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In this paper we report the self-assembling nature of fluorescent hexaazatriphenylenes @dAds)

with six alkyl/alkoxy-chain-containing biphenyl groups and their application to light-harvesting antennae.

In a nonpolar solvent and the film state, the HAT derivatives form one-dimensional aggregates with an
H-type parallel stacking mode, which were analyzeddyNMR, UV —vis, and steady-state and time-
resolved fluorescence spectroscopy. When HAT derivafiveith six perylenediimide moieties is
incorporated into the one-dimensional aggregates, an efficient energy transfer takes place from the self-
assembled HAT moiety as a light-harvesting antenna to the perylenediimide moiety as an energy acceptor.
Further, when HAT derivativ8 with six triphenylamino moieties is newly added to the light-harvesting
system, an intermolecular electron transfer occurs subsequently between the electron-accepting perylene-
diimide molecule and the electron-donating triphenylamino molecule.

Introduction efficiency? The noncovalent synthesis used in the natural system
has been widely developed as a novel strategy to construct
artificial antenna moieties such as self-assembled multiporphyrin
tsystems:‘.‘7 Recently, long-range ordering in well-defined

Energy and electron transfer in a don@rcceptor system has
been of much interest in recent years because it is an importan
process in a natural photosynthetic systamwell as artificial
photovoltaic? In the natural system, antenna chlorophyll . _ — -
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aggregates composedmfconjugated components is used as a tion of HAT derivatives with six alkyl/alkoxy-chain-containing
new type of light-harvesting antenna as well as an energy- biphenyl groups and their self-assembling nature both in solution
transfer reagerit.1° Shinkai and co-workers reported that an and in the film state. Finally, the light-harvesting effect of the
efficient energy transfer takes place from a one-dimensional HAT-based aggregate system is discussed.
aggregate composed of an unsubstituted perylenediimide donor
to a substituted perylenediimide acceptor incorporated into the Results and Discussion
aggregaté. Meijer and co-workers found that an aggregate
composed of oliggt-phenylenevinylene)s with different repeat- ~ Preparation. HATs with six alkyl/alkoxy-chain-containing
ing units provides an attractive energy-transfer mediumthe biphenyl groups &a, 3,4-dioctyloxybiphenyl-4-yl; 6b, 4'-
self-assembled systems, the acceptor molecules, which posses@ctyloxybiphenyl-4-yl;6c, 4'-octylbiphenyl-4-yl;6d, 4'-((S)-
structural similarity with the donor molecules, are efficiently 3,7-dimethyloctyloxy)biphenyl-4-yl) were prepared by conden-
incorporated into the well-defined columnar-type aggregates sation reactions of the corresponding diaryl diketoteesd with
composed of donor molecules without destabilization of the self- hexaaminobenzeri#? (Scheme 1). The key synthetic interme-
assembled ordering. Thus, study of the one-dimensional ag-diate diaryl diketonegda—d were derived from commercially
gregates composed of theconjugated components is a new available 4,4dibromobenzil 8) by Suzuki coupling reactions
attractive task for chemists to develop an artificial light- With the corresponding arylboronic acida—d in the presence
harvesting system. of a palladium(0) catalyst. The boronic aci@—d were
Recently, we reported that fluorescent hexaazatriphenylenesobtained from the corresponding bromidies-d by treatment
(HATSs) with six aromatic groups can be self-assembled one- With butyllithium followed with trimethyl borate. In the case
dimensionally in the concentrated solution state to form orga- Of 2b, the corresponding free boronic a@tf was used without
nogels as well as in the bulk state to form columnar liquid Protection with 2,2-dimethyl-1,3-propanediol. HABa—d were
crystalst? This finding led us to design and prepare a new type characterized on the basis of a spectroscopic method, MALDI-
of light-harvesting system based on the HAT-based one- TOF mass spectrometry, and elemental analysis.
dimensional aggregates. As a result of structural screening in HATs 6a—d can dissolve in common organic solvents such
the precedent work, one can find that a combination between aas benzene, toluene, dichloromethane, chloroform, and THF.
central HAT core and six peripheral biphenyl functional groups Also, nonpolar solvents (hexane, octane, and cyclohexane) are
plays an important role in constructing the one-dimensional effective to dissolvésa—d except for6b in hexane and octane.
aggregate$! However, detailed analysis of the HAT-based A transparent film oa—d can be prepared by a conventional
aggregates was limited because of the high temperat36q  Spin-coating technique.
°C) in the columnar liquid crystal formation and high concentra- UV —Vis Spectroscopy z-Stacking interaction constructing
tion in the organogel formation. When the aggregate is formed the one-dimensional aggregates was confirmed by means of
in a homogeneous organic solution at moderate or dilute UV—vis spectroscopy. In polar chloroform solutioréa—d
concentration, the aggregation behavior would be analyzed provides two absorption bands around 410 and 360 nm (Figure
conveniently by spectroscopic methods such as—i¥, la, Table 1, and Supporting Information). The two bands are
fluorescence, andH NMR. The desired aggregate would be assigned to the transition from the ground state toithe 0
obtained by introducing alkyl chains into the HAT derivative. level of the lowest excited state<® vibronic transition) and
The alkyl chains can maintain a subtle balance between-HAT to thev = 1 level (0-1 vibronic transition), respectively. The
HAT interaction and HAT-solvent interaction to provide the spectral pattern with an intense-0 transition band and a
one-dimensional aggregate. In this paper, we report the preparashoulder-like 6-1 transition band changed scarcely depending
- on the concentration and temperature, indicating Getd
N (2)n(gae)vJ—,SL(J:dhz:rﬁj ’I\'n"’t‘.kaE”agg%szlfalz‘gﬂftgég’ii \Eg)ma%\l;;r?é’,lﬁ:;—v(\)/fwa' dissolved molecularly in polar chloroform (Figure 1a and
Kamada, T.; Ahn, T. K.; Ko, D. M.; Nakamura, T.; Tsuda, A.; Osuka, A.; Supporting Information).
Kim, D. J. Am. Chem. So@004 126, 16187-16189. In contrast, nonpolar hexane and cyclohexane solutions of
55 5L €A e Kingew S 1 £4.Eo%5 | 6a—d show ciferent spectal patters wilh an inense1o
2000 39, 764-767. (c) Haycock, R. A.; Yartsev, A.: Michelsen, U.; transition band and a shoulder-like-0 transition band (Figure
Sundstrecm, V.; Hunter, C. AAngew. Chem., Int. E200Q 39, 3616— 1b, Table 1, and Supporting Information). The trend is very
gi%t%n(ﬁ) R”%’focll‘étf-z Cf&l ';%%;}%4% James, D. A; Michelsen, U.;  similar to those ofr-stacked aggregates with an H-type parallel
@) (a) Dr'ain?'c. M.; Nifiatis, F.. Vasenko, A.; Batteas, J. Angew. stacking modé? which is rationalized by the molecular exciton
Chem., Int. Ed1998 37, 2344-2347. (b) Schugar, H. Angew. Chem., model* In 6¢, a concentration- and temperature-dependent
Int. Ed. 1998 37, 2368-2370. (c) Ikeda, C.; Nagahara, N.; Yoshioka, N.; UV —vis spectral change was observable in the hexane and

Inoue, H.New J. Chem200Q 24, 897-902. (d) Rucareanu, S.; Mongin, - ; ; ]
0. Schuwey, A.: Hoyler, N.: Gossauer, A.- Amrein, W.- Hediger, HJU. octane solutions (Figure 1b and Supporting Information). The

Org. Chem 2001 66, 4973-4988. absorbance of the-80 band around 380 nm increased with
(8) Sugiyasu, K.; Fujita, N.; Shinkai, \ngew. Chem., Int. E®2004 decreasing concentration and increasing temperature. The result-
43, 1229-1233. ing spectra were very similar to those observed in the chloroform

(9) Hoeben, F. J. M.; Herz, L. M.; Daniel, C.; Jonkheijm, P.; Schenning,
A.P.H.J,; Silva, C.; Meskers, S. C. J.; Beljonne, D.; Phillips, R. T.; Friend,
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(10) (a) Sagawa, T.; Fukugawa, S.; Yamada, T.; Iharbadgmuir2002 Bull. Chem. Soc. Jpril989 62, 3127-3131. (b) Mataka, S.; Shimojyo,

18, 7223-7228. (b) Ajayaghosh, A.; George, S. J.; Praveen, VAKgew. Y.; Hashimoto, I.; Tashiro, MLiebigs Ann1995 1823-1825. (c) Komin,

Chem., Int. Ed2003 42, 332-335. (c) Sugiyasu, K.; Fujita, N.; Takeuchi,  A. P.; Carmack, MJ. Heterocycl. Chenl975 12, 829-833.

M.; Yamada, S.; Shinkai, SOrg. Biomol. Chem2003 895-899. (d) (13) (a) van der Boom, T.; Hayes, R. T.; Patrick, Y. Z.; Bushard, J.;
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P.J. Am. Chem. So@005 127, 17984-17985. 9590. (b) Wang, W.; Han, J. J.; Wang, L.-Q.; Li, L.-S.; Shaw, W. J.; Li, A.
(11) Ishi-i, T.; Hirayama, T.; Murakami, K.; Tashiro, H.; Thiemann, T.; D. Q. Nano Lett.2004 3, 455-458.

Kubo, K.; Mori, A.; Yamasaki, S.; Akao, T.; Tsuboyama, A.; Mukaide, T.; (14) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. Rure Appl. Chem.

Ueno, K.; Mataka, SLangmuir2005 21, 1261-1268. 1965 11, 371-392.

J. Org. ChemVol. 71, No. 15, 2006 5753



JOC Article Ishi-i et al.

SCHEME 1. Preparation of HATs Having Alkyl Side Chains, 6a—d
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solutions. The phenomena are attributed to the dynamic The aggregate structure formed in nonpolar solvent can be
exchange between the monomer and the aggregate species. preserved in the film state. For example, the spin-coating film
In hexane, a comparison between the concentration depen-of 6b obtained from a cyclohexane solution provides an intense
dence 063, 6¢, and6d indicates the order of aggregate stability 0—1 band around 360 nm in the UWis spectrum (Figure 2).
to be6a > 6d > 6¢ (Figure 1a and Supporting Information). In  The spectral pattern is very similar to that of the aggregéted
cyclohexane, the concentration dependen@ba$ smaller than in the cyclohexane solution. The result shows that in the film
that of 6a (Supporting Information). As a summary of the state the6b molecules are self-assembled to preserve the
foregoing results, one can conclude that the order of aggregateH-aggregate stacking mode created in the nonpolar cyclohexane
stability is 6b > 6a > 6d > 6¢. Compared to alkyl-chain-  solution. In contrast, another spin-coating film obtained from a
containing HAT6c, alkoxy-chain-containing HAT6a, 6b, and polar chloroform solution, in whicléb dissolves molecularly,
6d provide superior aggregative nature, which would be provides a nonaggregated spectral pattern with an intenfe 0
attributed to the expansion of thesystem including oxygen  band around 400 nm (Figure 2). Similar aggregation behavior
atoms. Among the alkoxy-chain-containing HATSs, the low in the film state was observed B, 6¢, and6d.
stability of 6d would be ascribed to unfavored packing of the Fluorescence SpectroscopyThe aggregation oba—d is
chiral alkyl groups arising from the branched structtire. reflected in steady-state fluorescence spectra. In chloroform, the

—Z

Compared to6b with six octyloxy groups,6a with twelve emission band around 460 nm6o changed scarcely depending
octyloxy groups seems to show more favorable solvation to on the concentration (Figure 3b). In contrast, in hexane solutions
decrease the aggregative nature. of 6¢, the emission band is shifted bathochromically from 434

The chirality in 6d is reflected in CD spectra in hexane to 471 nm with increasing concentration (from 0.001 to 1.0
(Supporting Information). Under the aggregated conditions of mM), according to facilitated aggregation (Figure 3a and Table
0.1-1.0 mM hexane solution at 20C, Cotton effects are  1). The emission band (471 nm) in a 1.0 mM hexane solution
observable around the absorption maxima, although the mag-of 6¢ is observed at longer wavelength than that (461 nm) in
nitude is small. In contrast, such Cotton effects could not be 1.0 mM chloroform solution; nevertheless, the polarity of hexane
observed in polar chloroform solution. The results suggest thatis lower than that of chloroform. The bathochromic shift
the aggregate ddd takes a helix stacking mode to make a left- observed in hexane solutions would be attributed to a stabiliza-

handed or right-handed heltk. tion effect on the excited state in the aggregaéeRrobably,
(15) Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T:Ieio, K. J. (16) Ikeda, M.; Takeuchi, M.; Shinkai, &hem. Commur2003 1354~
Am. Chem. So005 127, 4286-4296. 1355.
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FIGURE 1. UV-—vis spectra obc in (a) chloroform and (b) hexane
at 20°C at 0.001, 0.01, 0.1, and 1.0 mM.

TABLE 1. UV-—Vis and Fluorescence Spectral Data for 6a, 6b, 6c,
and 6d at 20°C

concn A

FL
compd solvent (mM) Amax (M) (€ (M~1cm™1)) (nm)
6a hexane 1.0 356 (sh, 71000), 386 (sh, 65000) 497
0.1 356 (71000), 386 (sh, 67000) 492
0.01 356 (71000), 386 (sh, 69000) 487
cyclohexane 1.0 363 (sh, 85000), 388 (87000)
0.1 363 (sh, 85000), 390 (90000)
0.01 363 (sh, 85000), 401 (98000)
chloroform 1.0 370 (sh, 87000), 409 (100000) 504
0.01 370 (sh, 87000), 409 (100000) 504
6b cyclohexane 1.0 349 (78000), 385 (sh, 71000) 482
0.1 354 (79000), 386 (78000) 472
0.01 357 (81000), 391 (86000) 462
chloroform 1.0 362 (sh, 90000), 406 (110000) 479
0.01 362 (sh, 93000), 406 (110000) 479
6¢ hexane 1.0 344 (78000), 378 (sh, 68000) 471
0.1 345 (79000), 381 (sh, 73000) 464
0.01 344 (79000), 385 (86000) 456
0.001 345 (79000), 390 (92000) 434
chloroform 1.0 362 (sh, 90000), 406 (110000) 461
0.01 362 (sh, 93000), 406 (110000) 461
6d hexane 1.0 347 (82000), 382 (sh, 71000) 481
0.1 347 (82000), 382 (sh, 73000) 477
0.01 347 (82000), 387 (79000) 471
chloroform 1.0 363 (sh, 73000), 406 (90000) 480
0.01 363 (sh, 73000), 406 (90000) 480

the stabilization effect is ascribed to the migration of the

photogenerated exciton or the excimer formation in the ag-

gregate structure’d.Similar concentration-dependent emission
behavior was observable i6a, 6b, and 6d (Table 1 and
Supporting Information). The order of the concentration-
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from chloroform

from cyclohexane

Normalized absorbance (a.u.)

400 450 500
Wavelength (nm)

300 350

FIGURE 2. UV-—uvis spectra of the spin-coating films 6b obtained
from chloroform and cyclohexane solutions (5 mM).
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FIGURE 3. Steady-state fluorescence spectrabofat 20°C in (a)
hexane fex = 391 nm) and (b) chloroformi¢x = 403 nm) at 0.001,
0.01, 0.1, and 1.0 mM.

dependent fluorescence spectral chandggind is in accordance
with that of the UV~vis spectral change, indicating again the
order of aggregate stability to &b > 6a > 6d > 6¢.

In chloroform solutionsga—d provide moderate fluorescence
guantum yields®r,) of 0.54-0.60. The®_ values are reduced
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TABLE 2. Fluorescence Quantum Yields ¢, ) for 6a, 6b, 6¢, and a)
Dp, by M
compd hexane cyclohexane chloroform
6a 0.39 0.54 0.60 w
6b 0.47 0.60 . A
6¢c 0.21 0.32 0.54
6d 0.36 0.46 0.60
0.05 mM
a Relative to quinine bisulfate (0.55). IRV — A
in nonpolar hexane (0.240.39) and cyclohexane (0.3D.54) L AL
solutions (Table 2); nevertheless, the polarity of hexane and
cyclohexane is smaller than that of chloroform. The lowering
emission ability is also supportive of the aggregatiosatd 0smM M A
in the nonpolar solvents.
The stabilization of the excited state in the aggregates of 1gmm M A
6a—d would be supported by time-resolved fluorescence spectra. pom
For a dilute 0.001 mM hexane solution &€, the decay curve 8 7 6 5 4

at 487 nm was fitted to a double exponential with lifetimes of
0.36 ns (89%) and 1.60 ns (11%). The shorter lifetime with
0.005 m

89% population suggests that the monomer speciés exists
mainly at the dilute 0.001 mM concentration. At a high MLJ\MA

concentration of 1.0 mM, the populations of the two lifetimes

m

i 0 9 ing 0.01mM
are inverted to be 14% (0.57 ns) and 86% (2.22 ns), according | ) _./N‘k.
.
|

to facilitated aggregatio#?1°The difference in both the shorter

and longer lifetimes (0.36 ns versus 0.57 ns for the short lifetime

and 1.60 ns versus 2.22 ns for the long lifetime) is likely due 0.05mm

to the error introduced by the assumption that decay is fited | M L
with only two distinct lifetimes. Theoretically, the decay is more

complicated and is fitted to a multiple exponential, because the o.1mm
aggregates have size and length distributigrii8 However, it

can be emphasized that the aggregates obtained at higher
concentration include more long-lived species compared to those

obtained at lower concentration, indicating that the aggregation 0° mNU\JWL
is facilitated with increasing concentration. Similarly, fluores-

cence decays @ain hexane anéb in cyclohexane were fitted 1.0 mM M

with a double exponential, and a long-lived species was given pom
at high concentration, although the trend of lifetime populations 8 i 6 5 4 5

was not straightforward such as that & arising from the FIGURE 4. 'H NMR spectra ofcin octaneess at 0.005, 0.01, 0.05
analysis error (Supporting Information). 0.1, 0.5, and 1.0 mM: (a) at 2@ and (b) at 100C. ’ ’ ’

IH NMR Spectroscopy. In the 'TH NMR spectra, a line-

broadening effect arising from the-stacked aggregation was  of ArOCH, proton signals. The concentration dependence at
observed in6a—c in octaned;s and cyclohexaneh,. The 20 °C can be analyzed by an infinite association mé@diy
chemical shifts and the shape of the broad resonances areyhich the self-association constart)(was estimated (Table
dependent on the concentration and temperature, indicating the3). |n cyclohexaneth, at 20°C, theK value (74300 M?) of
dynamic exchange between the monomer and aggregate speciegp is larger by 1 order of magnitude than that (5750 4/of
Typical examples ofcin octaneehgat 20 and 100C are shown g, indicating the superior aggregative naturesbf In 6c, the
in Figure 4. At high concentration{1.0 mM) the proton signals K value (10500 M%) in octaneehs is 2 times larger than that
appeared in a higher magnetic field compared to those at dilute(575o M) in cyclohexanes..
concentration-{0.0005 mM). The higher magnetic field shift In octaness solutions of6c, theK values were obtained at
is ascribed to ther-stacking among the HAT core moieti¥s.  different temperatures in the range of-2000°C (Figure 6 and
The chemical shifts for the ArOCHproton for6b and the  Table 3). The thermodynamic parameters for the self-association
ArCH, proton for 6¢c were plotted against the concentration were estimated by the van't Hoff plot. The obtaintd® (—29.3
(Figure 5). For6a, the chemical shifts for the ArOChHprotons kJ molY) andAS® (—22.8 J mot! K1) values seem to indicate
could not be checked because of the overlap for the two typesan entropically driven self-association. Probably, &e-d

(17) Wu, J.; Fechterkter, A.; Gauss, J.; Watson, M. D.; Kastler, M.; (20) (a) Shetty, A. S.; Zhang, J.; Moore, J.JSAm. Chem. S0d.996
FechtenKger, C.; Wagner, M.; Mlien, K. J. Am. Chem. So2004 126, 118 1019-1027. (b) Lahiri, S.; Thompson, J. L.; Moore, JJSAm. Chem.
11311+-11321. Soc.200Q 122 11315-11319. (c) Tobe, Y.; Utsumi, N.; Kawabata, K.;

(18) Nguyen, T.-Q.; Martel, R.; Avouris, P.; Bushey, M. L.; Brus, L.; Nagano, A.; Adachi, K.; Araki, S.; Sonoda, M.; Hirose, K.; Naemura, K.
Nuckolls, C.J. Am. Chem. So@004 126, 5234-5242. J. Am. Chem. So@002 124, 5350-5364. (d) Kobayashi, K.; Kobayashi,

(19) Ryu, S. Y.; Kim, S.; Seo, J.; Kim, Y.-W.; Kwon, O.-H.; Jang, D.- N. J. Org. Chem 2004 69, 2487-2497. (e) Sugiura, H.; Takahira, Y.;
J.; Park, S. YChem. Commur2004 70-71. Yamaguchi, M.J. Org. Chem?2005 70, 5698-5708.
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TABLE 3. Association Constants K)2 and Thermodynamic Parameter$ for Self-Aggregation of 6b and 6c

KM AH® AS
compd solvent 20C 40°C 60°C 80°C 100°C (kJ mol?) (I moFrt K1
6b cyclohexaned 2 74300
6¢C cyclohexaned;, 5750
6c octaned:s 10500 5400 2400 1400 840 —29.3 -22.8

aDetermined on the basis of the infinite model by nonlinear least-squares fitting of chemical shi® @a&experimental uncertainty of thevalue
amounts to about-5—10%. All the correlation coefficients were0.99.° Determined by the van't Hoff plot. The correlation coefficient was 0.999.

4.1 CHART 1. Molecular Structure of 7 and 8 as a
39 X\‘\ Light-Harvesting Acceptor and Donor, Respectively
z

3.7 F

35 F O

—@—6b in cyclohexane
33 F Z
——6c in cyclohexane O O
31 F
—aA—6c in octane Z
29 F O
N/
27 L |O [
- /N N
25 | 2

Chemical shift (ppm)
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FIGURE 5. Chemical shift vs concentration féb (ArOCH; proton) O O Z

in cyclohexaned;, and 6¢ (ArCH; proton) in cyclohexanéh, and in

octaned;g at 20°C.
tBu
27 r
Z
2.65

= 0
§ 0 0
)
: rz=-a{ = ¥4 x
: W
5 255
b o) 0
< 0
g 25
£
2
© 245 827=---N tBu
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Concentration (M) of 6. In addition,7 also acts as an electron acceptor to generate

charge separation when HAT derivati@& with six electron-

rich triphenylamino (TPA) moieties is used as an electron-donor
molecule (Chart 1). Here, we selected HA&D as a light-
harvesting antenna as well as an energy-transfer reagent, because
6b has the most superior aggregative nature angagd.

FIGURE 6. Chemical shift vs concentration f@t in octaned;g at
20, 40, 60, 80, and 10%C.

molecules are self-assembled mainlysbgtacking interactions

n the central HAT coren nonpolar solvent. A film sample of6b doped with 5 mol %7 (100:5 mixture

L.|ght. Harvesting. As desqubed 'above, fluorescent HAT of 6b/7) was prepared by spin coating from a cyclohexane
derlv_atlves6a—_d form_ one-dimensional aggregates both in  gqjytion, and the energy transfer from tie-based aggregate
solution and in the film state. To apply these fluorescent {4 7 incorporated into the aggregate was examined. The spin-
aggregates to a light-harvesting antenna, we selected HAT coating samples provide a clear overlap of the fluorescence
derivative 7 with six perylenediimide (PDI) moieties as an spectrum of6b and the absorption spectrum Bf(Supporting
energy-acceptor molecule (Chart 1). In a precedent study, We|nformation). In the precedent artificial light-harvesting systems
have reported that is self-assembled both in solution and in - pased on the self-assembled one-dimensional aggregates, quan-
the film state to form a highly stabilized dimer aggregate, in tjtative analysis of the energy transfer was difficult due to

which an efficient energy transfer occurs from the HAT core significant overlap between donor and acceptor emissions,
to the PDI moiety’! These results provide the valuable

information that an efficient light-harvesting system can be (21) Ishi-i, T.; Murakami, K.; Imai, Y.; Mataka, SOrg. Lett 2005 7,
created when the dimer @fis incorporated into the aggregate 3175-3178.
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FIGURE 7. Fluorescence spectra excited at the HAT chromophore
(395 nm) of6a/7/8 mixtures with 100:0:0 (black line), 100:5:0 (red
line), 100:5:5 (blue line), and 0:0:5 (green line) molar ratios in the
spin-coating film (from cyclohexane solution) at 20. The fluores-
cence spectrum of the 100:5:0 mixture excited at the PDI chromophore
(at 517 nm) is indicated by a dotted red line.

because the donor and acceptor components have simila
structural features such as perylenediimides with different
substituents and oligp{phenylenevinylene)s with different

repeating unit§:® On the other hand, the present system has a
versatile advantage of good separation between the donor an

acceptor emissions, because of the structural difference of the

donor HAT and the acceptor PDI moieties.
In the presence of, the emission fron6b around 510 nm

Ishi-i et al.

FIGURE 8. Fluorescent images under UV light (365 nm) &a/7/8
mixtures with 100:0:0, 100:5:0, 100:5:5, and 0:0:5 molar ratios (from
left to right) in the spin-coating film.

Conclusion

In conclusion, we have demonstrated that hexaazatri-
phenylenes with six alkyl- and alkoxy-chain-containing biphenyl
groups can be self-assembled to form one-dimensional ag-
gregates both in solution and in the film state. The aggregation
of the hexaazatriphenylene molecules is mainly stabilized by
the w-stacking of the central aromatic core. The aggregation
ability highly depends on the nature of the alkyl and alkoxy
chains at the peripheral positions. Fluorescence spectroscopy
is a useful method to study the aggregation. According to

'Iacilitated aggregation, the emission band shifts to a longer

wavelength region together with reduction of the fluorescence
qguantum yield as well as an increase of the fluorescence lifetime.
The self-assembled fluorescent hexaazatriphenylene can be

Gdeveloped to an artificial light-harvesting antenna as well as an

energy-transfer reagent. When a hexaazatriphenylene derivative
having an energy- and electron-accepting perylenediimide
moiety is doped with the fluorescent hexaazatriphenylene
aggregate, an efficient energy transfer takes place from the

was quenched significantly even upon excitation of the HAT aggregate to the acceptor moiety. Further, by the combination
chromophore (Figure 7). In addition, the PDI emission around yyith the hexaazatriphenylene derivative having an electron-
650 nm upon indirect excitation of the HAT chromophore is  gonating triphenylamino moiety, an electron transfer can be
enhanced by a factor of 4 compared to that observed upon directychieved between the donor and acceptor moieties in the self-
excitation of the PDI chromophore, indicating the light- assembled aggregate system. We believe that the present study

harvesting effect of théb-based aggregate (Figure 7). A good
energy transfer efficiency of ca. 80% can be estimated on the

will provide valuable new information not only for creation of
one-dimensional architectures but also for artificial light-

basis of a comparison between absorption and excitation spectraarvesting systems.

(Supporting Information). When the spin-coating film was
prepared from polar chloroform solutions including molecularly
dissolved6b, the light-harvesting effect was reduced signifi-
cantly (Supporting Information), suggesting the importance of

the 6b-based aggregate as a good light-harvesting antenna as

well as an energy transfer reagent.

The enhanced HAT emission in the 100:5 mixturébf7 is
reduced to one-third, when 5 mol %is newly doped as an
electron donor (Figure 7). The result suggests that in the 100:
5:5 mixture of6b/7/8, an electron transfer takes place from the
excited state of the PDI moiety in generating an ion pair of
the PDI anion radical i and the TPA cation radical i8.22:23

The energy transfer and subsequent electron transfer phenomen

were easily visualized by a change in the emission color from
brilliant green HAT emission to brilliant red PDI emission and
after very weak PDI emission (Figure 8).

(22) Schmidt-Mende, L.; Fechteriter, A.; Millen, K.; Moons, E.;
Friend, R. H.; MacKenzie, J. D5cience200], 293 1119-1122.

(23) Sandanayaka, S. D. A.; Matsukawa, K.; Ishi-i, T.; Mataka, S.; Araki,
Y.; Ito, O. J. Phys. ChemB 2004 108 19995-20004.
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Experimental Section

Spectroscopic MeasurementUV —vis spectra were measured
in a 0.01 cm width quartz cell (1.0 mM), a 0.1 cm cell (0.1 mM),
a 1.0 cm cell (0.01 mM), and a 10.0 cm cell (0.001 mM).
Fluorescence spectra were measured in a 1.0 cm width quartz cell.
Time-resolved fluorescence spectra were measured by a single-
photon-counting method with a nitrogen-filled nanosecond flash
lamp (pulse width of 1 ns, pulse repetition rate of 40 Hz).

Preparation of Spin-Coating Films. Film samples for the
measurements of UWvis and fluorescence spectroscopy were
prepared by drop casting and subsequent spin coating (2000 rpm,
30 s) from cyclohexane or chloroform solutions on a quartz cell
(912.5 x 12.5 x 45 mm). The 100:0:0 molar ratio sample was
obtained from a 5.0 mM cyclohexane solution (40 of 6b, the
100:5:0 molar ratio sample from a cyclohexane solution gD
including 5.0 mM6b and 0.25 mM7, the 100:5:5 molar ratio
sample from a cyclohexane solution (&Q) including 5.0 mM
6b, 0.25 mM7, and 0.25 mM8, and the 0:5:0 molar ratio sample
from a 0.25 mM chloroform solution (50L) of 7.

General Procedure for Preparation of 2,2-Dimethyl-1,3-
propanediol 3,4-Bis(octyloxy)phenylboronate (2a)To a solution
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of 1a(921 mg, 2.3 mmol) in dry THF (10 mL) was added dropwise
1.58 M n-butyllithium/hexane solution (1.7 mL, 2.7 mmol) &8
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4.00 (t,J = 6.6 Hz, 4 H), 7.13 (dJ) = 8.3 Hz, 4 H), 7.57 (dJ =
8.3 Hz, 4 H), 7.70 (dJ = 8.3 Hz, 4 H, ArH), 8.03 (dJ = 8.3 Hz,

°C for 15 min under an argon atmosphere. After the mixture was 4 H, ArH); FAB-MS (positive, NBA)m/z 619 [(M + 1)*]. Anal.

stirred at—78 °C for 0.5 h, trimethyl borate (344L, 3.0 mmol)
was added dropwise for 15 min to the mixture. The mixture was
stirred at—78 °C for 1 h and warmed to room temperature. After

Calcd for GoHs5004: C, 81.51; H, 8.14. Found: C, 81.45; H, 8.13.
Data for bis(4'-octylbiphenyl-4-yl)ethanedione (4c):yellow
powder; mp 122124 °C; IR (KBr, cnmt) 2921, 2851, 1660vc—

the reaction mixture was quenched with aqueous 1.2 M hydrochloric o), 1601, 1180, 881*H NMR (CDCls) 6 0.88 (t,J = 6.9 Hz, 6 H),

acid solution (to pH 57), it was extracted with diethyl ether. The

1.18-1.32 (m, 20 H), 1.65 (quint) = 7.9 Hz, 4 H), 2.66 (tJ =

combined organic layers were washed with brine, dried over 7.9 Hz, 4 H), 7.29 (dJ = 8.6 Hz, 4 H), 7.56 (dJ = 8.6 Hz, 4 H),
anhydrous magnesium sulfate, and evaporated in vacuo to dryness7.73 (d,J = 8.6 Hz, 4 H), 8.06 (dJ = 8.6 Hz, 4 H); FAB-MS
The residue (760 mg) and 2,2-dimethyl-1,3-propanediol (208 mg, (positive, NBA) nVz 587 [(M + 1)*]. Anal. Calcd for G;Hs00x:
2.0 mmol) were dissolved in dichloromethane (20 mL), and the C, 85.96; H, 8.59. Found: C, 85.92; H, 8.58.

resulting solution was stirred at room temperature2fta under an Data for bis{4'-[(S)-3,7-dimethyloctyloxy]biphenyl-4-yl} -
argon atmosphere. After the evaporation, the residue was purified ethanedione (4d)white powder; mp 102104°C; IR (KBr, cnr?)
by silica gel column chromatography (KANTO 60N) eluting with 2925, 1677, 1660vc—0), 1600, 1249, 1184, 8284 NMR (CDCl)
dichloromethane/hexane (2:3, v/v) to gi2a in 40% vyield (411 00.87 (d,J=6.6 Hz, 12 H), 0.96 (d) = 6.3 Hz, 6 H), 1.15-1.87
mg, 0.92 mmol) as a colorless oil: IR (KBr, ci) 2927, 1598, (m, 20 H), 4.05 (tJ = 6.6 Hz, 4 H), 6.99 (dJ = 8.6 Hz, 4 H),
1476, 1420, 1317v6_o), 1261, 1233, 1138H NMR (CDCl) 6 7.58 (d,J=8.6 Hz, 4 H), 7.70 (dJ = 8.3 Hz, 4 H), 8.04 (dJ =

0.88 (t,J = 6.6 Hz, 6 H), 1.02 (s, 6 H), 1.281.54 (m, 20 H), 1.81
(quint,J = 6.6 Hz, 4 H), 3.75 (s, 4 H), 4.01 (8,= 6.6 Hz, 2 H),
4.02 (t,J= 6.6 Hz, 2 H), 6.86 (dJ = 7.9 Hz, 1 H), 7.30 (dJ =
2.3 Hz, 1 H), 7.36 (ddJ = 2.3, 7.9 Hz, 1 H); FAB-MS (positive,
NBA) m/z 446 (M"); HR-MS (El, positive)nz calcd for G/H470,B
446.3567, found 446.3571 (M.

8.3 Hz, 4 H); FAB-MS (positive, NBAjWz 675 [(M + 1)*]. Anal.
Calcd for GgHsg04: C, 81.86; H, 8.66. Found: C, 81.68; H, 8.64.
General Procedure for Preparation of 2,3,6,7,10,11-Hexakis-

{3,4'-dioctyloxybiphenyl-4-yl}-1,4,5,8,9,12-hexaazatriphenyl-
ene (6a) A mixture of hexaaminobenzene trinydrochloride (5) (13
mg, 0.047 mmol) and 4a (123 mg, 0.14 mmol) in acetic acid (5

Data for 4-octyloxyphenylboronic acid (26): white solid;H
NMR (CDCl) 6 0.89 (t,J = 6.6 Hz, 3 H), 1.25-1.55 (m, 10 H),
1.72-1.88 (m, 2 H), 4,05 (tJ = 6.6 Hz, 2 H), 7.00 (dJ=7.5
Hz, 2 H), 8.14 (dJ = 7.5 Hz, 2 H).

Data for 2,2-dimethyl-1,3-propanediol 4-octylphenylboronate
(2c): white needles; mp 4446 °C; IR (KBr, cm 1) 2925, 1611,
1480, 1419, 1379, 130%¢_o), 1248, 1131H NMR (CDCl) 6

mL) was heated at the refluxing temperature for 17 h under an
argon atmosphere. After the reaction mixture was cooled to room
temperature, it was poured into water and extracted with chloroform.
The combined organic layers were washed with saturated aqueous
sodium hydrogen carbonate solution and with brine, dried over
anhydrous magnesium sulfate, and evaporated in vacuo to dryness.
The residue was separated by silica gel chromatography (WAKO

0.87 (t,J=6.3 Hz, 3H), 1.02 (s, 6 H), 1.261.28 (m, 10 H), 1.60
(quint,J = 7.3 Hz, 2 H), 2.60 (tJ = 7.3 Hz, 2 H), 3.76 (s, 4 H),
7.17 (d,J = 7.9 Hz, 2 H), 7.71 (d) = 7.9 Hz, 2 H); FAB-MS
(positive, NBA) m/z 302 (M*). Anal. Calcd for GgH3BO,: C,
75.50; H, 10.34. Found: C, 75.59; H, 10.30.

Data for 2,2-dimethyl-1,3-propanediol 4§ (S)-3,7-dimethyloctyl-
oxy} phenylboronate (2d): colorless oil; IR (KBr, cnil); 2959,
1602, 1568, 1344, 1318vf o), 1173, 1132, 1019!H NMR
(CDCls) 6 0.86 (d,J = 6.6 Hz, 6 H), 0.93 (dJ = 6.4 Hz, 3 H),
1.00 (s, 6 H), 1.131.83 (m, 10 H), 3.74 (s, 4 H), 4.00 3= 6.4
Hz, 2 H), 6.86 (dJ = 8.7 Hz, 2 H), 7.71 (dJ = 8.7 Hz, 2 H);
FAB-MS (positive, NBA) m/z 346 (M"); HR-MS (EI, positive)
m/z calcd for GiH3s05B 346.2683, found 346.2681 (M.

General Procedure for Preparation of Bi 3',4'-dioctyloxy-
biphenyl-4-yl)ethanedione (4a)To a mixture of3 (301 mg, 0.82
mmol) and tetrakis(triphenylphosphine)palladium(0) (60 mg, 0.05
mmol, 3 mol %) in benzene (32 mL) were add&ai(822 mg, 1.80
mmol), ethanol (8 mL), and aque®@ M sodium carbonate solution
(16 mL) at 60°C under an argon atmosphere, and the resulting
mixture was heated at 8T for 18 h. The reaction mixture was

C300) eluting with chloroform/hexane (1:2, v/v) and by GPC
(polystyrene JAIGEL-1H and 2H) eluting with chloroform to give
6a in 35% yield (44 mg, 0.016 mmol) as a glassy brown solid: mp
> 250°C dec; IR (KBr, cml) 2924, 2854, 1604, 1500, 1365, 1250,
1142;*H NMR (CDClg) 6 0.88 (t,J = 6.6 Hz, 36 H), 1.29-1.55
(m, 120 H), 1.85 (quint) = 6.6 Hz, 24 H), 4.06 (1) = 6.6 Hz, 12
H), 4.08 (t,J = 6.6 Hz, 12 H), 6.96 (dJ = 8.3 Hz, 6 H), 7.2+
7.26 (m, 12 H), 7.65 (dJ = 8.6 Hz, 12 H), 8.00 (dJ = 8.6 Hz,
12 H); MALDI-TOF-MS (positive, dithranolyn/z 2685.00 [MF,
calcd for GgoH24dNO12 2684.89]. Anal. Caled for ¢oH246N6012:
C, 80.49; H, 9.23; N, 3.13. Found: C, 80.26; H, 9.11; N 3.13.
Data for 2,3,6,7,10,11-hexakis(4octyloxybiphenyl-4-yl)-
1,4,5,8,9,12-hexaazatriphenylene (6bglassy yellow solid; mp
> 250°C dec; IR (KBr, cml) 2924, 2854, 1605, 1497, 1363, 1247,
822;1H NMR (CDCl3) 6 0.90 (t,J = 6.6 Hz, 18 H), 1.36-1.50
(m, 60 H), 1.82 (quint) = 6.6 Hz, 12 H), 4.00 (tJ = 6.6 Hz, 12
H), 6.97 (d,J = 8.6 Hz, 12 H), 7.60 (dJ = 8.6 Hz, 12 H), 7.62
(d,J=8.6 Hz, 12 H), 7.96 (dJ = 8.6 Hz, 12 H); MALDI-TOF-
MS (positive, dithranoljn/z 1916.13 [M", calcd for GaoH150NeOs
1916.16]. Anal. Calcd for GHis0NsOs: C, 82.72; H, 7.89; N,

poured into water and extracted with chloroform. The organic layer 4.38. Found: C, 82.64; H, 7.85; N, 4.35.

was washed with brine, dried over anhydrous magnesium sulfate,

Data for 2,3,6,7,10,11-hexakis(4octylbiphenyl-4-yl)-1,4,5,8,9,-

and evaporated in vacuo to dryness. The residue was purified by12-hexaazatriphenylene (6c)glassy yellow solid; mp> 250°C

silica gel column chromatography (WAKO C300) eluting with
chloroform/hexane (1:1, v/v) to givéa in 90% yield (644 mg,
0.74 mmol) as an orange powder: mp 3d81°C; IR (KBr, cm?)
2922, 1668%c—0), 1597, 1523, 1257, 1205, 1176, 1141, 835, 813;
IH NMR (CDCl) 6 0.88 (t,J = 6.6 Hz, 12 H), 1.29-1.55 (m, 40
H), 1.85 (quint,J = 6.6 Hz, 8 H), 4.05 (tJ = 6.6 Hz, 4 H), 4.06
(t, J= 6.6 Hz, 4 H), 6.96 (dJ = 8.3 Hz, 2 H), 7.15 (dJ = 2.3
Hz, 2 H), 7.18 (ddJ = 2.3, 8.3 Hz, 2 H), 7.70 (d) = 8.6 Hz, 4
H), 8.03 (d,J = 8.6 Hz, 4 H); FAB-MS (positive, NBAywz 875
[(M + 1)*]. Anal. Calcd for GgHg,Os: C, 79.59; H, 9.44. Found:
C, 79.59; H, 9.46.

Data for bis(4'-octyloxybiphenyl-4-yl)ethanedione (4b)yellow
powder; mp 157#158°C; IR (KBr, cnr 1) 2954, 2921, 2856, 1666
(ve=0), 1598, 1189, 827, 817#H NMR (CDCls) 6 0.89 (t,J = 6.6
Hz, 6 H), 1.206-1.55 (m, 20 H), 1.81 (quint) = 6.6 Hz, 4 H),

dec; IR (KBr, cnrt) 2923, 2851, 1605, 1496, 1363, 1232, 1192,
1137, 1005, 815*H NMR (CDCl) 6 0.89 (t,J = 6.4 Hz, 18 H),
1.29-1.66 (m, 72 H), 2.66 (1) = 6.9 Hz, 12 H), 7.28 (d) = 8.3
Hz, 12 H), 7.60 (dJ = 8.3 Hz, 12 H), 7.69 (dJ = 8.6 Hz, 12 H),
8.01 (d,J = 8.6 Hz, 12 H); MALDI-TOF-MS (positive, dithranol)
m/z 1819.57 (M, calcd for GsHisoNe 1820.20). Anal. Calcd for
CizHisNe: C, 87.08; H, 8.30; N, 4.62. Found: C, 87.11; H, 8.36;
N, 4.68.

Data for 2,3,6,7,10,11-hexakisd' -[(S)-3,7-dimethyloctyloxy]-
biphenyl-4-yl}-1,4,5,8,9, 12-hexaazatriphenylene (6d)glassy
yellow solid; mp> 250°C dec; IR (KBr, cnml) 2925, 1605, 1524,
1497, 1364, 1247, 1194, 8224 NMR (CDCly) 6 0.88 (d,J = 6.6
Hz, 36 H), 0.97 (tJ = 6.4 Hz, 18 H), 1.121.90 (m, 80 H), 4.05
(t, J=6.6 Hz, 12 H), 6.99 (dJ = 8.7 Hz, 12 H), 7.61 (dJ = 8.7
Hz, 12 H), 7.65 (d,J = 8.6 Hz, 12 H), 8.00 (dJ = 8.6 Hz, 12 H);
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MALDI-TOF-MS (positive, dithranoly/z 2084.94 (M, calcd for Researchers with Fixed-term Appointments, Special Coordina-
C144H17N6Os 2084.35). Anal. Calcd for GH174/NeOe: C, 82.95; tion Funds for Promoting Science and Technology.

H, 8.41; N, 4.03. Found: C, 82.79; H, 8.40; N 4.10. Supporting Information Available: H NMR, UV—vis, excita-

tion, and fluorescence spectra, van't Hoff plot for self-association,
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