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Control of the molecular packing of
chloroboron(in) and fluoroboron(in)
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Chloroboron(i) and fluoroboron(i) hexa(l-alkynyl)- and hexa(2-arylethynyl)subnaphthalocyanines with
a large dipole moment were prepared by Sonogashira coupling of hexaiodosubnaphthalocyanines with
substituted acetylenes. Introduction of butyl or longer alkyl groups via ethynylene linkages on the
periphery resulted in lower melting points and higher solubility in dichloromethane. X-ray diffraction
(XRD) patterns of the cast film indicated that hexa(2-(4-hexylphenyllethynyl)- and hexa(2-(4-
hexyloxyphenyllethynyl)subnaphthalocyanines with a B—F bond are packed in a discotic hexagonal
columnar phase with lattice constants a = 59-64 A and stacking distance ¢ = 4.7-4.8 A. The Q-band in
visible spectra of the thin film of these B—F derivatives was blue-shifted, supporting the formation of H-
aggregate in stacked columns. Polarized optical microscopy showed that these subnaphthalocyanines
with a B-F bond exhibited a mesophase at 180 °C. XRD of these subnaphthalocyanines at 180 °C
confirms a two dimensional hexagonal phase. XRD of the corresponding derivatives with a B—Cl bond
showed that they were either amorphous or less crystalline. We suggest that the fluorine atom in the
B—F group can fit into the cleft of cone-shaped subnaphthalocyanine, owing to the smaller van der
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Introduction

Cyclic oligopyrroles such as porphyrins and phthalocyanines
are important dyes whose optical, redox, and semi-conductive
properties have been employed in active materials for diverse
optoelectric systems, such as photosynthesis, solar cells,* and
electroluminescence devices.> Much effort has been directed
toward the control of the molecular packing of these dyes,?
which would affect the electrical conductivity of their films.*
Charge carrier mobilities of phthalocyanines with eight alkoxy
groups were reported to be dependent on the molecular
packing, ie., crystalline, mesoscopic and isotropic phases.’
Among cyclic oligopyrroles, subphthalocyanines have a unique
cone shape,® and m-conjugation occurs on the cone-shaped
framework.” Verreet et al.® reported that subnaphthalocyanine
showed better energy conversion efficiency than sub-
phthalocyanine in an organic solar cell combined with Cg, due
to the red shifted absorption. Subnaphthalocyanine with
a larger core size than subphthalocyanine also has advantages
as a semi-conductive material since Warman et al.® reported
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that the charge mobilities increase with increasing core sizes of
the discotic molecules. In addition to the visible light absorp-
tion, redox properties, and semi-conductive properties, sub-
phthalocyanines and subnaphthalocyanines have a large dipole
moment nearly perpendicular to the m-conjugated electronic
systems. Therefore, control of molecular packing would lead to
unique dielectric functions that other cyclic oligo tetrapyrroles
cannot exhibit. There have been several studies on the control
of assembly of subphthalocyanines. Torres and co-workers re-
ported that subphthalocyanines with nine dodecyloxy groups
showed a liquid-crystalline phase which shows permanent
polarization in the presence of electric fields.*

We have reported synthesis of subnaphthalocyanines with
six halogen atoms on the naphthalene rings to tune the HOMO/
LUMO energy levels as an active layer of photovoltaic cells.”
Compared to subphthalocyanine, subnaphthalocyanine has
a smaller HOMO-LUMO gap, and adsorbs visible light in the
600-700 nm range. Halogenation of subnaphthalocyanine
resulted in a better orbital energy matching with fullerenes or
fluorosubphthalocyanines at the p—n junction.** Introduction of
six halogens in the periphery of subnaphthalocyanines
cancelled the original dipole moment of subnaphthalocyanines
because the dipole moment of a B-Cl bond and the combined
dipole moment of C-halogen bonds are anti-parallel. As shown
in Table 1, dipole moments of subnaphthalocyanines increases
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Table 1 Dipole moments of chloroboron(i) and fluoroboron(i) sub-
naphthalocyanines calculated with ab initio molecular orbital theory.*
See Chart 1 for the structures

Dipole moment/D

Peripheral substituent (R) X=Cl X=F
Cl 1.51 0.22
F 2.61 1.08
I 3.78 2.76
H 5.24 3.91
PhC=C- 6.32 4.88

“ B3LYP/LAN2DZ for R = I, B3LYP/6-31G(D) for others.

Chart 1 Structures of subnaphthalocyanines.

as the peripheral substituents are Cl < F < I < H < 2-phenyl-
ethynyl. Therefore, substitution of alkynyl groups on the
naphthalene rings is an attractive strategy to obtain highly
dipolar subnaphthalocyanines. The B-Cl derivatives showed
a larger dipole moment than the B-F derivatives, but the B-Cl
derivatives are more labile than the B-F derivatives. In this
paper we report that hexaiodosubnaphthalocyanines were
converted to hexa(1-alkynyl)subnaphthalocyanines and hexa(2-
arylethynyl)subnaphthalocyanines, and changes in the periph-
eral substituents as well as the axial ligand from Cl to F can
effectively control the molecular packing of these sub-
naphthalocyanine derivatives.

Results and discussion

Synthesis of chloroboron(u) and fluoroboron(m) hexa(1-
alkynyl)subnaphthalocyanines and hexa(2-arylethynyl)
subnaphthalocyanines

Chart 2 shows structures of subnaphthalocyanines studied in
this paper. Synthetic routes to chloroboron(m) subnaphthalo-
cyanines 1a-f and fluoroboron(u) subnaphthalocyanines 2a-g
are shown in Scheme 1. Chloroboron(m) 3,4,12,13,21,22-
hexaiodosubnaphthalocyanine was prepared according to the
literature.”** Bender and coworkers reported that cyclo-
trimerization of unsubstituted 2,3-naphthalenedicarbonitrile in
the presence of BCl; gave by-products with naphthalene rings
chlorinated," while cyclotrimerization of 6,7-diiodo-2,3-
naphthalenedicarbonitrile 11 did not give any chlorinated by-
products owing to the inactivation of naphthalene ring toward
electrophilic substitution by iodine groups. Therefore, isolation
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Chart 2 Structures of subnaphthalocyanines 1-5.

of 3 was facile. Sonogashira coupling was employed to substi-
tute iodines of hexaiodosubnaphthalocyanine 3 with alkynyl
groups.”” B-Cl derivatives l1la—f were isolated with silica gel
column chromatography eluted with toluene.

Substitution of axial Cl with F by Torres's procedure® gave
fluoroboron(m) 3,4,12,13,21,22-hexaiodosubnaphthalocyanine
4. B-F derivatives 2a-g were prepared similarly from fluo-
roboron(m) hexaiodosubnaphthalocyanine 4 by Sonogashira
coupling, and isolated using silica gel column chromatography,
except for 2c. For 2¢, owing to low solubility in organic solvents,
the product was crystallized by adding hexane to the reaction
mixture, and the crystal was washed with organic solvents, and
dried in vacuo. The precursor 15, a coupling component for 2g,
was prepared according to the literature (Scheme 2)."” These
subnaphthalocyanines were identified by "H NMR, *C NMR,

o) o)
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Scheme 1 Synthesis of substituted subnaphthalocyanines 1 and 2.
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Scheme 2 Synthesis of arylethyne 15. Reagents and conditions. (a)
BBrs; CgHq3Br, K,COs, 65%; (b) trimethylsilylacetylene, Pd(PPhs)4—Cul,
piperidine, 80 °C, 98%; (c) K,COs, DCM/MeQOH, 86%.

MALDI-TOF mass spectroscopy, high resolution FAB mass
spectroscopy and UV-visible spectroscopy. Their purities were
checked by gel-permeation HPLC, which clearly detected the
presence of penta- or tetrasubstituted by-products before silica
gel column purification. Isolated yields of Sonogashira coupling
are listed in Table 2. The yields of Sonogashira coupling were 3-
8% for B-Cl derivatives 1, while they were 10-27% for B-F
derivatives 2. Lower yields of B-Cl derivatives 1 can be ascribed
to the labile B-Cl bond. The B-F derivatives 2 were also
prepared from the B-Cl derivatives 1 by substitution of Cl with
F, but the overall yields were lower in this route, due to the labile
B-Cl bond.

Solubilities and melting points

Solubilities and melting points of subnaphthalocyanines 1a—f
and 2a-g are listed in Table 3. Solubilities were determined by
measuring the absorbances of saturated solutions with UV-
visible spectrophotometry. The molar extinction coefficients at
the Q-band peak were determined using 2 x 10~® M CH,Cl,
solutions. Compared to unsubstituted chloroboron(m) sub-
naphthalocyanine 5, 1a-f were 40 to 310 times more soluble in
CH,Cl,. Solubilities increased with longer alkyl groups for
homologs 1a/1b and 1c/1d/1e. By substitution of axial Cl with F,
solubilities were much lower, showing that a smaller fluorine
atom would stabilize molecular packing in the solid state. This
observation is contrary to the previous report that fluorobor-
on(ur) subphthalocyanine showed higher solubility than chlor-
oboron (i) subphthalocyanine and bromoboron (i)
subphthalocyanine.*® Melting points of 1-alkynyl derivatives 2a
and 2b were lower than 120 °C, while those of 2-phenylethynyl
and 2-(4-propylphenyl)ethynyl derivative (2¢ and 2d) were
higher than 375 °C. Thus, melting points were lowered by
introduction of alkyl groups in the periphery, and raised by
introduction of phenyl groups. Polarized optical microscope
(POM) observation under cross-Nicole conditions displayed that

Table 2 Yields of Sonogashira afford  sub-

naphthalocyanines 1la—f and 2a—g

coupling to

Yield (%) Yield (%)

la 7 2a 19
1b 6 2b 16
1c 8 2¢ 10
1d 8 2d 20
1le 6 2e 22
1f 3 2f 27

2g 10

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Table 3 Solubilities of subnaphthalocyanines la—-f, 2a—g and 5 in
dichloromethane at 25 °C and melting points or glass transition
temperatures

Melting point or

Solubility (g L™ glass transition temperature (°C)

1a 5.02 77-80%
1b 9.37 70-73%
1c 1.19 >375

1d 1.52 >375

1e 2.13 102-108“
1f 3.70 98-106
2a 1.35 114-118
2b 2.30 100-105
2¢ 6.48 x 10°* >375

2d 0.90 >375

2e 1.62 170-178
of 2.01 168-176
2g 10.62 80-86“
5 0.03 270-276

% Glass transition temperature.

the thin film of chloroboron(m) derivatives 1a-f were optically
isotropic in the solid state, indicating that these are in a glassy
state. Therefore, the temperatures reported for 1a-f listed in
Table 3 are glass transition temperatures. For fluoroboron(m)
derivatives 2a-f, the thin film was crystalline, as confirmed by
the bright image observed with a POM under cross-Nicole
conditions. The thin film of 2g was not crystalline as judged
by POM observations.

UV-visible spectra in solutions and of cast films

Chloroboron(m) subnaphthalocyanine 5 in toluene shows
a strong absorption at 660 nm and an absorption at 299 nm in
the near UV with almost equal absorbances.” The former band
is called a Q-band, and the latter band is called a B-band or
a Soret band. Fig. 1 shows UV-visible spectra of B-Cl derivatives
1 in CH,Cl,. The absorption maxima in the Q-band were shifted
to the longer wavelength in the order: 5 (H) < 1a, b (1-alkynyl) <
1c-f (2-arylethynyl). The molar absorption coefficients of 1a-f

0.4 —

Absorbance

Wavelength/nm

Fig. 1 UV-visible spectra of 1a (black solid line), 1b (red solid line), 1c
(blue solid line), 1d (black dashed line), 1e (red dashed line), and 1f (blue
dashed line) and the parent chloroboron(i) subnaphthalocyanine 5
(black dotted line). The concentration was 2 x 107® M in
dichloromethane.

RSC Adv., 2017, 7, 54235-54245 | 54237
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Absorbance (a. u.)
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Fig. 2 Visible spectra of 1a, 1b, 1c, 1d, 1e, and 1f and the parent
chloroboron(in) subnaphthalocyanine 5 on silicate glass.

were larger than that of the parent 5. The substituent effects are
more obvious in the B-band in the 300-500 nm region: 1a and
1b with 1-alkynyl groups showed peaks at 318 and 369 nm,
while 1c-f with 2-arylethynyl groups showed a more intense
absorption in the B-band. Fig. 2 shows the visible spectra of B-
Cl derivatives of the cast film on silicate glass. A solution of 1 in
dichloromethane was dropped on silicate glass, and the film
was kept at room temperature in Ar for 2 days. The absorption
maxima in the Q-band were shifted to the longer wavelength in
the order: 5 (H) < 1a, 1b (1-alkynyl) < 1d-f (4-alkyl or 4-alkox-
yphenylethynyl) < 1¢ (phenyl).

Table 4 Absorption maxima in the Q-band of la—f and reference
subnaphthalocyanine 5 in dichloromethane, on silicate glass, and
these shift

Aabs (NM)

In CH,Cl, On silicate glass Shift
la 675 685 10
1b 678 687 9
1c 682 712 30
1d 685 698 13
1le 685 703 18
1f 683 696 13
5 658 680 22
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Absorbance

300 400 500 600 700 800
Wavelength/nm

Fig. 3 UV-visible spectra of 2a (black solid line), 2b (red solid line), 2¢c
(blue solid line), 2d (black dotted line), 2e (red dotted line), 2f (blue
dotted line), and 2g (black dashed line). The concentration of 2a, 2b
and 2d—g was 2 x 107® M in dichloromethane. Visible spectra of 2c
was the spectra of saturated dichloromethane solution.

In Table 4 are listed the absorption maxima in solution and
of the cast film. The shifts of the Q-band of B-Cl derivatives of
the cast film to the longer wavelength compared to that in
solutions indicate that J-aggregate forms in the cast film. The
displacements are 9-30 nm, and increased in the order: 1a, 1b
(alkyl) < 1d-f (alkylphenyl or alkoxyphenyl) < 5 (H) < 1c (phenyl).

Fig. 3 shows the UV-visible spectra of the B-F derivatives 2 in
CH,Cl,. The absorption maxima were shifted to the longer
wavelength in the order: 2a, b (alkyl) < 2¢—f (phenyl) in CH,Cl,.

Absorbance (a. u.)

400 500 600

Wavelength/nm

700 800

Fig. 4 Visible spectra of 2a, 2b, 2c, 2d, 2e, 2f, and 2g on silicate glass.

This journal is © The Royal Society of Chemistry 2017
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Table 5 Absorption maxima in the Q-band of 2a—g in CH,Cl,, on
silicate glass, and these shift
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Table 6 Absorption and emission maxima, and fluorescence quantum
yields of 2a—g and reference subnaphthalocyanine 5 in CH,Cl,

Aabs (nm)
On silicate

In CH,Cl, glass Shift
2a 669 679 10
2b 671 624 —47
2¢ 677 632 —45
2d 678 642 —-36
2e 678 625 —53
2f 681 629 —52
2g 678 692 14

The B-band was also affected by substituents in a similar way as
the B-Cl derivatives. The molar absorption coefficients of all of
alkynyl substituted derivatives were similar. Fig. 4 shows visible
spectra of B-F derivatives 2 of the cast film on silicate glass.
Solutions of 2a-b and 2d-g in dichloromethane and 2¢ in
pyridine were dropped on silicate glass, the solvent was evap-
orated, and the resulting film was kept in Ar for 2 days before
recording visible spectra. The spectra were almost identical with
those of as-prepared film. In Table 5 are listed the absorption
maxima in solution and of the cast film. It is noteworthy that the
Q-band absorption envelope of 2b-f is different from that in
CH,Cl,, that of 1 in CH,Cl,, and that of 1 of the cast film. The Q-
band of 2b-f of the cast film exhibited larger absorption in the
600-650 nm range than the absorption band in the 650-700 nm
range. The shifts to the shorter wavelength indicate that 2b-f
form H-aggregate in the cast film.*® Phthalocyanines with oli-
go(ethylene oxide) units showed a blue-shifted Q-band, and it
was ascribed to formation of H-aggregate.”* The Q-band spectral
shapes are similar to those reported for p-oxo dimers of iron
phthalocyanines®*** and subphthalocyanines,* supporting the
formation of a stacked dimer or a stacked column in the cast
film. In contrast, the Q-band of 2a and 2g of the cast film was
similar to those observed for B-Cl derivatives 1: 10-14 nm red-

Fluorescence intensity (a. u.)

650 700 750 800
Wavelength/nm

Fig. 5 Fluorescence spectra of 2a (black solid line), 2b (red solid line),
2c (blue solid line), 2d (black dotted line), 2e (red dotted line), 2f (blue
dotted line), and 2g (black dashed line), and 5 (red dashed line) at 298 K
in dichloromethane where the samples were excited at (Ao abs —
50) nm. Each sample has absorbance of 0.02 at the excitation
wavelength.

This journal is © The Royal Society of Chemistry 2017

Stokes shift Fluorescence
Aabs/NM Aemn/NIM (nm) quantum yield
2a 669 681 12 0.19
2b 671 682 11 0.16
2¢ 677 687 10 0.09
2d 678 687 9 0.14
2e 678 686 8 0.11
2f 680 691 11 0.10
2g 678 688 10 0.10
5 658 669 11 0.22

shift relative to the peak maximum in solution indicated that 2a
and 2g do not form H-aggregate in the cast film.

Fluorescence spectra

Fig. 5 shows the fluorescence emission spectra of the B-F
derivatives in CH,Cl,. In Table 6 are listed the emission
maxima, Stokes shifts, and fluorescence quantum yields. The
fluorescence quantum yields were determined based on the
reported quantum yield of unsubstituted derivative 5 (0.22).>°
The fluorescence quantum yields decreased in the order: 5 (H) >
2a (-C,Hg) > 2b (-C;,H,;5) > 2d (-PhC3H,) > 2e (-PhC¢H,3) > 2f
(-PhOCgH;3), 2g (-Ph(OCg¢H;3);) > 2¢ (-Ph).

Fluorescence emission spectra of 2b, 2d, 2e and 2f in CH,-
Cl, : DMSO (1 : 1, v/v) are shown in Fig. S51.7 In addition to the
emission band peaked at 685-689 nm, 2b and 2e exhibited
a new band around 800 nm. Excitation spectra for the new band
are shown in Fig. S52 and S53,7 and they were similar to the UV-
visible spectra of the thin film shown in Fig. 4. Therefore, 2b
and 2e form H-aggregate in CH,Cl,-DMSO (1:1), whose
structures are similar to those formed in the cast film.

Polarized optical microscope

Fig. 6 shows the polarized optical microscopic images of the
cast film of 2e and 2f under crossed-Nicols conditions at 180 °C
above the melting point. The film was sandwiched between two
glasses and the glasses were pressed above the melting point.
These images clearly showed that these films are optically
anisotropic above the melting point. We also attempted to

Fig.6 POM microphotographs of 2e and 2f at 180 °C under crossed-
Nicols conditions.

RSC Adv., 2017, 7, 54235-54245 | 54239
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Fig. 7 Powder X-ray diffraction patterns of 2d—f. Lattice constants,
a and c¢, were determined by least-squares fitting based on the

1 4R+ hk+k* P .
hexagonal lattice: i §T+c7' While the XRD patterns

were recorded with a 1D silicon strip detector for a wide angle region,
260 > 3°, they were recorded with a OD detector for the low angle
region, 26 = 2-5°.

detect phase transition by differential scanning calorimetry,
while no clear enthalpy changes were observed. Slow kinetics
due to highly viscous nature and/or low degree of crystallinity
may be responsible for the lack of DSC peaks. Serrano and

54240 | RSC Adv., 2017, 7, 54235-54245
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Table 7 Powder X-ray diffraction peaks of 2d, d-spacings, and Miller
indices (hkl) based on the hexagonal lattice witha =341+ 0.2Aandc
=474+03A

20 (deg) d (A) (hkI) 26 (deg) d (&) (hkl)
2.95 29.88 (100) 13.19 6.71 (320)
5.32 16.59 (110) 27.54 3.24 (611)
6.08 14.52 (200) 29.34 3.04 (711)
7.84 11.27 (210) 31.93 2.80 (811)
8.95 9.87 (300) 38.10 2.36 (002)

coworkers reported that no DSC peak was observed for the
liquid crystalline porphyrin derivatives.>®

Powder X-ray diffraction

A dichloromethane solution of 2d, 2e, and 2f was dropped on
silicate glass, and the glass plate was dried at room temperature
for 2 weeks in dark in Ar to allow crystallization. A thin film of 2d,
2e, and 2f prepared in this way was subjected to powder X-ray
diffraction studies (Fig. 7). All films showed a diffraction peak
in the low angle region around 26 of 2.8°, showing a long distance
periodicity. The diffraction peaks were indexed based on a two-
dimensional hexagonal lattice as shown in Tables 7-9. The
hexagonal lattice parameter a ranged from 34.1 to 37.3 A. We also
assigned some of the peaks to the stacking distance along the ¢
direction. It should be noted that the peaks originating from the
stacking distance at 26 = 29.45° and 31.69° for 2e as well as the
peaks at 28.34° and 31.70° for 2f were not observed for the as-
prepared cast film before aging. This observation suggests that
the hexagonal column are formed quickly, while the periodic
stacking of the cone-shaped molecules occurs slowly. The lattice
constant ¢ ranged from 4.7 to 4.8 A. These X-ray diffraction studies
confirm the hexagonal columnar structure of fluoroboron(um)
subnaphthalocyanines bearing 2-(4-alkylphenyl)ethynyl groups in
the cast film. In contrast to the B-F derivatives, XRD of B-ClI
derivatives 1d, 1e, and 1f indicates that they are poorly crystalline
(see Fig. S78-S80 in ESIY). Clays, Kim and coworkers® reported
that hexakis(hexadecylthio)subphthalocyanine exhibited hexag-
onal columnar mesophase with a lattice constant a = 33.02 A. The
molecular size of this compound is similar to 2f, if the alkyl chains
adopt anti conformer. Torres and coworkers reported that
dodecafluorosubphthalocyanine with a B-F bond formed a one-
dimensional column in the crystal, where the B-B distance, ie.,
the stacking distance, was 4.5 A.>

Table 8 Powder X-ray diffraction peaks of 2e, d-spacings and Miller
indices (hkl) based on the hexagonal lattice witha =37.3+ 0.3Aandc
=48+03A

20 (deg) d (&) (hki) 26 (deg) d (&) (hkl)
2.70 32.65 (100) 13.02 6.79 (410)
4.84 18.24 (110) 18.41 4.82 (001)
7.52 11.75 (210) 29.45 3.03 (721)
7.83 11.28 (300) 31.69 2.82 (821)
10.13 8.73 (310) 42.62 2.12 (622)
12.22 7.23 (320)

This journal is © The Royal Society of Chemistry 2017
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Table 9 Powder X-ray diffraction peaks of 2f, d-spacings, and Miller
indices (hkl) based on the hexagonal lattice witha =351+ 0.2 Aand ¢
=47+07A

20 (deg) d (&) (22) 20 (deg) d (&) (hkI)
2.90 30.45 (100) 10.51 8.41 (310)
5.10 17.31 (110) 12.98 6.81 (320)
5.78 15.28 (200) 28.34 3.15 (621)
7.81 11.31 (210) 31.70 2.82 (551)
8.26 10.70 (300)

Fig. 8 shows XRD patterns of films of 2e and 2f at 25 °C and
180 °C. Diffraction peaks owing to two dimensional hexagonal
lattice (hk0) appeared at 180 °C, indicating that the films retain
the hexagonal columnar structure at 180 °C. The diffraction
peaks in the range 28-32° due to the stacking ordering along the
c-axis direction disappeared at 180 °C. Combined with the POM
observations described above, 2e and 2f were in a discotic
hexagonal columnar mesophase at 180 °C.

Molecular orbital calculations of the stacked dimer of 1c and
2¢c

The energy of stacked dimers of 1¢ and 2c relative to monomeric
1c and 2c was calculated at the B3LYP/6-31G(D) level with a fixed
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Fig. 8 Variable-temperature XRD of 2e and 2f.
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Fig. 9 Plot of the relative energy of dimeric 1c or 2c¢ against the B—B
distance calculated by ab initio B3LYP/6-31G(D).

(a)1c: B-B=5.5A
L]

(c)2¢:B-B=3.9A

Fig. 10 Optimized structures of dimeric subnaphthalocyanines 1c and
2c. (a) 1c, B-B distance of 5.5 A, (b) 1c, B-B distance of 5.9 A, (c) 2c,
B-B distance of 3.9 A, and (d) 2¢, B-B distance of 4.7 A.

distance between the two B atoms of the dimer. The energies
were plotted against the B-B distance in Fig. 9. The energy of the
dimeric B—Cl derivative 1c decreased as the B-B distance was
longer, while the energy of the dimeric B-F derivative 2¢ showed
a minimum at about 4.7 A of the B-B distance. The geometry
optimized structures are shown in Fig. 10. At the B-B distance of
5.5 A, the dimeric 1c showed a bent structure due to a large van
der Waals radius of Cl, while the dimeric 2¢ showed a linear
structure even at a B-B distance of 3.9 A. The van der Waals radii
of B,? C, F, and CI* are 1.92, 1.7, 1.47, and 1.75 A. Therefore,
sum of the van der Waals radii, B + F, are shorter than that of C +
C, while sum of the van der Waals radii, B + Cl, are larger than
that of C + C. These molecular modelling studies indicate that
the smaller van der Waals radius of F atom can fit to the cleft of
cone-shaped subnaphthalocyanine and lead to a stable stacked
structure.

Experimental

'H and "*C nuclear magnetic resonance (NMR) spectra were
recorded on a JEOL JNM-ECX DELTA spectrometer using tet-
ramethylsilane as an internal reference (0 ppm). Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectra were obtained with a Brucker Autoflex Speed mass
spectrometer. High resolution FAB MS spectra were recorded
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with a JEOL JMS-700 MStation. Gel-permeation HPLC was per-
formed with a Shimadzu liquid chromatography LC-6AD using
Tosoh TSKgel G2000H as a stationary phase and chloroform as
eluant. Powder X-ray diffraction was recorded with a Rigaku
SmartLab diffractometer with Cu-Ka radiation. The low angle
region, 20 of 2 to 5°, was recorded with the 0D detector, while the
wide angle region, 26 of 3 to 40°, was recorded with the 1D silicon
strip detector. Variable temperature XRD was recorded for a thin
film of subnaphthalocyanines on silicate glass placed in a ther-
mostated Pt holder. Melting points were determined by observing
changes in the sample sandwiched between two glasses heated at
a rate of 2 °C min on Mettler-Toredo FP82HT hot stage with
a polarized optical microscope Nikon Eclipse LV100 POL. Molec-
ular orbital calculations were performed with Gaussian 09.%

Synthesis of subnaphthalocyanines

1a. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhj;),
(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). 1-Hexyne (1.43 g, 17.4 mmol) was added and the
mixture was stirred at 40 °C under Ar for 20 h. The reaction was
quenched by the addition of water and the organic layer was
separated. The aqueous layer was washed with dichloro-
methane three times and the dichloromethane solution was
combined with the organic layer. The organic solvent was
evaporated and the residue was subjected to silica gel column
chromatography using toluene to obtain 3.8 mg (7%) of 1a.

'H-NMR (CDCl,, 500 MHz): 6 (ppm) = 9.25 (s, 6H), 8.36 (s,
6H), 2.58 (t, 12H), 1.76-1.66 (m, 12H), 1.65-1.57 (m, 12H), 1.02
(t, 18H). *C-NMR (CDCl;, 125 MHz): 6 (ppm) 148.74, 132.97,
131.94, 128.88, 124.98, 121.64, 95.97, 79.61, 30.87, 22.11, 19.57,
13.77. MALDI-TOF mass: m/z = 1061.3 [(M + H)'], caled for
C,,He,BN(Cl m/z = 1061.5. HRMS (FAB): m/z = 1060.5144, calcd
for >C,,"Hge*Ng>°Cl ™'B m/z = 1060.5131. Visible (dichloro-
methane) A, /nm (log ¢): 675 (5.05).

1b. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). 1-Tetradecyne (800 mg, 4.12 mmol) was added and the
mixture was stirred at 40 °C under Ar for 20 h. The reaction was
quenched by the addition of water and the organic layer was
separated. The aqueous layer was washed with dichloro-
methane three times and the dichloromethane solution was
combined with the organic layer. The organic solvent was
evaporated and the residue was subjected to silica gel column
chromatography using toluene to obtain 5.3 mg (6%) of 1b.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.26 (s, 6H), 8.35 (s,
6H), 2.57 (t, 12H), 1.74-1.70 (m, 12H), 1.42-1.22 (m, 108H), 0.88
(t, 18H). "*C-NMR (CDCl;, 125 MHz): 6 (ppm) 148.86, 132.94,
131.96, 128.93, 125.05, 121.66, 96.11, 79.57, 31.95, 29.75, 29.71,
29.66, 29.40, 29.35, 29.10, 28.87, 22.71, 19.91, 14.14. MALDI-
TOF mass: m/z = 1734.4 [(M + H)'], caled for Cy,0H;63BNCI
m/z = 1734.3. Visible (dichloromethane) A /nm (log ¢): 678
(5.04).

1c. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhj;),
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(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). Ethynylbenzene (310 mg, 3.03 mmol) was added and
the mixture was stirred at 40 °C under Ar for 20 h. The reaction
was quenched by the addition of water and the organic layer was
separated. The aqueous layer was washed with dichloro-
methane three times and the dichloromethane solution was
combined with the organic layer. The organic solvent was
evaporated and the residue was subjected to silica gel column
chromatography using toluene to obtain 4.8 mg (8%) of 1c.

"H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.25 (s, 6H), 8.51 (s,
6H), 7.73-7.60 (m, 12H), 7.45-7.33 (m, 18H). MALDI-TOF mass:
m/z = 1181.2 [(M + H)"], caled for Cg4H,3BN¢Cl m/z = 1181.3.
HRMS (FAB): m/z = 1180.3259, caled for "*Cg4"Hy, ' *Ng*>Cl 'B
m/z = 1180.3253. Visible (dichloromethane) A, /nm (log ¢): 682
(5.05).

1d. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhs;),
(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). 1-Ethynyl-3-propylbenzene (440 mg, 3.05 mmol) was
added and the mixture was stirred at 40 °C under Ar for 20 h.
The reaction was quenched by the addition of water and the
organic layer was separated. The aqueous layer was washed with
dichloromethane three times and the dichloromethane solu-
tion was combined with the organic layer. The organic solvent
was evaporated and subjected to silica gel column chromatog-
raphy using toluene to obtain 5.8 mg (8%) of 1d.

"H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.25 (s, 6H), 8.49 (s,
6H), 7.58 (d, 12H, 5 Hz), 7.21 (d, 12H, 5 Hz), 2.64 (t, 12H), 1.72-
1.65 (m, 12H), 0.98 (t, 18H). MALDI-TOF mass: m/z = 1432.8
[M'], caled for Cy0,H;sBNgCl m/z = 1432.6. Visible (dichloro-
methane) Ay, /nm (log ¢): 685 (5.06).

1le. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhs;),
(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). p-Ethynylhexylbenzene (570 mg, 3.06 mmol) was
added and the mixture was stirred at 40 °C under Ar for 20 h.
The reaction was quenched by the addition of water and the
organic layer was separated. The aqueous layer was washed with
dichloromethane three times and the dichloromethane solu-
tion was combined with the organic layer. The organic solvent
was evaporated and the residue was subjected to silica gel
column chromatography using toluene to obtain 5.1 mg (6%) of
1le.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.26 (s, 6H), 8.50 (s,
6H), 7.58 (d, 12H, 5 Hz), 7.21 (d, 12H, 5 Hz), 2.66 (t, 12H), 1.66-
1.62 (m, 12H), 1.40-1.29 (m, 36H), 0.91 (t, 18H). MALDI-TOF
mass: m/z = 1686.1 [(M + H)'], caled for Cy,0H;15BN6Cl m/z =
1685.9. Visible (dichloromethane) Apa/nm (log ¢): 685 (5.06).

1f. In a 100 mL three-necked flask were placed 3 (68 mg,
0.051 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhj;),
(30 mg, 0.026 mmol), dry toluene (30 mL), and triethylamine
(5.0 mL). p-Ethynyl(hexyloxy)benzene (620 mg, 3.06 mmol) was
added and the mixture was stirred at 40 °C under Ar for 20 h.
The reaction was quenched by the addition of water and the
organic layer was separated. The aqueous layer was washed with
dichloromethane three times and the dichloromethane solu-
tion was combined with the organic layer. The organic solvent

This journal is © The Royal Society of Chemistry 2017
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was evaporated and the residue was subjected to silica gel
column chromatography using toluene to obtain 2.7 mg (3%) of
1f.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.29 (s, 6H), 8.49 (s,
6H), 7.59 (d, 12H, 10 Hz), 6.92 (d, 12H, 10 Hz), 4.01 (t, 12H),
1.84-1.79 (m, 12H), 1.51-1.47 (m, 12H), 1.42-1.32 (m, 24H), 0.93
(t, 18H). MALDI-TOF mass: m/z = 1781.1 [M'], caled for Cy,0-
H;14BN¢OCl m/z = 1780.9. Visible (dichloromethane) A,.x/nm
(log ¢): 683 (5.04).

2a. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), dry dimethylsulfoxide (30 mL), and trie-
thylamine (5.0 mL). 1-Hexyne (1.40 g, 17.0 mmol) was added
and the mixture was stirred at 40 °C under Ar for 20 h. The
reaction was quenched by the addition of water. This solution
was washed with dichloromethane three times. The organic
solvent was evaporated and the residual oil containing a small
amount of DMSO was subjected to silica gel column chroma-
tography using toluene to obtain 10.1 mg (19%) of 2a.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.22 (s, 6H), 8.34 (s,
6H), 2.58 (t, 12H), 1.73-1.68 (m, 12H), 1.63-1.58 (m, 12H), 1.01
(t, 18H). MALDI-TOF mass: m/z = 1044.7 [M'], caled for
C,,HgBNGF m/z = 1044.5. HRMS (FAB): m/z = 1044.5413, caled
for *C,,'Hes *Ng'°F "B m/z = 1044.5426. Visible (dichloro-
methane) A, /nm (log ¢): 669 (5.05).

2b. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
triethylamine (5.0 mL). 1-Tetradecyne (600 mg, 3.08 mmol) was
added and the mixture was stirred at 40 °C under Ar for 20 h.
The reaction was quenched by the addition of water. This
solution was washed with dichloromethane three times. The
organic solvent was evaporated and the residue was subjected to
silica gel column chromatography using toluene to obtain
14.0 mg (16%) of 2b.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.21 (s, 6H), 8.33 (s,
6H), 2.57 (t, 12H), 1.75-1.69 (m, 12H), 1.42-1.25 (m, 108H), 0.87
(t, 18H). MALDI-TOF mass: m/z = 1717.5 [M'], caled for
C120H16,BNGF m/z = 1717.3. Visible (dichloromethane) A,,.x/nm
(log ¢): 671 (5.04).

2c¢. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
triethylamine (5.0 mL). Ethynylbenzene (310 mg, 3.03 mmol)
was added and the mixture was stirred at 40 °C under Ar for
20 h. Then, hexane is added to the reaction solution, the
mixture is filtered, and then a solvent in the filtered solution is
removed. The obtained solid was washed with hexane, meth-
anol, acetone, dichloromethane, chloroform, ethyl acetate, 28%
aqueous ammonia, and diethyl ether to obtain 2¢: 5.9 mg, 10%
yield.

MALDI-TOF mass: m/z = 1164.3 [M'], caled for CgyH 4, BNgF
m/z = 1164.4. Visible (dichloromethane) Aya/nm (log ¢): 677
(5.01).

2d. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhj;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
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triethylamine (5.0 mL). p-Propylphenylacetylene (440 mg, 3.05
mmol) was added and the mixture was stirred at 40 °C under Ar
for 20 h. The reaction solution was subjected to silica gel
column chromatography using toluene and evaporated in
vacuo. The obtained solid was washed with hexane and recrys-
tallized from chloroform to obtain 14.4 mg (20%) of 2d.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.11 (s, 6H), 8.42 (s,
6H), 7.54 (d, 12H, 5 Hz), 7.15 (m, 12H, 10 Hz), 2.62 (t, 12H),
1.69-1.64 (m, 12H), 0.98 (t, 18H). MALDI-TOF mass: m/z =
1416.6 [M'], caled for Cy0,H;sBNgF m/z = 1416.6. Visible
(dichloromethane) A, /nm (log ¢): 678 (5.06).

2e. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPhj;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
triethylamine (5.0 mL). p-Ethynylhexylbenzene (570 mg, 3.06
mmol) was added and the mixture was stirred at 40 °C under Ar
for 20 h. The reaction was quenched by the addition of water.
This solution was washed with dichloromethane three times.
The organic solvent was evaporated and the residue was sub-
jected to silica gel column chromatography using toluene to
obtain 18.7 mg (22%) of 2e.

"H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.04 (s, 6H), 8.39 (s,
6H), 7.53 (d, 12H, 10 Hz), 7.11 (d, 12H, 5 Hz), 2.63 (t, 12H), 1.65-
1.61 (m, 12H), 1.42-1.25 (m, 36H), 0.92 (t, 18H). MALDI-TOF
mass: m/z = 1668.9 [M'], caled for Cy0H114BNgF m/z =
1668.9. Visible (dichloromethane) Ay /nm (log ¢): 678 (5.06).

2f. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
triethylamine (5.0 mL). p-Ethynyl(hexyloxy)benzene (620 mg,
3.06 mmol) was added and the mixture was stirred at 40 °C
under Ar for 20 h. The reaction was quenched by the addition of
water. This solution was washed with dichloromethane three
times. The organic solvent was evaporated and the residue was
subjected to silica gel column chromatography using toluene to
obtain 24.3 mg (27%) of 2f.

"H-NMR (CDCl;, 500 MHz): 6 (ppm) = 8.88 (s, 6H), 8.28 (s,
6H), 7.51 (d, 12H, 10 Hz), 6.81 (d, 12H, 10 Hz), 3.95 (t, 12H),
1.85-1.78 (m, 12H), 1.53-1.45 (m, 12H), 1.43-1.30 (m, 24H), 0.95
(t, 18H). MALDI-TOF mass: m/z = 1765.0 [M'], caled for
C120H114BNgO6F m/z = 1764.9. Visible (dichloromethane) Aax/
nm (log ¢): 681 (5.05).

2g. In a 100 mL three-necked flask were placed 4 (68 mg,
0.052 mmol), copper iodide (10 mg, 0.053 mmol), Pd(PPh;),
(30 mg, 0.026 mmol), and dry dimethylsulfoxide (30 mL), and
triethylamine (5.0 mL). 5-Ethynyl-1,2,3-tris(hexyloxy)benzene
(1.23 g, 3.05 mmol) was added and the mixture was stirred at
40 °C under Ar for 20 h. The reaction was quenched by the
addition of water. This solution was washed with dichloro-
methane three times. The organic solvent was evaporated and
the residue was subjected to silica gel column chromatography
using toluene to obtain 15.1 mg (10%) of 2g.

"H-NMR (CDCl;, 500 MHz): 6 (ppm) = 9.33 (s, 6H), 8.51 (s,
6H), 6.58 (s, 12H), 3.98 (t, 12H), 3.89 (t, 24H), 1.82-1.68 (m,
36H), 1.53-1.40 (m, 36H), 1.39-1.27 (m, 72H), 0.97-0.80 (m,
54H). “C-NMR (CDCl;, 125 MHz): § (ppm) 153.14, 150.29,
139.54, 132.74, 132.18, 129.34, 124.27, 121.96, 117.28, 110.19,
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95.67, 87.08, 73.54, 69.10, 31.78, 31.62, 30.33, 29.33, 25.82,
25.77, 22.71, 22.65, 14.10, 14.05. MALDI-TOF mass: m/z =
2966.0 [M'], caled for Cy9,H,55BNO sF m/z = 2966.0. Visible
(dichloromethane) A, a./nm (log ¢): 678 (5.06).

5-Bromo-1,2,3-tri(hexyloxy)benzene (13). A 4.9 g portion of 5-
bromo-1,2,3-trimethoxybenzene (20 mmol) was dissolved in
100 mL of dichloromethane, and the solution was cooled to
—78 °C, followed by the slow addition of 60 mL BBr; (1 M in
DCM). The mixture was allowed to warm to room temperature
over 4 h and stirred for 60 h. The reaction was quenched by ice-
water and the mixture was extracted with ethyl acetate (40 mL
x3). The organic layer was concentrated under reduced pres-
sure to afford 4.3 g 5-bromo-1,2,3-benzenetriol as a white solid,
which was directly submitted to the next reaction. This solid
was dissolved in 100 mL DMF and the solution was degassed by
bubbling argon for 15 min, then 24.0 g K,CO; (173 mmol) was
added. The mixture was stirred at room temperature for 10 min,
and then 12.8 g 1-bromohexane (77.3 mmol) was added. The
mixture was heated to 60 °C for 4 h. After cooling, the reaction
was quenched by the addition of ice-water. This solution was
washed with ethyl acetate (50 mL x2). The organic solvent was
evaporated and the residue was subjected to silica gel column
chromatography (n-hexane/DCM = 1 : 1) to obtain 6.2 g (65%)
of 13 as a white powder.

'H-NMR (CDCl;, 500 MHz): ¢ (ppm) = 6.67 (s, 2H), 3.92 (m,
6H), 1.84-1.67 (m, 6H), 1.57-1.23 (m, 18H), 0.94-0.85 (m, 9H).
MALDI-TOF mass: m/z = 456.2 [M'], caled for C,,H4,BrO; m/z =
456.2.

1,2,3-Tri(hexyloxy)-5-[2-(trimethylsilyl)ethynyl]benzene (14).
In a 100 mL three-necked flask were placed 13 (5.0 g, 11 mmol),
copper iodide (100 mg, 0.53 mmol), Pd(PPh;), (1.5 g, 1.3 mmol),
and piperidine (30 mL). Trimethylsilylacetylene (1.53 g, 15.6
mmol) was added and the mixture was stirred at 80 °C under Ar
for 12 h. The reaction was quenched by the addition of 20 mL
2 M aqueous ammonium chloride. The mixture was extracted
with diethyl ether (100 mL x3) and dichloromethane (100 mL
x2). The organic solvent was evaporated and the residue was
subjected to silica gel column chromatography (n-hexane/DCM
=1:1) to obtain 5.1 g (98%) of 14.

'H-NMR (CDCl;, 500 MHz): 6 (ppm) = 6.66 (s, 2H), 3.97-3.93
(m, 6H), 1.81-1.69 (m, 6H), 1.49-1.28 (m, 18H), 0.92-0.87 (m,
9H). MALDI-TOF mass: m/z = 497.4 [(M + Na)'], caled for C,o-
H;5,0;3SiNa m/z = 497.3.

5-Ethynyl-1,2,3-tri(hexyloxy)benzene (15). Compound 2
(4.0 g, 8.4 mmol) was dissolved in 40 mL dichloromethane and
40 mL of methanol, and then 3.50 g potassium carbonate (25.4
mmol) was added. The mixture was stirred for 4 h at room
temperature. The reaction was quenched by the addition of
20 mL water. This solution was washed with DCM (100 mL x2).
The organic layer was concentrated under reduced pressure and
the residue was purified by silica gel column chromatography
(n-hexane/DCM = 4 : 1) to give 2.9 g of title product 15 (86%). 'H
NMR spectrum was identical to that reported in the literature.*

"H-NMR (CDCl3, 500 MHz): 6 (ppm) = 6.69 (s, 2H), 3.98-3.93
(m, 6H), 2.99 (s, 1H), 1.81-1.70 (m, 6H), 1.49-1.30 (m, 18H),
0.92-0.88 (m, 9H). MALDI-TOF mass: m/z = 425.3 [(M + Na)'],
caled for C,¢H,4,03Na m/z = 425.3.
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Conclusions
Chloroboron (i) and fluoroboron (i) hexaethynyl-
subnaphthalocyanines were prepared by Sonogashira

coupling. The B-F derivatives showed higher melting points
and lower solubilities than the corresponding B-Cl derivatives.
XRD, POM, visible spectroscopic studies indicated that the B-F
derivatives were packed in the hexagonal columnar structure,
while the B-Cl derivatives were poorly crystalline. The B-F
derivatives with hexylphenyl or hexyloxyphenyl groups showed
mesophase at 180 °C. We demonstrated that design of the
peripheral substituents and the axial halogen is efficient
strategy to control molecular packing of highly polar
subnaphthalocyanines.
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