit a higher symmetry
mesophase, Dhd, at lower temperatures, contrary to general
tendency: higher symmetry mesophases usually appear at
higher temperatures. It was revealed from the electronic
absorption spectra, MCD spectra and VPO measurements
that such a unique phase sequence is attributable to dimeriza-
tion.
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Fig. 10 Schematic models of the molecular arrangement of (C12O)16±
Cu in Dhd and Drd mesophases.
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