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This paper reports the self-assembling and electrochemical nature of hexaazatriphenylene-based
electron-deficient heteroaromatics with an expanded π-electron system. The tri(phenanthro)-
hexaazatriphenylenes (TPHAT-Cs) and tri(phenanthrolino)hexaazatriphenylenes (TPHAT-Ns)
were prepared by condensation reactions of the corresponding phenanthrenequinones and phenan-
throlinediones, respectively, with hexaaminobenzene. Their electron affinity was indicated from
cyclic voltammetry measurements, in which the first reduction potentials were evaluated at around
-1.7 V (vs Fc/Fcþ) in dichloromethane. In nonpolar and polar solvents and in the film state, the
TPHAT-Cs and TPHAT-Ns formed one-dimensional aggregates with an H-type parallel stacking
mode. In the MALDI-TOF mass spectra, significant peaks were seen at several multiples of the
parent ion up to tetramer aggregates. The 1HNMR spectra indicated a line-broadening effect due to
the aggregation. The UV-vis and fluorescence spectra showed a concentration dependence, which is
attributed to a dynamic exchange between the monomer and aggregate species. The order of the
aggregative nature was estimated from the concentration dependence and the fluorescence quantum
yield. By replacement of the peripheral aromatic moieties instead of the phenanthrene (TPHAT-Cs)
with the phenanthroline (TPHAT-Ns), the aggregative nature was enhanced.

Introduction

Semiconducting organic compounds1 have been very
interesting in recent years in view of their application to
carrier-transporting materials in organic light-emitting
diodes,2 field-effect transistors,3 and photovoltaics.3d,4

These semiconductors are classified into two groups: p-type

semiconductors with a hole-transporting ability and n-type
ones with an electron-transporting ability. The former has
been extensively studied and has excellent characteristics,
whereas the latter is relatively rare and has unsatisfactory
performance. One of the desired performances of the organic
semiconductors is a high carrier-drift mobility compa-
rable to inorganic silicon materials. Recently, a π-stacked

(1) (a) O’Neill, M.; Kelly, S. M. Adv. Mater. 2003, 15, 1135–1146. (b)
Warman, J.M.; deHaas,M. P.; Dicker, G.; Grozema, F. C.; Piris, J.; Debije,
M. G. Chem. Mater. 2004, 16, 4600–4609. (c) Anthony, J. E. Chem. Rev.
2006, 106, 5028–5048. (d) Sergeyer, S.; Pisula, W.; Geerts, Y. H. Chem. Soc.
Rev. 2007, 36, 1902–1929. (e) Burghard,M.;Klauk,H.; Kern,K.Adv.Mater.
2009, 21, 2586–2600.

(2) (a) Christ, T.; Gl€usen, B.; Greiner, A.; Kettner, A.; Sander, R.;
St€umpflen, V.; Tsukruk, V.; Wendorff, J. H. Adv. Mater. 1997, 9, 48–51.
(b) Mitschke, U.; B€auerle, P. J. Mater. Chem. 2000, 10, 1471–1507. (c)
Seguya, I.; Destruel, P.; Bock, H. Synth. Met. 2000, 111-112, 15–18. (d)
Hassheider, T.; Benning, S. A.; Kitzerow, H.-S.; Achard, M.-F.; Bock, H.
Angew. Chem., Int. Ed. 2001, 39, 2060–2063.
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one-dimensional structure created from the self-assembly of
organic semiconductors has attracted considerable attention
for carrier-transport.5,6 An efficient carrier-transport is
achieved along the stacking direction. Such self-assembled
aggregates with an ordered supramolecular structure are
more attractive candidates as carrier-transporting materials
than the glassy-type amorphous semiconductors with
unfavorable positional and energy disorder.7 A guideline
for the carrier-transport was reported by Warmann and

co-workers, in which the mobility empirically increases with
the expanding core size of the semiconductors.8 Large-sized
semiconductors with an expanded π-electron system tend to
have a positive influence on the mobility due to the increase
of the self-assembling aggregative nature between the
stacked molecules and due to the increase of the orbital
overlap between the π-orbitals of the molecules. The p-type
self-assembling semiconductor hexabenzocoronenes9 with
an expanded π-electron system are well-known as excellent
carrier-transporting materials that provide a high hole-drift
mobility.10 On the other hand, the n-type self-assembling
semiconductors are limited to small- and medium-sized
aromatics.11-14 Thus, the creation of a new large-sized self-
assembling n-type semiconductor is one of the most impor-
tant tasks in organic material science.

Recently, we have studied electron-deficient heteroaro-
matics in order to develop new electron-transporting semi-
conductors basedon their high electronaffinity. In these studies,
we found that the n-type semiconducting hexaazatriphenylenes

(3) (a) Bao, Z.; Lovinger, A. J.; Brown, J. J. Am. Chem. Soc. 1998, 120,
207–208. (b) Katz, H. E.; Lovinger, A. J.; Johnson, J.; Kloc, C.; Siegrist, T.;
Li,W.; Lin,Y.-Y.;Dodabalapur,A.Nature 2002, 404, 478–481. (c)Newman,
C. R.; Frisbie, C. D.; da Silva Filho, D. A.; Br�edas, J.-L.; Ewbank, P. C.;
Mann, K. R.Chem.Mater. 2004, 16, 4436–4451. (d) Simpson, C. D.; Wu, J.;
Watson, M. D.; M€ullen, K. J. Mater. Chem. 2004, 14, 494–504. (e) van
Breemen, A. J. J. M.; Herwig, P. T.; Chlon, C. H. T.; Sweelssen, J.; Schoo,
H. F. M.; Setayesh, S.; Hardeman, W. M.; Martin, C. A.; de Leeuw, D. M.;
Valeton, J. J. P.; Bastiaansen, C.W.M.; Broer, D. J.; Popa-Merticaru, A. R.;
Meskers, S. C. J. J. Am. Chem. Soc. 2006, 128, 2336–2345. (f) Shimizu, Y.;
Oikaw,K.;Nakayama,K.; Guillon,D. J.Mater. Chem. 2007, 17, 4223–4229.

(4) (a) Petritsch, K.; Friend, R. H.; Lux, A.; Rozenberg, G.; Moratti,
S. C.; Holmes, A. B. Synth. Met. 1999, 102, 1776–1777. (b) Schmidt-Mende,
L.; Fechtenk€otter, A.; M€ullen, K.; Moons, E.; Friend, R. H.; MacKenzie,
J. D. Science 2001, 293, 1119–1122. (c) Ajayaghosh, A.; George, S. J.;
Praveen, V. K. Angew. Chem., Int. Ed. 2003, 42, 332–335. (d) Schmidtkea,
J. P.; Friend, R. H.; Kastler, M.; M€ullen, K. J. Chem. Phys. 2006, 124,
174704.

(5) (a) Adam, D.; Schuhmacher, P.; Simmerer, J.; H€aussling, L.;
Siemensmeyer, K.; Etzbach, K. H.; Ringsdorf, H.; Haarer, D. Nature
1994, 371, 141–143. (b) Simmerer, J.; Gl€use, B.; Paulus, W.; Kettner, A.;
Schuhmacher., P.; Adam, D.; Etzbach, K.-H.; Siemensmeyer, K.; Wendorff,
J. H.; Ringsdorf, H.; Haarer, D. Adv. Mater. 1996, 8, 815–819. (c) Iino, A.;
Takayashiki, Y.; Hanna, J.; Bushby, R. J.; Haarer, D.Appl. Phys. Lett. 2005,
87, 192105–192106. (d) Kumar, S. Chem. Soc. Rev. 2006, 35, 83–109. (e)
Kato, T.; Yasuda, T.; Kamikawa, Y.; Yoshio, M. Chem. Commun. 2009,
729–739. (f) Demenev, A.; Eichhorn, S. H.; Taerum, T.; Perepichka, D. F.
Chem. Mater. 2010, 22, 1420–1428.

(6) W€urthner, F.; Chen, Z.; Hoeben, F. J. M.; Osswald, P.; You, C.-C.;
Jonkheijm, P.; Herrikhuyzen, J. v.; Schenning, A. P. H. J.; van der School,
P. P. A. M.; Meijer, E. W.; Beckers, E. H. A.; Meskers, S. C. J.; Janssen,
R. A. J. J. Am. Chem. Soc. 2004, 126, 10611–10618.

(7) Strohriegl, P.; Gazulevicius, J. V. Adv. Mater. 2002, 14, 1439–1452.
(8) (a) van de Craats, A. M.; Warman, J. M. Adv. Mater. 2001, 13, 130–

133. (b) Lemaur, V.; da Silva Filho, D. A.; Coropreanu, V.; Lehmann, M.;
Geerts, Y.; Debije, M. G.; van de Craats, A.M.; Senthikumar, K.; Siebbeles,
L. D. A.; Warman, J. M.; Br�edas, J.-L.; Cornil, J. J. Am. Chen. Soc. 2004,
126, 3271–3279.

(9) (a) Wu, J.; Pisula, W.; M€ullen, K. Chem. Rev. 2007, 107, 718–747. (b)
Hill, J. P.; Jin,W.; Kosaka, A.; Fukushima, T.; Ichihara, H.; Shimomura, T.;
Ito, K.; Hashizume, T.; Ishii, N.; Aida, T. Science 2004, 304, 1481–1483.

(10) (a) van der Craats, A.M.;Warman, J.M.; Fechtenk€otter, A.; Brand,
J. D.; Harbison, M. A.; M€ullen, K. Adv. Mater. 1999, 11, 1469–1472. (b)
van der Craats, A. M.; Stutzmann, N.; Bunk, O.; Nielsen, M. M.; Watson,
M.; M€ullen, K.; Chanzy, H. D.; Sirringhaus, H.; Friend, R. H. Adv. Mater.
2003, 15, 495–499. (c) Pisula,W.;Menon, A.; Stepputat,M.; Lieberwirth., I.;
Kolb, U.; Tracz, A.; Sirringhaus, H.; Pakula, T.; M€ullen, K. Adv. Mater.
2005, 17, 684–689. (d) Grimsdale, A. C.; M€ullen, K. Angew. Chem., Int. Ed.
2005, 44, 5592–5629.

(11) For perylene diimide-based semiconductors, see: (a) Struijk, C. W.;
Sieval, A. B.; Dakhorst, J. E. J.; van Dijk, M.; Kimkes, P.; Koehorst,
R. B. M.; Donker, H.; Schaafsma, T. J.; Picken, S. J.; van de Craats,
A. M.; Warman, J. M.; Zuilhof, H.; Sudh€olter, E. J. R. J. Am. Chem. Soc.
2000, 122, 11057–11066. (b) Malenfant, P. R. L.; Dimitrakopoulos, C. D.;
Gelorme, J. D.; Kosbar, L. L.; Graham, T. O.; Curioni, A.; Andreoni, W.
Appl. Phys. Lett. 2002, 80, 2517–2519. (c) Chesterfield, R. J.; McKeen, J. C.;
Newman, C. R.; Ewbank, P. C.; da Silva Filho, D. A.; Br�edas, J.-L.; Miller,
L. L.; Mann, K. R.; Frisbie, C. D. J. Phys. Chem. B 2004, 108, 19281–19292.
(d) Jones, B. A.; Ahrens, M. J.; Yoon, M.-H.; Facchetti, A.; Marks, T. J.;
Wasielewski, M. R. Angew. Chem., Int. Ed. 2004, 43, 6363–6366.
(e) Balakrishnan, K.; Datar, A.; Oitker, R.; Chen, H.; Zuo, J.; Zang, L.
J. Am. Chem. Soc. 2005, 127, 10496–10497. (f) An, Z.; Yu, J.; Jones, S. C.;
Barlow, S.; Yoo, S.; Domercq, S.; Prins, P.; Siebbeles, L. D. A.; Kippelen, B.;
Marder, S. R. Adv. Mater. 2005, 17, 2580–2587. (g) Briseno, A. L.;
Mannsfeld, S. C. B.; Reese, C.; Hancock, J. M.; Xiong, Y.; Jenekhe, S.;
Bao, Z.; Xia, Y.NanoLett. 2007, 7, 2847–2853. (h) Zang, L.; Che, Y.;Moore,
J. S. Acc. Chem. Res. 2008, 41, 1596–1608. (i) Weitz, R. T.; Amsharov, K.;
Zschieschang, U.; Villas, E. B.; Goswami, D. K.; Burghard, M.; Dosch, H.;
Jansen, M.; Kern, K.; Klauk., H. J. Am. Chem. Soc. 2008, 130, 4637–4645.
(j) Vura-Weis, J.; Ratner,M.A.;Wasielewski,M.R. J. Am. Chem. Soc. 2010,
132, 1738–1739.

(12) For phthalocyanine-based semiconductors, see: (a) Schouten, P. G.;
Warman, J. M.; de Haas, M. P.; van der Pol, J. F.; Zwikker, J. W. J. Am.
Chem. Soc. 1992, 114, 9028–9034. (b) Bao, Z.; Lovinger, A. J.; Brown, J.
J. Am. Chem. Soc. 1998, 120, 207–208. (c) Fujikake, H.; Murashige, K.;
Sugibayashi, M.; Ohta, K. Appl. Phys. Lett. 2004, 85, 3474–3476.
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(HATs)14,15 can be self-assembled both in solution and bulk
state to form π-stacked one-dimensional aggregates.16 The self-
assembling HAT molecule is one of the new candidates as
parent of a large-sized n-type semiconductor.17 Our strategy is
basedon the combinationof theHATcorewithother aromatics

to improve both its self-assembled aggregative nature and
electron affinity. In this strategy, we selected the phenanthrene
and phenanthroline rings as the fused aromatics, because the
corresponding diketone derivatives can be obtained and reacted
with hexaaminobenzene16 to produce the desired large-
sized n-type semiconductors. Combinations of the HAT
core with the three phenanthrene and phenanthroline rings
result in tri(phenanthro)hexaazatriphenylene (TPHAT-C)
and tri(phenanthrolino)hexaazatriphenylene (TPHAT-N),
respectively, which are composed of 13 fused six-membered
rings similar to that of hexabenzocoronene.9,10 In this
paper, we report that the TPHAT-C and TPHAT-N deriv-
atives provide a high electron affinity as n-type semicon-
ductors, as well as a strong self-assembling nature to form
one-dimensional aggregates.

Results and Discussion

Preparation. TPHAT-Cs 6a-d were prepared by conden-
sation reactions of the corresponding 3,4-disubsituted-9,10-
phenanthrenequinones 4a-d with hexaaminobenzene 516

in ethanol/THF in the presence of potassium carbonate
(Scheme 1). The key synthetic intermediates 4a-d were
obtained from 9,10-phenanthrenequinone (1) in two steps.
The radical-initiated bromination of 1 gave the dibromide
2,18 which was converted into 4a-d by the coupling reaction
with the corresponding boronic acid 3a and boronate esters
3b-d in the presence of a palladium (0) catalyst.

TPHAT-Ns 14a-c were obtained from 1,10-phenanthro-
line (7) in 7 steps (Scheme 2). 2,9-Dichloro-1,10-phenanthro-
line (10) was prepared according to a reported method19 and

SCHEME 1. Preparation of TPHAT-Cs 6a-d

(13) Nitrogen-functionalized and fluorine-substituted hexabenzocoro-
nenes were reported: (a) Draper, S. M.; Gregg, D. J.; Madathil, R. J. Am.
Chem. Soc. 2002, 124, 3486–3487. (b) Zhang, Q.; Prins, P.; Jones, S. C.;
Barlow, S.; Kondo, T.; An, Z.; Siebbeles, L. D. A.; Marder, S. R. Org. Lett.
2005, 7, 5019–5022. (c) Kikuzawa, Y.; Mori, T.; Takeuchi, H. Org. Lett.
2007, 9, 4817–4820.

(14) For hexaazatriphenylene-based semiconductors, see: (a)Kestemont,
G.; de Halleux, V.; Lehmann, M.; Ivanov, D. A.; Watson, M.; Geerts, Y. H.
Chem. Commun. 2001, 2074–2075. (b)Gearba, R. I.; Lehmann,M.; Levin, J.;
Ivanov, D. A.; Koch, M. H. J.; Barber�a, J.; Debije, M. G.; Piris, J.; Geerts,
Y. H. Adv. Mater. 2003, 15, 1614–1618. (c) Lehmann, M.; Kestemont, G.;
Aspe, R. G.; Buess-Hermann, C.; Koch, M. H. J.; Debije, M. G.; Piris, J.; de
Haas, M. P.; Warma, J. M.; Watson, M. D.; Lemaur, V.; Cornil, J.; Geerts,
Y. H.; Gearba, R.; Ivanov, D. A. Chem.;Eur. J. 2005, 11, 3349–3362. (d)
Kaafarani, B. R.;Kondo, T.; Yu, J.; Zhang, Q.; Dattilo, D.; Risko, C.; Jones,
S. C.; Barlow, S.; Domercq, B.; Amy, F.; Kahn, A.; Br�edas, J.-L.; Kippelen,
B.; Marder, S. R. J. Am. Chem. Soc. 2005, 127, 16358–16359.

(15) (a) Arikainen, E. O.; Boden, N.; J. Bushby, R.; Lozman, O. R.;
Vinter, J. G.; Wood, A. Angew. Chem., Int. Ed. 2000, 39, 2333–2336. (b)
Pieterse, K.; van Hal, P. A.; Kleppinger, R.; Vekemans, J. A. J. M.; Janssen,
R. A. J.; Meijer, E. W. Chem. Mater. 2001, 13, 2675–2679. (c) Ong, C. W.;
Liao, S.-C.; Chang, T. H.; Hsu, H.-F.Tetrahedron Lett. 2003, 44, 1477–1480.
(d) Yip,H.-L.; Zou, J.;Ma,H.; Tian, Y.; Tucker, N.M.; Jen, A.K.-Y. J. Am.
Chem. Soc. 2006, 128, 13042–13043. (e) Barlow, S.; Zhang, Q.; Kaafarani,
B. R.; Risko, C.; Amy, F.; Chan, C. K.; Domercq, B.; Starikova, Z. A.;
Antipin, M. Yu.; Timofeeva, T. V.; Kippelen, B.; Br�edas, J.-L.; Kahn, A.;
Marder, S. R. Chem.;Eur. J. 2007, 13, 3537–3547. (f) Gao, B.; Liu, Y.;
Geng, Y.; Cheng, Y.; Wang, L.; Jing, X.; Wang, F. Tetrahedron Lett. 2009,
50, 1649–1652.

(16) (a) Ishi-i, T.; Hirayama, T.; Murakami, K.; Tashiro, H.; Thiemann,
T.; Kubo, K.; Mori, A.; Yamasaki, S.; Akao, T.; Tsuboyama, A.; Mukaide,
T.; Ueno, K.; Mataka, S. Langmuir 2005, 21, 1261–1268. (b) Ishi-i, T.;
Murakami, K.; Imai, Y.; Mataka, S.Org. Lett. 2005, 7, 3175–3178. (c) Ishi-i,
T.; Murakami, K.; Imai, Y.; Mataka, S. J. Org. Chem. 2006, 71, 5752–5760.
(d) Ishi-i, T.; Tashiro, H.; Kuwahara, R.;Mataka, S.; Yoshihara, T.; Tobita,
S. Chem. Lett. 2006, 35, 158–159.

(17) Ishi-i, T.; Yaguma, K.; Kuwahara, R.; Taguri, Y.; Mataka, S. Org.
Lett. 2006, 8, 585–588.

(18) Bhatt, M. V. Tetrahedron 1964, 20, 803–821.
(19) Yamada,M.; Tanaka,Y.; Yoshimoto, Y.Bull. Chem. Soc. Jpn. 1992,

65, 1006–1011.
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was converted into the corresponding dibromide 11 by
treatmentwith phosphorus tribromide. The 5 and 6 positions
in 11 were oxidized by the treatment with nitric acid/sulfuric
acid/KBr to give 12.20 The coupling reactions of 12 with
boronic acid 3a and boronate esters 3c,d gave the corre-
sponding 2,9-disubstituted-1,10-phenanthroline-5,6-dione
13a-c in moderate yields. Finally, the TPHAT-Ns 14a-c

were obtained by the condensation reactions of 13a-c with
hexaaminobenzene 5.16 In 14a with 4-butylphenyl groups
and 14bwith 4-octylphenyl groups, the preparation reaction
was performed in ethanol/THF in the presence of potassium
carbonate (condition A), as used in 6a-d. Condition A was
not suitable for the preparation of 14cwith 4-octyloxyphenyl
groups, whereas 14c was obtained in acetic acid at the
refluxing temperature (condition B). The low isolated yield
(6%) in 14a is attributed to its poor solubility.

The TPHATs 6a-d and 14a-c were identified using
spectroscopic methods.21 In particular, 1H NMR spectros-
copy is effective for assigning the structure. In halogenated
solvents, such as chloroform-d1, dichloromethane-d2, and
1,1,2,2-tetrachloroethane-d2, a line-broadening effect arising
from the aggregation was observed. By the addition of
trifluoroacetic acid-d1, the broad peaks in the phenanthro-
line-fused system 14a-c became sharp due to aggregate

dissociation. The resulting spectra provided four aromatic
proton signals (Ha, Hb, Hc, and Hd shown in Scheme 2),
from which the structures of 14a-c could be assigned
(Supporting Information). In contrast, the broad peaks in
the phenanthrene-fused system 6a-d still appeared even in
the presence of trifluoroacetic acid-d1. These results indi-
cated that in 14a-c the protonation occurs at the nitrogen
atoms on the peripheral phenanthroline rings to dissociate
the aggregates but not on the central HAT ring. The struc-
tural assignment in 6a-d can be performed at high tempera-
ture. At 120 �C, the five aromatic proton signals (Ha, Hb,
Hc, Hd, and He shown in Scheme 1) became sharp peaks
suitable for detection in 1,1,2,2-tetrachloroethane-d2 solu-
tions (Supporting Information).

The TPHAT-Cs 6a-c and TPHAT-N 14b can dissolve
in various solvents from polar to nonpolar ones, such as
cyclohexane, toluene, dichloromethane, chloroform, 1,1,2,2-
tetrachloroethane, and THF. Compared to 6c bearing the
octyl groups, 6d bearing the octyloxy groups showed a poor
solubility in cyclohexane. Similarly, 14c bearing the octyloxy
groups cannot dissolve in cyclohexane. For 14a, the short
alkyl chain (butyl group) significantly lowered the solubility
in cyclohexane and toluene. In addition, 14a can dissolve
in 1,1,2,2-tetrachloroethane at the low concentration of
<0.1mM.Thus, a detailed analysis of the aggregation ability
was performed in the polar 1,1,2,2-tetrachloroethane for
6a-d and 14a-c and in the nonpolar cyclohexane for
6a-c and 14b.

SCHEME 2. Preparation of TPHAT-Ns 14a-c

(20) Margiotta, N.; Bertolasi, V.; Capitelli, F.; Maresca, L.; Moliterni,
A. G. G.; Vizza, F.; Natile, G. Inorg. Chem. Acta 2004, 357, 149–158.

(21) The TPHAT-C 6cwith octyl groups showsmesophase. The details of
the mesophase formation will be reported elsewhere.
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Electrochemical Properties. The high electron affinity and
electrochemical stability were studied by cyclic voltammetry
(Figure 1, Table 1, and Supporting Information). In 6c, 14b,
and 14c, three quasi-reversible reduction potentials were
observed around -1.7 to -2.2 V (vs Fc/Fcþ). The first
reduction potentials (-1.66 to -1.73 V) in 6c, 14b, and 14c

shift more positively compared to the reduction potential
(-1.86 V) of the 2,3,6,7,10,11-hexaphenyl-1,4,5,8,9,12-
hexaazatriphenylene (HAT-Ph).16a These results indicated
an enhancement of the electron affinity by the combination
of the central HAT ring with the peripheral phenanthrene/
phenanthroline rings. Compared to the phenanthrene-fused
6c, the phenanthroline-fused 14b showed a higher electron
affinity due to the electron-deficient phenanthroline ring. By
replacement of the octyl group (14b) with the octyloxy group
(14c), the electron affinity decreased. No oxidation potential
was observed in the cyclic voltammogram (∼1.5 V), indicat-
ing the n-type semiconducting nature of the TPHATs.

MALDI-TOF Mass Spectrometry. Direct evidence for
the aggregation of 6a-d and 14a-c was obtained from
the MALDI-TOF mass spectrometry, in which aggregate
species can be detected up to the tetramer (Figure 2 and
Supporting Information). For example, in addition to the
parent ions of 6c (m/z 1813) and 14b (m/z 1819), significant
peaks are seen at several multiples of the parent ion up to
7252 for 6c and 7276 for 14b, which are assemblies of four
molecules (Figure 1).

UV-vis Spectroscopy. The one-dimensional π-stacking of
the TPHAT molecules is indicated in the UV-vis spectra.
The UV-vis spectra of 6a-d changed depending on the
concentration and temperature of the 1,1,2,2-tetrachloro-
ethane solutions. The spectral change is attributed to a
dynamic exchange between the monomer and aggregate
species (Figure 3 and Supporting Information). TheUV-vis
spectra of 6a in 1,1,2,2-tetrachloroethane showed three
bands around 460, 440, and 370 nm (Figure 3a). The former
two bands can be assigned to the transition from the highest
ground state to the ν = 0 level of the lowest excited state
(0-0 transition) and to the ν=1 level (0-1 transition). The
absorbance ratio (abs0-0/abs0-1) of the 0-0 and 0-1 transi-
tions decreased with the increase of concentration and with
the decrease of temperature, leading to the facilitated aggre-
gation. The foregoing trend is very similar to those of the
π-stacked aggregateswith anH-type parallel stackingmode,16b,22

which is rationalized by the molecular exciton model.23 The
TPHAT-Cs 6a-d provided almost the same spectral change
versus the concentration to each other (Figure 3a and b, and
Supporting Information).At1.0mM, theabs0-0/abs0-1valuesof
0.93 for 6a, 0.94 for 6b, 0.95 for 6c, and 1.00 for 6d are almost the
same, indicating the side chain groups (butyl in 6a, hexyl in 6b,
octyl in 6c, and octyloxy in 6d) only slightly affect the aggregation
in the TPHAT-C system.

FIGURE 1. Cyclic voltammograms of 6c, 14b, 14c, andHAT-Ph in
dichloromethane (0.5 mM) in the presence of tetrabutylammonium
hexafluoroborate (0.1M). The current intensity for 6cwas indicated
by three times to precisely compare.

TABLE 1. Half-Wave Reduction Potentials (E1/2
red) of 6c, 14b, 14c,

and HAT-Ph
a

E1/2
red (V, vs Fc/Fcþ)

compound first second third

6c -1.73 -1.86 -2.25
14b -1.66 -1.79 -2.02
14c -1.70 -1.81 -2.21
HAT-Ph -1.86 -2.11 -2.31

aDetermined by cyclic voltammetry using a cell equipped with glassy
carbon as the working electrode, a platinum wire as the counter
electrodes, and Ag/AgNO3 as the reference electrode. All electrochemi-
cal measurements were performed in a dichloromethane solution
(0.5 mM) containing 0.1M tetrabutylammonium hexafluorophosphate.

FIGURE 2. MALDI-TOFmass spectra of (a) 6c and (b) 14b, which
indicate multiples of the parent ion up to tetramer.

(22) (a) van der Boom,T.;Hayes,R. T.; Patrick,Y. Z.; Bushard, J.;Weiss,
E. A.; Wasielewski, M. R. J. Am .Chem. Soc. 2002, 124, 9582–9590. (b)
Wang,W.; Han, J. J.; Wang, L.-Q.; Li, L.-S.; Shaw, W. J.; Li, A. D. Q.Nano
Lett. 2004, 3, 455–458.

(23) Kasha,M.;Rawls,H.R.; El-Bayoumi,M.A.PureAppl. Chem. 1965,
11, 371–392.
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By replacement of the peripheral aromatic moieties
instead of the phenanthrene (TPHAT-C system) with the
phenanthroline (TPHAT-N system), the aggregative nature
is significantly enhanced, and the effect of the side-chain
group is clearly observed. The concentration- and temperature-
dependencies in TPHAT-N 14b bearing the octyl groups
were lower than that in TPHAT-C 6c bearing the octyl
groups. At 20 �C, the abs0-0/abs0-1 value in 6c signif-
icantly changed from 0.95 (1.0 mM) to 1.28 (0.001 mM),
whereas the value in 14b only slightly changed from 0.93
(1.0 mM) to 1.01 (0.001 mM) (Figure 3b and d). These

results indicate the superior aggregative nature of the
TPHAT-N system.

Compared to TPHAT-N 14b bearing the alkyl chains,
TPHAT-N 14cbearing the alkoxy chains provides very slight
concentration- and temperature-dependencies in the
UV-vis spectra. The abs0-0/abs0-1 values in 14c seldom
changed with the concentration from 0.88 (1.0 mM) to 0.89
(0.001 mM) at 20 �C, indicating the high aggregation stabil-
ity (Figure 3e). The enhanced aggregation in 14c would be
attributed to the expansion of the π-electron system includ-
ing the oxygen atoms. Furthermore, the most significant

FIGURE 3. UV-vis spectra of (a) 6a, (b) 6c, (c) 14a, (d) 14b, and (e) 14c at 20 �C in 1,1,2,2-tetrachloroethane (at 0.001, 0.01, 0.1, and 1.0mM).
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enhancement in the aggregation was achieved in TPHAT-N
14a bearing the short alkyl chains. The UV-vis spectra
of 14a indicated a significantly weak 0-0 transition band
as a shoulder around 450 nm (Figure 3c). The reduction in
the alkyl chain length from octyl (14b) to butyl (14a)
significantly facilitated the aggregation. Compared to 14b

bearing the long alkyl chains, 14a bearing the short alkyl
chains seems to show less favorable solvation to increase
the aggregative nature. As a summary of the foregoing
results, one can conclude that the order of aggregation

stability is increased as 14a > 14c > 14b > 6a-d (6a >
6b > 6c > 6d).

In a nonpolar solvent, such as cyclohexane, the UV-vis
spectra of 6a-c and 14b seldom changed with the concentra-
tion and temperature, indicating the high stability of the
aggregates in the cyclohexane solution (Figure 4 and Support-
ing Information). Compared to the polar 1,1,2,2-terrachloro-
ethane system, the TPHAT-N and TPHAT-C molecules are
more tightly stacked in the nonpolar cyclohexane system.

The UV-vis spectra of the spin-coated films prepared
from the cyclohexane solutions of 6a-c and 14b are similar
to those of the solutions (Figure 4 and Supporting
Information). These results showed that in the film state,
the 6a-c and 14b molecules are self-assembled with a
H-aggregate stacking mode similar to the one created in
the solution state. The H-type aggregate with a wide π-face
overlap is very suitable for electron-carrier transport along
the π-stacked aggregate structure. The self-assembled film
formation can be applied to the organic devices prepared by
a wet process such as spin-coating.

Fluorescence Spectroscopy. The aggregation of the
TPHATs is reflected in the fluorescence spectra. In 1,1,2,2-
tetrachloroethane, a significant concentration dependence
was observed due to the dynamic exchange between the
monomer and aggregates species, as found in the UV-vis
spectra. In the TPHAT-C 6c, around 560 nm an excimer-like
emission arising from the aggregate species can be detected in
addition to the monomer emission around 490 nm. The

FIGURE 4. UV-vis spectra of 6a at 20 �C in cyclohexane (at 0.001
and 1.0 mM) and in the spin-coated film.

FIGURE 5. Fluorescence spectra of (a) 6c, (b) 14a, and (c) 14b in 1,1,2,2-tetrachloroethane and (d) 6c in cyclohexane at 0.001, 0.01, 0.01, and
1.0 mM (at 20 �C).
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population of the aggregate emission increased with the
increase of concentration together with the decrease of
monomer emission population (Figure 5a). The aggregation
dynamics can be visualized by changing the emission color
from blue (0.001 mM) to green (0.1 mM) (Figure 6).24 A
similar concentration dependence was observed in TPHAT-Cs
6a, 6b, and 6d. Compared to the TPHAT-Cs, the TPHAT-Ns
mainly provide an aggregate emission because of their facili-
tated aggregation (Figures 5b and 5c). The formed aggregate
emits a weak fluorescence that decreases the fluorescence
quantum yield (ΦFL). TheΦFL values of the TPHAT-Ns are
lower than those of the TPHAT-Cs: 0.30 in 6a vs 0.07 in 14a,
0.45 in 6c vs 0.28 in 14b, and 0.59 in 6d vs 0.18 in 14c. The
order of the aggregative nature is estimated from the ΦFL

values (Table 2). The estimated order is 14a>14c>14b>6a>
6b>6c> 6d, which is in agreement with that estimated from
the UV-vis spectroscopy.

The cyclohexane solutions of 6a-c and 14b provided only
weak aggregate emissions at the longer wavelength around
550-600 nm for all the concentrations. At the dilute con-
centration of 0.001 mM, the emission band (around 550 nm)
in the cyclohexane solution of 6c is observed at a longer
wavelength than that (around 490 nm) in the 1,1,2,2-
tetrachloroethane solution; nevertheless, the polarity of the
cyclohexane is lower than that of 1,1,2,2-tetrachloroethane
(Figure 5a and d). The bathochromic shift observed in
cyclohexane would be attributed to a stabilization effect on
the excited state in the aggregate.25 The stabilization effect
should be ascribed to the excimer formation in the aggregate
structure or the migration of the photogenerated exciton.26

A similar bathochromic shift was observed in 6a, 6b, and 14b
as described above. In the 1,1,2,2-tetrachloroethane solu-
tions, 6a-c and 14b provide moderate ΦFL values of
0.28-0.45. The ΦFL values are reduced in the nonpolar
cyclohexane solutions to 0.03-0.04 (Table 2). The lowering
emission ability also supports the enhanced aggregation of

6a-c and 14b in the nonpolar solvent. In the film state of
6a-c and 14c prepared from cyclohexane solutions, the
emission is too weak to be detected, indicating the enhanced
aggregation in the film state.

AFM Observation. The π-stacked one-dimensional
aggregate structure of the TPHATs can be visualized by
atomic force microscopy (AFM) observations (Figure 7
and Supporting Information). The cyclohexane solutions
of 6a-c and 14b, in which the TPHAT molecules are
significantly self-assembled to form the one-dimensional
aggregates, were casted on freshly cleaved mica. The AFM
images indicate a nanoscale fibrous structure with a height
of ca. 2.8-3.5 nm, which is comparable to the molecular
size of the TPHATs (the extended molecular size is of
ca. 3.2-4.2 nm, whereas the aromatic core size is of ca.
2.5 nm).27 In 6a-c, the height increased with the increase

FIGURE 6. Fluorescence images of 6c in 1,1,2,2-tetrachloroethane
at 0.001, 0.01, and 0.1 mM (from left to right) under UV light (365
nm).

TABLE 2. Fluorescence Quantum Yields (ΦFL) for 6a-d and 14a-ca

ΦFL
b

compound cyclohexane 1,1,2,2-tetrachloroethane

6a 0.03 0.30
6b 0.04 0.39
6c 0.04 0.45
6d 0.59
14a 0.07
14b 0.03c 0.28
14c 0.18
aMeasured at 0.001 mM and excited at 420 nm. bRelative to fluo-

rescein (ΦFL 0.97 in ethanol, excited at 450 nm). cExcited at 380 nm.

FIGURE 7. AFM image of 6a. The sample was prepared by drop
casting from a 0.01 mM cyclohexane solution on freshly cleaved
mica.

(24) W€urthner, F.; Chen, Z.; Dehm, V.; Stepanenko, V. Chem. Commun.
2006, 1188–1190.

(25) Ikeda, M.; Takeuchi, M.; Shinkai, S. Chem. Commun. 2003, 1354–
1355.

(26) Wu, J.; Fechtenk€otter, A.; Gauss, J.; Watson, M. D.; Kastler, M.;
Fechtenk€otter, C.; Wagner, M.; M€ullen, K. J. Am. Chem. Soc. 2004, 126,
11311–11321.

(27) The π-stacked one-dimensional aggregate is also supported by X-ray
diffraction patterns of 6a, 6b, 6c, and 14b (Supporting Information). A weak
reflection around 26� would be attributed to the intracolumnar π-stacking
distance of ca. 0.34 nm. In contrast, a strongly sharp reflection around
2.9-3.7� (2.38 nm for 6a, 2.69 nm for 6b, 3.03 nm for 6c, and 2.85 nm for14b)
would be due to the intercolumnar packing.
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of alkyl chain length: ca. 2.8-2.9 nm in 6a, ca. 3.0-3.1 nm
in 6b, and ca. 3.4-3.5 nm in 6c.

Conclusion

In conclusion, we have demonstrated that the electron-
deficient tri(phenanthro)- and tri(phenanthrolino)hexaazatri-
phenylenes with an expanded π-electron system can be self-
assembled to form one-dimensional aggregates. The electron
affinity is enhanced by the expansion of the electron-deficient
aromatic system, which is created by a combination of the
central hexaazatriphenylene core with the three peripheral
phenanthrene/phenanthroline rings. The extended aggregates
of the π-stacked aromatic moieties would provide an efficient
path for the electron-carrier transport within the one-
dimensional aggregate structures. It is convinced that the
present study provide new valuable information for creat-
ing as an electron-carrier transporting material in the
organic devices such as an organic field effect transistor
and photovoltaic cell. We are currently in the process of
obtaining electron-mobility measurements.

Experimental Section

SpectroscopicMeasurements.UV-vis spectra were measured
in a 0.01 cmwidth quartz cell (1.0mM), a 0.1 cm cell (0.1mM), a
1.0 cm cell (0.01 mM), and a 10.0 cm cell (0.001 mM). Fluores-
cence spectra were measured in a 1.0 cm width quartz cell.

Preparation of Spin-Coated Films. Film samples for UV-vis
and fluorescence spectroscopy were prepared by drop-casting
and subsequent spin-coating (2000 rpm, 30 s) from 1.0 mM
cyclohexane solutions (100 μL� 3) on quartz cell (12.5� 12.5�
45 mm).

Electrochemical Measurement. Cyclic voltammetry measure-
ments were measured in deaerated dichloromethane solution
(0.5 mM) containing tetrabutylammonium hexafluoroborate
(0.1 M) as a supporting electrolyte at 298 K at scan rate
of 10-100 mV s-1 (10 mV s-1 for 14b and 100 mV s-1 for 6c,
14c, and HAT-Ph). The glassy carbon working electrode was
polished with BAS polishing alumina suspension and rinsed
with acetone before use. The counter electrode was a platinum
wire. The measured potentials were recorded with respect to an
Ag/AgCl (saturated KCl) reference electrode.

General Procedure for Preparation of 3,6-Bis(4-butylphenyl)-
9,10-phenanthrenequinone (4a). A mixture of 2 (831 mg, 2.27
mmol) and tetrakis(triphenylphosphine)palladium(0) (552 mg,
0.455 mmol) in deaerated DME (45mL) was heated at 60 �C for
5 min under an argon atmosphere. To the mixture were added
4-butylphenylboronic acid (3a) (890 mg, 5.0 mmol) and deaer-
ated aqueous 2M sodium carbonate solution (22.5mL) at 60 �C,
and the mixture was heated at 85 �C for 18 h. The reaction
mixture was poured into water and extracted with dichloro-
methane. The organic layer was washed with brine and water,
dried over anhydrous magnesium sulfate, and evaporated in
vacuo to dryness. The residue (1.31 g) was purified by silica gel
column chromatography (WAKO C300) eluting with hexane/
dichloromethane (1:4, v/v) and by recrystallization from hexane/
dichloromethane to give 4a in 63% yield (677 mg, 1.43 mmol)
as yellow powder: mp 211-213 �C; IR (KBr, cm-1) 3023,
2955, 2927, 2856, 1671 (νCdO), 1594, 1393, 1316, 1236, 1188,
926, 840, 824; 1HNMR (CDCl3) δ 0.96 (t, J=7.3Hz, 6H), 1.41
(sept, J=7.3Hz, 4H), 1.66 (quint, J=7.3Hz, 4H), 2.71 (t, J=
7.3Hz, 4H), 7.35 (d, J=8.3Hz, 4 H), 7.63 (d, J=8.3Hz, 4H),
7.69 (dd, J=1.5, 8.3 Hz, 2 H), 8.26 (d, J=1.5Hz, 2H), 8.28 (d,
J = 8.3 Hz, 2 H); 13C NMR (CDCl3) δ 13.9, 22.3, 33.5, 35.4,
122.4, 127.2, 128.1, 129.2, 129.7, 131.1, 136.1, 136.8, 144.3,
148.8, 180.0; FAB-MS (positive, NBA) m/z 473 [(M þ 1)þ].

Anal. Calcd for C34H32O2 (472.62): C, 86.40; H, 6.82. Found: C,
86.21; H, 6.81.

3,6-Bis(4-hexylphenyl)-9,10-phenanthrenequinone (4b).Yellow
powder; mp 156-158 �C; IR (KBr, cm-1) 3023, 2954, 2925,
2854, 1671 (νCdO), 1593, 1394, 1316, 1296, 1237, 1188, 927, 842,
812; 1HNMR(CDCl3) δ 0.90 (t, J=6.8Hz, 6H), 1.23-1.46 (m,
12 H), 1.68 (quint, J = 7.8 Hz, 4 H), 2.70 (t, J = 7.8 Hz, 4 H),
7.34 (d, J=8.3Hz, 4H), 7.62 (d, J=8.3Hz, 4H), 7.67 (dd, J=
1.5, 8.3Hz, 2H), 8.26 (d, J=1.5Hz, 2H), 8.27 (d, J=8.3Hz, 2
H); 13CNMR (CDCl3) δ 14.1, 20.6, 29.0, 31.4, 31.7, 35.7, 122.4,
127.2, 128.1, 129.2, 129.7, 131.2, 136.2, 136.8, 144.3, 148.8,
180.1; FAB-MS (positive, NBA) m/z 529 [(M þ 1)þ]. Anal.
Calcd forC38H40O2 (528.72): C, 86.32;H, 7.63. Found: C, 86.11;
H, 7.59.

3,6-Bis(4-octylphenyl)-9,10-phenanthrenequinone (4c).Yellow
powder: mp 157-158 �C; IR (KBr, cm-1) 3023, 2956, 2925,
2853, 1671 (νCdO), 1593, 1391, 1316, 1297, 1237, 1188, 927, 841,
811; 1HNMR(CDCl3) δ 0.90 (t, J=6.8Hz, 6H), 1.23-1.42 (m,
20 H), 1.67 (quint, J = 7.8 Hz, 4 H), 2.67 (t, J = 7.8 Hz, 4 H),
7.35 (d, J=8.3Hz, 4H), 7.63 (d, J=8.3Hz, 4H), 7.69 (dd, J=
1.5, 8.3 Hz, 2 H), 8.26 (d, J= 1.5 Hz, 2 H), 8.28 (d, J= 8.3 Hz,
2 H); 13CNMR (CDCl3) δ 14.1, 22.7, 29.2, 29.3, 29.5, 31.4, 31.9,
35.7, 122.4, 127.7, 128.1, 129.3, 129.7, 131.2, 136.2, 136.8, 144.3,
148.8, 180.1; FAB-MS (positive, NBA) m/z 585 [(M þ 1)þ].
Anal. Calcd for C42H48O2 (584.83): C, 86.26; H, 8.27. Found: C,
85.88; H, 8.22.

3,6-Bis(4-octyloxylphenyl)-9,10-phenanthrenequinone (4d).
Yellow powder; mp 110-112 �C; IR (KBr, cm-1) 3069, 3054,
2954, 2922, 2851, 1659 (νCdO), 1591, 1519, 1309, 1244, 1185, 824;
1H NMR (CDCl3) δ 0.90 (t, J= 6.8 Hz, 6 H), 1.25-1.43 (m, 16
H), 1.49 (quint, J= 6.8 Hz, 4 H), 1.83 (quint, J= 6.8 Hz, 4 H),
4.04 (t, J=6.8 Hz, 4 H), 7.05 (d, J=8.8Hz, 4 H), 7.65 (dd, J=
1.5, 8.3 Hz, 2 H), 7.65 (d, J= 8.8 Hz, 4 H), 8.22 (d, J= 1.5 Hz,
2 H), 8.25 (d, J= 8.3 Hz, 2 H); 13C NMR (CDCl3) δ 14.1, 22.7,
26.0, 29.22, 29.24, 29.4, 31.8, 68.3, 115.2, 121.9, 127.7, 128.6,
129.4, 131.2, 131.6, 136.2, 148.4, 160.2, 180.1; FAB-MS (positive,
NBA)m/z 617 [(Mþ 1)þ]. Anal. Calcd for C42H48O4 (616.83): C,
81.78; H, 7.84. Found: C, 81.78; H, 7.82.

General Procedure for Preparation of 3,6,13,16,23,26-

Hexakis(4-butylphenyl)-triphenanthro[9,10-b:90,100-h:900,100 0-n]-
1,4,5,8,9,12-hexaazatriphenylene (6a). To a solution of 4a (473
mg, 1.0 mmol) and crushed potassium carbonate (140 mg,
1.0 mmol) in dry ethanol (7.5 mL) and dry THF (15 mL) was
added hexaaminobenzene trihydrochloride (5) (97 mg, 0.35
mmol), and the mixture was heated at the refluxing temperature
for 19 h under an argon atmosphere. The reaction mixture was
poured into water and extracted with chloroform. The organic
layers was washed with brine and water, dried over anhydrous
magnesium sulfate, and evaporated in vacuo to dryness. The
residue (631 mg) was subjected to silica gel column chromatog-
raphy (WAKO C300) eluting with chloroform to give crude
product (285 mg). The crude product was purified by GPC
eluting with chloroform to give 6a in 12% yield (59 mg, 0.0399
mmol): viscous dark brown solid; mp>350 �C; IR (KBr, cm-1)
3022, 2953, 2925, 2854, 1609, 1498, 1458, 1437, 1398, 1366, 1300,
1247, 1184, 1155, 823; 1H NMR (CDCl2CDCl2, 120 �C) δ 1.19
(t, J=7.3 Hz, 18 H), 1.65 (sept, J=7.3 Hz, 12 H), 1.90 (quint,
J=7.3Hz, 12H), 2.88 (t, J=7.3Hz, 12H), 7.37 (d, J=6.8Hz,
12 H), 7.66 (d, J= 6.8 Hz, 12 H), 7.83 (br-d, 6 H), 8.36 (br-s, 6
H), 9.26 (br-d, 6 H); 13C NMR (CDCl2CDCl2, 120 �C) δ 14.1,
22.8, 33.9, 35.6, 120.5, 126.0, 127.0, 127.5, 129.0, 129.1, 131.9,
138.6, 140.6, 141.2, 141.4, 142.3; MALDI-TOF-MS (positive,
dithranol) m/z 1476.90 (Mþ, calcd for C108H96N6, 1476.77).
Anal. Calcd for C108H96N6 3 0.2CHCl3 (1477.96): C, 86.53; H,
6.46; N, 5.60. Found: C, 86.46; H, 6.55; N, 5.72.

3,6,13,16,23,26-Hexakis(4-hexylphenyl)triphenanthro[9,10-
b:90,100-h:90 0,1000-n]-1,4,5,8,9,12-hexaazatriphenylene (6b). Vis-
cous dark brown solid; mp >350 �C; IR (KBr, cm-1) 3022,
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2954, 2925, 2853, 1609, 1498, 1457, 1436, 1397, 1366, 1301, 1249,
1184, 1155, 817; 1H NMR (CDCl2CDCl2, 120 �C) δ 1.11 (t, J=
7.3 Hz, 18 H), 1.35-1.72 (m, 36 H), 1.92 (quint, J = 7.3 Hz,
12 H), 2.86 (t, J=7.3 Hz, 12 H), 7.35 (d, J=7.3Hz, 12 H), 7.62
(d, J=7.3Hz, 12H), 7.77 (br-d, 6H), 8.28 (br-s, 6H), 9.15 (br-d,
6 H); 13C NMR (CDCl2CDCl2, 120 �C) δ 14.2, 22.9, 29.5,
31.4, 32.1, 36.0, 120.5, 126.0, 127.1, 127.5, 128.9, 129.1, 132.0,
138.5, 140.8, 141.3, 141.5, 142.4; MALDI-TOF-MS (positive,
dithranol) m/z 1645.08 (Mþ, calcd for C120H120N6, 1644.96).
Anal. Calcd for C120H120N6 3 0.1CHCl3 (1646.28): C, 86.99; H,
7.30; N, 5.07. Found: C, 87.02; H, 7.28; N, 5.09.

3,6,13,16,23,26-Hexakis(4-octylphenyl)triphenanthro[9,10-
b:90,100-h:90 0,100 0-n]-1,4,5,8,9,12-hexaazatriphenylene (6c). Vis-
cous dark brown solid; mp >350 �C; IR (KBr, cm-1) 3023,
2955, 2925, 2853, 1610, 1514, 1499, 1466, 1437, 1400, 1368, 1302,
1250, 1185, 1156, 824; 1H NMR (CDCl2CDCl2, 120 �C) δ 1.07
(t, J= 6.3 Hz, 18 H), 1.34-1.77 (m, 60 H), 1.90 (quint, J= 7.8
Hz, 12 H), 2.85 (t, J=7.8 Hz, 12 H), 7.33 (br-d, 12 H), 7.59 (br-
d, 12 H), 7.74 (br-d, 6 H), 8.23 (br-s, 6 H), 9.09 (br-d, 6 H); 13C
NMR (CDCl2CDCl2, 120 �C) δ 14.1, 22.8, 29.5, 29.8, 29.9,
31.5, 32.2, 36.0, 120.7, 126.3, 127.2, 127.6, 129.0, 129.7, 132.2,
138.5, 141.0, 141.6, 142.1, 142.5; MALDI-TOF-MS (positive,
dithranol) m/z 1813.53 (Mþ, calcd for C132H144N6, 1813.15).
Anal. Calcd for C132H144N6 (1814.60): C, 87.37; H, 8.00; N,
4.63. Found: C, 87.15; H, 8.00; N, 4.67.

3,6,13,16,23,26-Hexakis(4-octyloxyphenyl)triphenanthro-
[9,10-b:90,100-h:90 0,100 0-n]-1,4,5,8,9,12-hexaazatriphenylene (6d).
Viscous dark brown solid; mp >350 �C; IR (KBr, cm-1) 3036,
2952, 2925, 2854, 1606, 1514, 1499, 1472, 1367, 1246, 1179, 823;
1H NMR (CDCl2CDCl2, 120 �C) δ 1.07 (t, J = 6.8 Hz, 18 H),
1.40-1.63 (m, 48 H), 1.71 (quint, J=6.8 Hz, 12 H), 2.01 (quint,
J=6.8Hz, 12H), 4.17 (t, J=6.8Hz, 12H), 7.08 (d, J=8.3Hz,
12H), 7.63 (d, J=8.3Hz, 12H), 7.77 (br-d, 6H), 8.28 (br-s, 6H),
9.17 (br-d, 6 H); 13C NMR (CDCl2CDCl2, 120 �C) δ 14.1, 22.8,
26.5, 29.5, 29.7, 29.9, 32.1, 68.9, 115.5, 120.0, 125.9, 127.1, 128.6,
128.9, 132.0, 133.6, 141.0, 141.3, 141.4, 159.5;MALDI-TOF-MS
(positive, dithranol) m/z 1909.31 (Mþ, calcd for C132H144N6O6,
1909.11). Anal. Calcd for C132H144N6O6 3 0.1CHCl3 (1910.59): C,
82.53; H, 7.55; N, 4.37. Found: C, 82.40; H, 7.63; N, 4.32.

2,9-Dibromo-1,10-phenanthroline (11).Amixtureof 10 (2.38 g,
9.55 mmol) in phosphorus tribromide (14.5 mL, 154 mmol)
was heated at 170 �C for 5.5 h under an argon atmosphere. After
the reaction mixture was cooled to room temperature, it was
quenched by addition of cold water and neutralized with sodium
hydrogencarbonate. The formed solid was collected by filtration
and washed with water and methanol. The solid (2.63 g) was
purified by recrystallization from chloroform to give 11 in 74%
yield (2.40 g, 7.09 mmol) as white powder: mp 225-227 �C; IR
(KBr, cm-1) 3041, 1588, 1573, 1546, 1471, 1439, 1408, 1343, 1243,
1123, 1112, 1063, 878, 849, 786, 726, 621, 601, 573, 548; 1HNMR
(CDCl3) δ 7.80 (d, J = 8.3 Hz, 2 H), 7.83 (s, 2 H), 8.09 (d, J =
8.3 Hz, 2 H); 13C NMR (CDCl3) δ 126.5, 127.9, 128.5, 138.2,
143.1, 145.5; FAB-MS (positive, NBA) m/z 337, 339, 341 [1:2:1,
(M þ 1)þ ]. Anal. Calcd for C12H6Br2N2 (335.89): C, 42.64; H,
1.79; N, 8.29. Found: C, 42.71; H, 1.87; N, 8.34.

2,9-Dibromo-1,10-phenanthroline-5,6-dione (12). To a mix-
ture of 11 (2.34 g, 6.91 mmol) and KBr (8.29 g, 69.1 mmol)
was added dropwise concd sulfuric acid (28mL) along the vessel
wall at 0 �C. Then concd nitric acid (14mL) was added dropwise
along the vessel wall at 0 �C. Themixture was heated at 80 �C for
3 h. After the reaction mixture was cooled to 0 �C, it was poured
slowly into ice water and neutralized with saturated sodium
hydrogencarbonate aqueous solution. The formed precipitate
was collected by filtration and washed with water and methanol
to give 12 in 67% yield (1.71 g, 4.64 mmol) as pale yellow
powder. An analytical sample obtained by GPC eluting with
chloroform. Mp 252-254 �C; IR (KBr, cm-1) 3071, 1693
(νCdO), 1601, 1561, 1436, 1356, 1296, 1234, 1122, 1108, 1076,

1012, 922, 856, 842, 745, 566; 1H NMR (CDCl3,) δ 7.79 (d, J=
8.3 Hz, 2 H), 8.30 (d, J = 8.3 Hz, 2 H); 13C NMR (CDCl3) δ
127.1. 131.1, 138.9, 150.7, 152.2, 177.5; FAB-MS (positive,
NBA) m/z 367, 369, 371 [1:2:1, (M þ 1)þ]. Anal. Calcd for
C12H4Br2N2O2 (365.86): C, 39.17; H, 1.10; N, 7.61. Found: C,
38.91; H, 1.18; N, 7.43.

2,9-Bis(4-butylphenyl)-1,10-phenanthroline-5,6-dione (13a).
Pale orange solid; mp 186-188 �C; IR (KBr, cm-1) 3060,
3029, 2956, 2927, 2857, 1675 (νC=O), 1571, 1515, 1462, 1442,
1371, 1325, 1181, 924, 829, 768; 1H NMR (400 MHz) δ 0.97 (t,
J=7.3 Hz, 6 H), 1.41 (sext, J=7.3 Hz, 4 H), 1.68 (quint, J=
7.3Hz, 4H), 2.74 (t, J=7.3Hz, 4H), 7.42 (d, J=8.3Hz, 4H),
8.00 (d, J=8.3Hz, 2 H), 8.31 (d, J=8.3Hz, 4 H), 8.53 (d, J=
8.3 Hz, 2 H); 13C NMR (CDCl3) δ 14.0, 22.3, 33.4, 35.6, 121.0,
126.5, 127.9, 129.3, 135.1, 137.9, 146.6, 153.1, 162.9, 178.9;
FAB-MS (positive, NBA)m/z 475 [(M þ 1)þ]. Anal. Calcd for
C32H30N2O2 (474.23): C, 80.98; H, 6.37; N, 5.90; Found: C,
80.68; H, 6.34; N, 5.85.

2,9-Bis(4-octylphenyl)-1,10-phenanthroline-5,6-dione (13b).
Yellow needles; mp 134-135 �C; IR (KBr, cm-1) 3061, 3029,
2956, 2925, 2852, 1671 (νCdO), 1570, 1462, 1442, 1374, 1325,
1181, 1094, 925, 829, 768; 1H NMR (CDCl3) δ 0.91 (t, J= 6.8
Hz, 6 H), 1.21-1.39 (m, 10 H), 1.69 (quint, J = 7.3 Hz, 4 H),
2.71 (t, J=7.3 Hz, 4 H), 7.38 (d, J=8.4 Hz, 4 H), 8.01 (d, J=
8.1 Hz, 2 H), 8.32 (d, J = 8.4 Hz, 4 H), 8.54 (d, J = 8.1 Hz,
2 H); 13C NMR (CDCl3) δ 14.1, 22.7, 29.25, 29.29, 29.5, 31.2,
31.9, 35.9, 120.9, 126.4, 127.9, 129.2, 135.1, 137.8, 146.6,
153.0, 162.9, 178.9; FAB-MS (positive, NBA) m/z 587 [(M þ
1)þ]. Anal. Calcd for C40H46N2O2 (586.81): C, 81.87; H, 7.90;
N, 4.77. Found: C, 81.78; H, 7.86 ; N, 4.74.

2,9-Bis(4-octyloxyphenyl)-1,10-phenanthroline-5,6-dione (13c).
Pale orange solid; mp 143-144 �C; IR (KBr, cm-1) 3020, 2922,
2852, 1671 (νCdO), 1605, 1571, 1511, 1467, 1445, 1373, 1328,
1251, 1173, 826; 1H NMR (CDCl3) δ 0.90 (t, J = 6.8 Hz, 6 H),
1.27-1.42 (m, 12H), 1.47-1.60 (m, 8H), 1.85 (quint, J=6.8Hz,
4 H), 4.09 (t, J=6.8 Hz, 4 H), 7.10 (d, J=9.0 Hz, 4 H), 7.95 (d,
J= 8.3 Hz, 2 H), 8.36 (d, J=9.0 Hz, 4 H), 8.50 (d, J= 8.3 Hz,
2 H); 13C NMR (CDCl3) δ 14.1, 22.7, 22.0, 29.22, 29.24, 29.4,
31.8, 68.3, 115.0, 120.2, 126.0, 129.5, 130.0, 137.7, 153.0, 161.9,
162.3, 178.8; FAB-MS (positive, NBA) m/z 619 [ (M þ 1)þ ].
Anal. Calcd for C40H46N2O4 (618.35): C, 77.64; H, 7.49; N, 4.53;
Found: C, 77.28; H, 7.38; N, 4.50.

3,6,13,16,23,26-Hexakis(4-butylphenyl)tri-1,10-phenanthrolino-
[5,6-b:50,60-h:50 0,60 0-n]-1,4,5,8,9,12-hexaazatriphenylene (14a).
Dark brown solid; mp >350 �C; IR (KBr, cm-1) 3061, 3025,
2954, 2926, 2856, 1582, 1568, 1490, 1369, 1282, 1219, 1180,
1158, 1017, 829, 769; 1HNMR (CD2Cl2:CF3COOD, 9:1 (v/v))
δ 1.04 (t, J=7.8 Hz, 18 H), 1.49 (sext, J=7.8 Hz, 12 H), 1.79
(quint, J = 7.8 Hz, 12 H), 2.90 (t, J = 7.8 Hz, 12 H), 7.72 (d,
J=7.3 Hz, 12 H), 8.35 (d, J= 7.3 Hz, 12 H), 8.94 (br-d, 6 H),
10.59 (br-d, 6 H); 13C NMR (CD2Cl2/CF3COOD, 9:1 (v/v)) δ
14.1, 22.8, 33.7, 36.1, 126.0, 127.8, 128.6, 130.7, 131.0, 139.8,
141.0, 141.4, 144.2, 150.6, 158.7; MALDI-TOF-MS (positive,
dithranol) m/z 1482.20 (Mþ, calcd for C102H90N12, 1482.74).
Anal. Calcd for C102H90N12 3 0.1CHCl3 (1483.89): C, 82.27; H,
6.09; N, 11.28. Found: C, 82.02; H, 6.21; N, 11.08.

3,6,13,16,23,26-Hexakis(4-octylphenyl)-tri-1,10-phenanthrolino-
[5,6-b:50,60-h:500,60 0-n]-1,4,5,8,9,12-hexaazatriphenylene (14b).
Brown solid; mp >350 �C; IR (KBr, cm-1) 3060, 3026, 2924,
2852, 1582, 1568, 1491, 1426, 1369, 1282, 1219, 1178, 1158,
1017, 830, 769; 1HNMR (CD2Cl2:CF3COOD, 9:1 (v/v)) δ 0.82
(t, J=6.8 Hz, 18 H), 1.10-1.37 (m, 60 H), 1.70 (quint, J=7.8
Hz, 12H), 2.79 (t, J=7.8Hz, 12H), 7.61 (d, J=6.8Hz, 12H),
8.25 (d, J = 6.8 Hz, 12 H), 8.84 (br-d, 6 H), 10.50 (br-d, 6 H);
13C NMR (CD2Cl2/CF3COOD, 9:1 (v/v)) δ 14.2, 23.1, 29.7,
29.8, 29.9, 31.6, 32.3, 36.5, 125.9, 127.8, 128.6, 130.7, 131.1,
139.8, 141.1, 141.3, 144.2, 150.8, 158.8; MALDI-TOF-MS
(positive, dithranol) m/z 1819.13 (Mþ, calcd for C126H138N12,
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1819.12). Anal. Calcd for C126H138N12 3 0.1CHCl3 (1820.52):
C, 82.65; H, 7.60; N, 9.17. Found: C, 82.39; H, 7.43; N, 9.07.

3,6,13,16,23,26-Hexakis(4-octyloxyphenyl)-tri-1,10-
phenanthrolino[5,6-b:50,60-h:50 0,60 0-n]-1,4,5,8,9,12-hexaazatri-
phenylene (14c). To a solution of 13c (118 mg, 0.20 mmol) in
dearerated acetic acid (3 mL) was added hexaaminobenzene
trihydrochloride (5) (21 mg, 0.076 mmol), and the mixture was
heated at refluxing temperature for 12.5 h under an argon
atmosphere. The reaction mixture was poured into water and
extracted with chloroform. The organic layer was washed with
2 M sodium carbonate aqueous solution and water, dried over
anhydrous magnesium sulfate, and evaporated in vacuo to
dryness. The residue (98 mg) was subjected to silica gel column
chromatography (WAKO C300) eluting with chloroform to
give crude product (69 mg). The crude product was purified
byGPC elutingwith chloroform to give 14c in 41%yield (52mg,
0.027 mmol) as a dark brown solid: mp >350 �C; IR (KBr,
cm-1) 3066, 3040, 2924, 2853, 1607, 1571, 1510, 1491, 1472,
1370, 1307, 1285, 1250, 1217, 1172, 826, 772; 1HNMR (CD2Cl2:
CF3COOD, 9:1 (v/v)) δ 0.95 (t, J=6.8Hz, 18H), 1.37-1.59 (m,
60H), 1.95 (quint, J=6.8Hz, 12H), 4.27 (t, J=6.8Hz, 12H),
7.40 (d, J=7.3Hz, 12H), 8.41 (d, J=7.3Hz, 12H), 8.88 (br-d,
6 H), 10.54 (br-d, 6 H); 13C NMR (CD2Cl2:CF3COOD, 9:1
(v/v)) δ 14.3, 23.1, 23.4, 29.5, 29.7, 29.8, 32.3, 69.6, 116.9,
124.6, 125.0, 126.7, 130.3, 139.4, 140.5, 140.6, 143.6, 157.7,
164.7; MALDI-TOF-MS (positive, dithranol) m/z 1915.56
(Mþ, calcd for C126H138N12O6, 1915.09). Anal. Calcd for

C126H138N12O6 3 0.1CHCl3 (1916.52): C, 78.54; H, 7.22; N,
8.72. Found: C, 78.48; H, 7.07; N, 8.85.
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