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Star-shaped molecules with C; and C; symmetries have at-
tracted considerable attention in the field of materials sci-
ence because of their divergent and extended m-conjuga-
tion."? In particular, Dg,-symmetric hexaethynylbenzenes
and related compounds have been used as core structures
for dendritic materials,”! discotic liquid crystals,!! and func-
tional dyes.”! Recently, hexaethynylbenzene derivatives
have also been employed for constructing supramolecular
architectures® and reported as potential nonlinear optical
materials for two-photon absorption (TPA) and third-order
optical nonlinearity.® Various functionalized hexa(aryl-
ethynyl)benzenes have been synthesized by different groups
to date,” and the derivative 2 of the star-shaped hexaethy-
nylbenzene 1 with terthiophene arms was first reported by
Pappenfus and Mann."” However, only a limited number of
solution properties of 2 have been investigated probably
owing to its poor solubility in common organic solvents
(Scheme 1).

To improve the solubility and explore new functional
properties of hexa(oligothienylethynyl)benzenes, we intro-
duced two butyl groups into the outmost thiophene ring in
each terthiophene arm, 3. With the extra butyl groups, com-
pound 3 is expected to increase its solubility in organic sol-
vents, to decrease its degree of m—m stacking interaction in
solution, and to show mesomorphic behavior.'"'? An im-
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1:R=R=H
2:R=nBu,R'=H
3:R=R'=nBu

Scheme 1. Star-shaped hexa-, tetra-, and triethynylbenzene derivatives
1-7.

provement in fluorescent yield is also expected for 3 be-
cause the overcrowded 24 butyl groups suppress the confor-
mational change of the molecule, which is favorable for a
strong emission.'”! Herein, we present the linear and nonlin-
ear optical behavior, and supramolecular properties of 3, to-
gether with those of the tetra-armed (5) and tri-armed (7)
compounds.
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As reported previously,' starlike hexaarylbenzene with
terthiophene arms decorated with flexible dodecyl chains is
a waxy solid at room temperature and its mesophase is less
ordered than those of related hexaphenyl- and hexathienyl-
benzene derivatives. We expected that the disc-like structure
of 3 would be supported by the six inter-arm S---H interac-
tions (3.221 A)®"! shown by dotted lines in Scheme 1, and
hence the conformation of 3 would be a twisted structure:
the calculated average dihedral angle between the central
benzene ring and the neighboring thiophene rings in 1 is
12.3° (Cs symmetry).l'™! Because of the lateral van der Waals
interaction of alkyl chains together with the weak or
medium stacking interaction of the central m-frame, com-
pound 3 may preferably form nanostructures such as fibers
and tapes.[*% In contrast to that in 3, the calculated average
dihedral angles between the central benzene ring and the
neighboring thiophene rings in 4 and 6 are 6.1 and 3.0° (C,
symmetry) and 0.5° (C; symmetry), respectively. Therefore,
compound 5 has better planarity than 3, and 7 has a planar
structure, although § and 7 may be conformationally labile.

The synthesis of 3, §, and 7 was carried out by two differ-
ent routes based on the Sonogashira coupling reaction.’! As
shown in Scheme 2, the terthiophene derivatives 13-16 were
prepared starting from 3,4-dibutyl-2-iodothiophene (8). The
Sonogashira coupling reactions of the iodoterthiophene 15
with 1,3,5-triethynyl- (17), 1,2,4,5-tetracthynyl- (19), and
hexaethynylbenzene (21)®*¢ produced the corresponding
star-shaped molecules 7, 5, and 3 in 51, 58, and 63 % yields,
respectively (Scheme 2, Method A). Similarly, the reactions
of the ethynylterthiophene 16 with 1,3,5-triiodo- (18) and
1,2,4,5-tetraiodobenzene (20) produced 7 and 5 in 76 and
58% yields, respectively (Scheme 2, Method B). However, a
similar reaction of 16 with hexabromobenzene (22) in the
presence of Cul, PACL,(PPh;),, and Et;N in THF proceeded
slowly, mainly resulting in the oligomerization of 16.'*!"!

All of the star-shaped molecules 3, 5, and 7 are stable red-
dish-orange, orange-yellow, and yellow waxy solids, respec-
tively. Although 3, 5, and 7 show absorption spectra (3: A,
(log €, cyclohexane)=439 (5.31), 474 sh (5.12) nm; 5: 394
(5.15), 450 sh (4.96) nm; 7: 375 (5.06) nm) with a normal
small solvent effect of 5-13 nm on their absorption maxima,
their emission spectra exhibit a marked solvent dependence.
As shown in Figures 1 and 2 and Table 1, the fluorescence
of 3 shows solvatochromism with fairly high quantum yields,
and the emission spectrum in the polar solvent shows a red-
shift from 519 to 655 nm.!"® Thus, the colors of emission and
Aem values for 3 in hexane, toluene, ether, THF, CH,Cl,, and
DMF are green (4.,=519nm), greenish-yellow (A.,=
532 nm), greenish-yellow (1.,=549 nm), yellow (A=
576 nm), yellowish-orange (4., =603 nm), and orange (A, =
655 nm), respectively. In the case of 5, the emission spectra
show a similar redshift from 494 nm in hexane to 609 nm in
DMF, and the colors of 5 in hexane, toluene, ether, THF,
CH,Cl,, and DMF are green, yellowish-green, yellowish-
green, greenish-yellow, yellow, and yellow, respectively.
However, the emission spectra of 7 show a small redshift
from 472 nm in hexane to 504 nm in DMF, and the color of
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Scheme 2. Synthesis of star-shaped hexa-, tetra-, and triethynylbenzenes
3, 5, and 7. NBS=N-bromosuccinimide, NIS= N-iodosuccinimide,
TMSA = trimethylsilylacetylene.
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Figure 1. Absorption (left, ¢) and emission (right, relative intensity scale)
spectra of 3 in cyclohexane, diethyl ether, THF, dichloromethane, and
DMEF at 23°C.

www.chemeurj.org

— 12109


www.chemeurj.org

CHEMISTRY

M. Iyoda. K. Kamada et al.

A EUROPEAN JOURNAL

Figure 2. Fluorescent photograph of 3. Solvent polarity increases in the
following order from left to right: a) hexane, b) cyclohexane, c) toluene,
d) diethyl ether, ¢) THF, f) dichloromethane, and g) DMF at 23 °C.

Table 1. Absorption and emission data of 3 in hexane, cyclohexane, di-
ethyl ether, THF, dichloromethane, and DMF.?!

Solvent Absorption Emission"!
Jmax [NM] ex107° Jmax [NM] D

hexane 437, 475% 1.85,1.11 519, 555% 0.42
cyclohexane 439, 475% 2.07,1.31 519, 555% 0.42
toluene 444, 485% 1.84,1.05 532 0.46
diethyl ether 438, 485* 1.91, 1.06 549 0.39
THF 444, 485% 1.80, 0.92 576 0.54
CH,(Cl, 448, 490* 1.84,1.98 603 0.31
DMF 450, 495* 1.94, 1.07 655 0.14

[a] The absorption and emission spectra of 3 in various solvents (3.25 x
107°-5.88 x 10 "° mol ') were measured at 23°C. Shoulder is indicated by
an asterisk. [b] Fluorescence quantum yield (@) was determined by com-
parison with quinine sulfate in 0.5m H,SO, (®r=0.51).

7 varies only from bluish-green to green. The reasonable
linear plots for the emission maxima (4.,) of 3, 5, and 7
versus the solvent parameter E were obtained (see the Sup-
porting Information). Therefore, 3 and 5 possess twisted
structures in the ground and excited states,'”! and polar sol-
vents stabilize the polarized excited state.”” Interestingly,
cast films of 3, 5, and 7 on glass surfaces exhibit sharp ab-
sorption spectra and moderate emission quantum yields sim-
ilar to the data for the CH,CI, solution (3 film: 1,,, 450 nm,
Aem 387 nm, @p 0.024; 5 film: A, 406 nm, A, 553 nm, Dp
0.049; 7 film: A, 379 nm, A.,, 502 nm, @ 0.031).

To determine the conformational change of the terthio-
phene arms of 3, temperature-dependent absorption and
emission spectra were measured (Figure 3). The peak at
440 nm of the UV/Vis absorption spectra of 3 in 2-methylte-
trahydrofuran (MeTHF) shows a redshift with decreasing
temperature (A, =442 nm at 25°C; 445 nm at 0°C; 454 nm
at —80°C; 465.5nm at —196°C). The shoulder at 480-
490 nm also increases and becomes a new peak at —196°C.
The fluorescence band also shows a redshift with decreasing
temperature (1., =548 nm at 25°C; 556 nm at 0°C; 578 nm
at —70°C); however, it exhibits a significant blueshift with
clear substructures (A.,,=476 and 575 nm) at —196°C, at
which temperature the solution is frozen. The redshift of the
absorption and emission at 0°C and —70 or —80°C is in-
duced by an increase in coplanarity due to a decrease in
conformatonal lability, resulting in an increase of intramo-
lecular through-bond and through-space interactions in 3,
whereas the blueshift of the emission at —196°C is due to
either the depression of vibrational relaxation in the excited
state or the inhibition of photoinduced reorientation by the
frozen solvent.

12110 ——

www.chemeurj.org

a@710% GM
- N
-8
- ——
=
- —e—
—— ———
——
- e —o—

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Absorption Emission
25°C 25°C
1} 0°C L A 0°C
— -80°C X\\ i) —_— 7000
—— ¢ [/, || — -1m6°C
08 | \ ¥
f{ 1 N\
S \ I
Zos b, A
z \ Vl /)
= :
5 \
€ 04 F ‘\
02}
0 " i Z e ——
250 350 450 550 650 750

Alnm

Figure 3. Variable-temperature UV/Vis and fluorescence spectra of 3 in
MeTHF. UV/Vis spectrum (5.7 x 10~ molL™") and fluorescence spectrum
(2.9%x107" molL ™).

Unsubstituted hexa(phenylethynyl)benzene was reported
previously to exhibit a relatively large TPA cross-section ¢®®
(~440 GM at 572 nm), which is enhanced by the introduc-
tion of a tert-butyl group acting as an electron donor at the
para position of each peripheral phenyl group (c®
~560 GM at 572nm).""l Since terthiophene groups are
strong donors, further enhancement of ¢ can be expected
for 3. We measured the TPA spectrum of 3 in CH,Cl, by the
femtosecond open-aperture Z-scan method (Figure 4 and

- @3 @5 ®7 inCHXCl
+ mS5 in toluene
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I % ]
; NETORE
0%, 0 0 " %
0 A A pg 2o . BN .. - (] )
600 700 800 900 1000 1100
Alnm

Figure 4. Two-photon absorption cross-section spectra of 3, 5, and 7 in
CH,(C], (circles) and of 5 in toluene (squares).

Table 2) and found that 3 has a broad and strong TPA peak
at 750 nm (0®=2400+270 GM), which is several times
larger than those of the unsubstituted and fert-butyl-substi-
tuted hexa(phenylethynyl)benzenes, with a significant red-
shift. The tetra-armed compound 5 has a similar TPA spec-
trum with a smaller amplitude. Compared with these com-
pounds, the tri-armed compound 7 exhibits a much smaller
amplitude. The TPA peak is considered to blue-shift proba-
bly beyond the shortest wavelength range observed. These
differences in the TPA activity mainly originate from the
number of long conjugation paths. The compounds 3 and §
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Table 2. Absorption coefficients, fluorescence quantum yields, and two-
photon absorption cross sections of 3, 5, and 7.

Absorption!®! Emission!”! TPAL!
Amax [NM]  £x107° Amax [NM]  @p Ao [nm] 0@ [GM]
34 448, 490+ 1.84,1.98 603 0.31 750 2400+270
5 398, 475+ 1.27,0.52 576 0.36 740 1500 4200
5l 397, 455+ 1.15,0.74 509 0.56 750 10004150
79379, 430+ 147,024 502 0.16  (710) (200+20)

[a] Shoulder is indicated by an asterisk. [b] Fluorescence quantum yield
(®g) was determined by comparison with quinine sulfate in 0.5m H,SO,
(@r=0.51). [c] TPA cross section (¢'”) was measured in CH,Cl, or tolu-
ene; 1 GM=10""cm*s photon™". [d] In CH,CL,. [e] In toluene. [f] Weak
shoulder.

have three or two diagonal (terthiophene-ethynylene-phen-
ylene-ethynylene-terthiophene) paths, whereas 7 has no di-
agonal path. The diagonal paths must contribute to the large
TPA peak at the long wavelength. This observation is the
same as that observed for hexadehydrotribenzo[12]annulene
and its trefoil-shaped trimer.[*2!]

It is also noted that the amplitude of 7 is still larger than
those of the unsubstituted and fert-butyl-substituted hexa-
(phenylethynyl)benzenes, suggesting that terthiophene sub-
stitution is very effective for enhancing TPA activity in the
wavelength region considered.’” The strong TPA activities
of 3, 5, and 7 are considered to arise from the strong charge-
transfer (CT) nature of their excited states. This hypothesis
is also supported by decrease in the TPA peak intensity of 5§
in toluene, which is a less polar solvent than CH,CI,
(Figure 4).

The CV analysis of 3, 5, and 7 showed low oxidation po-
tentials with a reversible first oxidation and a quasi-reversi-
ble second oxidation,
(Table 3). As for reduction, compounds 3 and 5 showed high
reduction potentials with a reversible first reduction and a
quasi-reversible second reduction; compound 7 showed no
reduction potential. Therefore, compounds 3 and 5 possess
fairly low LUMOs. The longest shoulders (1,,, (abs.)) to-
gether with the S;—S; 0-0 transition energies calculated by
using the UV/Vis and fluorescence spectra are in good
agreement with the HOMO-LUMO gaps estimated from
the redox potentials.

Table 3. Redox potentials®) and HOMO-LUMO gaps™ of 3, 5, and 7.

COmpd Eredz Evredll/2 E~nx11/2 onz onl 7Eredl HOMO—
V9 V] (V] V9 V] LUMO [eV]

3 —2204 —1.80 0.65 0.98¢  2.49 238

5 —2.304 2,00 0.60 1.00C 2,66 2.67

7 - - 0.58 0.94 _ 2.88

[a] Measured by cyclic voltammetry; conditions: 0.1m Bu,NPF¢ in THF
for reduction and CH,Cl, for oxidation, Ag/Ag* reference electrode,
glassy carbon working electrode for reduction and Pt working electrode
for oxidation, Pt counter electrode, 100 mVs™!; V versus Fc/Fc*, Fc/Fc*
=0.29 V referenced to Ag/Ag*. [b] HOMO-LUMO gaps were estimated
from the end absorptions of the UV/Vis spectra in CH,CL. [c] Peak po-
tential. [d] Irreversible reduction. [e] Irreversible oxidation.

Chem. Eur. J. 2010, 16, 12108 -12113
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Although the variable-temperature (VT) 'H NMR spectra
of § and 7 in CDCl; showed no broadening at low tempera-
tures owing to the conformational flexibility, the VT
'"H NMR spectra of 3 exhibited broadening and an upper
field shift at low temperatures owing to the self-aggregation
of 3 (see the Supporting Information). The conformational
flexibility and the existence of more than two conformation-
al isomers for 5 and 7 result in the formation of an amor-
phous solid after evaporation or attempted crystallization.
In contrast, compound 3 forms various fibrous polymorphs
in solution, reflecting a Cg-symmetric disc-like structure,
whereas 3 forms an amorphous solid after evaporation. As
shown in Figure 5, compound 3 forms fibrous materials

%_‘35 13.6 184
G0 G0 0o
5 10 15 20 25 30
f) 26 ()
4.60
E =
2 9.58
E : W
0 5 10 15 20 25 40

Figure 5. Optical images (a—c) and XRD profiles (d-f) of needles of 3
from hexane (a and d), DMF (b and e), and iPrOH (c and f).

from hexane (Figure 5a), DMF (Figure 5b), and isopropyl
alcohol (Figure 5¢) without incorporating solvents. Al-
though their morphologies seem to be similar, the XRD
profiles of these fibers are different (Figure 5d, Se, and 5f).
The fiber of 3 from DMF (Figure Se) shows a typical profile
of a 1D structure, and the strong (100) reflection at 26=
4.56° (d=19.4 A) can be assigned to the molecular size,
whereas weak reflections at 26 =9.12 (200), 13.6 (300), and
18.4° (400) are of higher orders. Since the molecular diame-
ter of 3 is estimated to be 42 A, the XRD profile shows a
laterally ordered lamellar structure (d=19.4 A) that rises
28° diagonally from the aluminum plate used for the XRD
analysis of the fiber. In contrast, the 3 fibers from hexane
and iPrOH show a complex XRD profile corresponding to a
partial crystalline structure (Figure 5d and 5f). All of the
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fibers of 3 melt at 127°C as determined by differential scan-
ning calorimetry (DSC) analysis to produce a supercooled
amorphous solid that no longer forms nanostructured poly-
morphs.

In summary, we have prepared a series of star-shaped oli-
gothiophenes 3, §, and 7 with unique photophysical proper-
ties, such as a positive solvatochromism with increasing sol-
vent polarity, and two-photon absorption properties. Fur-
thermore, compound 3 with a central aromatic core and six
peripheral oligothiophene arms has an amphiphilic property
in organic solvents, resulting in the formation of nanostruc-
tures, such as fibrous polymorphs, owing to the lateral van
der Waals interaction of alkyl chains together with the
stacking interaction of the central mt-frame. The moderate to
high solubilities and amorphous morphologies of 3, 5, and 7
seem to be more appropriate for constructing molecular
switches and devices.

Experimental Section

Oligothiophene 3: (Method A) Hexakis(trimethylsilylethynyl)benzene
(52 mg, 0.080 mmol) and K,COj; (11 mg, 0.080 mmol) were dissolved in
THF (10 mL) and MeOH (10 mL), and the mixture was stirred for
30 min at room temperature. After dilution with Et,0 (60 mL), the or-
ganic layer was washed with H,O three times. The organic layer was
dried over MgSO,, and the solution was concentrated by rotary evapora-
tion until the volume became about 15 mL. To the concentrated solution,
a solution of 15 (554 mg, 0.820 mmol), Pd(PPh;), (62 mg, 54 mmol), and
Cul (23 mg, 0.121 mmol) in THF (20 mL) and Et;N (2 mL) was added,
and the mixture was stirred at room temperature overnight. After adding
saturated aqueous NH,CI solution, the aqueous layer was extracted three
times with CH,Cl,. The combined organic layer was dried over MgSO,,
and the solvent was evaporated. The crude product was subjected to
short column chromatography (SiO,: hexane/CH,Cl,=2:1). Further pu-
rification by gel permeation chromatography gave 3 as an orange solid
(175 mg, 63 %). Formation of this compound was not observed by Meth-
od B. Compound 3: M.p. 127.0°C (DSC); 'HNMR (400 MHz, CDCL,):
0=7.50-7.45 (m, 18H), 7.42-7.38 (m, 12H), 7.34-7.31 (m, 6H), 7.14 (d,
J=3.4Hz, 6H), 2.82-2.76 (m, 12H), 2.65-2.60 (m, 12H), 2.58-2.50 (m,
24H), 1.60-1.24 (m, 96 H), 0.94-0.80 ppm (m, 72H); *C NMR (100 MHz,
CDCl,): 6=143.10, 142.69, 139.89, 139.72, 138.75, 138.06, 138.06, 135.10,
133.49, 130.64, 129.49, 129.32, 128.40, 127.68, 127.27, 125.92, 125.82,
122.04, 93.34, 92.15, 33.08(2C), 32.95, 32.79, 28.10, 27.80, 27.64, 27.24,
22.96, 22.90, 22.80(2C), 13.90, 13.82, 13.78, 13.73 ppm; MS (LDI-TOF)
caled for C,H,ssSis: m/z: 3499.52; found 3499.56; elemental analysis
caled (%) for CyyH,5eS5: C 76.10, H 7.42; found: C 75.83, H 7.52.

Oligothiophene 5: (Method A) Compound 5 was prepared in a similar
manner to the preparation of 3, starting from 1,2,4,5-tetrakis(trimethylsi-
lylethynyl)benzene and 15 in 58 % yield. By using Method B, compound
5 was also prepared as an orange-yellow waxy solid in 58% yield.
'"H NMR (400 MHz, CDCLy): =775 (s, 2H), 7.49-7.45 (m, 8H), 7.43-
7.38 (m, 8H), 7.36-7.30 (m, 8H), 7.09 (d, /J=3.9 Hz, 4H), 2.81-2.75 (m,
8H), 2.66-2.60 (m, 8H), 2.59-2.50 (m, 16H), 1.60-1.43 (m, 40H), 1.35—
127 (m, 24H), 096 (t, J=7.3Hz, 12H), 0.89-0.80 ppm (m, 36H);
BCNMR (100 MHz, CDCly): §=143.08, 142.70, 139.81, 139.35, 138.80,
138.08, 135.12, 134.01, 133.11, 130.58, 129.47, 129.34, 128.40, 127.68,
127.28, 125.61, 124.54, 121.94, 92.37, 89.32, 33.07(2C), 32.97, 32.80, 28.10,
27.80, 27.65, 27.24, 23.00, 22.90, 22.80(2C), 13.91, 13.82, 13.78, 13.75 ppm;
MS (LDI-TOF) caled for Ci50H;74S1: m/z: 2359.03; found 2359.18; ele-
mental analysis calcd (%) for C;s\H;7S;,: C 76.28, H 7.43; found: C
76.20, H 7.42.

Oligothiophene 7: (Method A) Compound 7 was prepared in a similar
manner to the preparation of 3, starting from 1,3,5-tris(trimethylsilylethy-
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nyl)benzene and 15 in 51 % yield. Method B also afforded 7 as a yellow
waxy solid in 76 % yield. "'H NMR (400 MHz, CD,Cl,): 6=7.58 (s, 3H),
7.43-7.40 (m, 6H), 7.38-7.34 (m, 6H), 7.30-7.26 (m, 3H), 7.24 (d, /=
4.0 Hz, 3H), 7.03 (d, J=4.0 Hz, 3H), 2.75-2.71 (m, 6H), 2.60-2.56 (m,
6H), 2.53-2.48 (m, 12H), 1.57-1.50 (m, 6H), 1.47-1.39 (m, 24H), 1.30—
123 (m, 18H), 093 (t, /J=73Hz, 9H), 0.83-0.78 ppm (m, 27H);
C NMR (100 MHz, CD,ClL,): 0 =143.36, 143.04, 140.16, 139.13, 138.89,
138.40, 135.16, 133.35, 133.16, 130.46, 129.51, 129.37, 128.56, 127.69,
127.46, 125.62, 124.06, 121.87, 92.41, 84.17, 33.17, 33.13, 33.07, 32.92,
28.12, 27.88, 27.74, 27.31, 23.08, 22.98, 22.93, 22.88, 13.78, 13.67, 13.65,
13.62 ppm; MS (LDI-TOF) calcd for C;,Hi3,So: m/z: 1788.78; found
1788.08; elemental analysis caled (%) for C;,H;3,Se: C 76.46, H 7.43;
found: C 76.35, H 7.46.
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