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Two disk-like D–A type chromophores with multi-triphenylamine donors and hexaazatriphenylenes
acceptors were synthesized and fully characterized by 1H and 13C NMR, elemental analysis and mass
spectrometry. The effects of the hexaazatriphenylene on the optical and electrochemical properties
and band gap of the chromophores were investigated. As the hexaazatriphenylene core fused with three
thiophene rings, the band gaps of the compounds could be tuned from 1.65 eV to 1.15 eV. The p–p*
absorption peak and charge-transfer absorption peak of the hexaazatriphenylene compounds were red
shifted from visible spectrum region (393 and 530 nm) to near-infrared spectrum region (542 and
756 nm). In addition, due to an increase in the p electronic coupling between electron donor and electron
acceptor, the extinction coefficient (charge-transfer absorption) of the hexaazatriphenylene compound
decreases 85% from 3.4 � 104 mol�1 dm�3 cm�1 to 0.5 � 104 mol�1 dm�3 cm�1.

� 2010 Elsevier Ltd. All rights reserved.
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There is a continuing interest in low band gap organic materials
due to their advanced electronic and electro-optic properties.1 The
main principles for constructing low band-gap polymers include
tailoring the aromatic/quinoid character of a conjugated system,
its rigidification into a planar conformation and the alternation of
p-donor and p-acceptor fragments in the polymer chain. Further-
more, much less is known about monomeric organic compounds
with a low HOMO–LUMO gap, which can be engineered by linkage
of an electron donor (introducing a high-lying HOMO) and an elec-
tron acceptor (introducing a low-lying LUMO) with a spacer unit
which precludes mixing of HOMO and LUMO orbitals.2 Thus, the
donor–acceptor (D–A) type of chromophores are particularly of
interest to us as potential NIR chromophores because their band
gap levels can be readily tuned through a variety of donors and
acceptors.3 However, compared to the vast majority of known elec-
tron donor compounds, there is only a few electron acceptor mol-
ecules have been synthesized and studied.4

Recently, pyrazine has been used in the design and synthesis of
electron acceptor materials, owing to its electron-deficient nat-
ure.5–8 Our research group has studied a series of pyrazine-con-
taining acene-type conjugated molecules, and some unique
structure–property relationships have been reported.9 Among the
pyrazine compounds, the hexaazatriphenylene that contains three
p-deficient pyrazine nuclei at its core has been investigated as
electron acceptor materials.10 Very recently, Wang and co-workers
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reported the synthesis and characterization of a new series of mul-
ti-armed disk-like D–A type of NIR chromophores having a large
hexaazatriphenylene heterocyclic acceptor as a core.11 The thie-
no[3,4-b]pyrazines appear to be an ideal candidate for band gap
modulation, which could lower the band gap dramatically when
incorporated into a polymer backbone.12 Furthermore, the tris (thi-
eno)hexaazatriphenylene compounds, bearing three fused thie-
no[3,4-b]pyrazines as core, show electron-accepting ability.13

Here, we report two tunable band gaps of chromophores for
near-infrared absorbing with multi-triphenylamine donors and tris
(thieno)hexaazatriphenylenes acceptors (Scheme 1).

The synthetic approach of compound 2 is outlined in
Scheme 2.14,15 Stille coupling between 2,5-dibromo-3,4-dinitrothi-
ophene and tributyl[4-(N,N-diphenylamino)phenyl]stannane gave
the intermediate 5, which was reduced with SnCl2 in the presence
of HCl to afford diamine 6 in a yield of 80%. Tricondensed of the
hexaketocyclohexane with precursor 6 in acetic acid gave raw
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Figure 1. Cyclic voltammograms of compounds 1 and 2 were performed with a
three-electrode cell in 5.0 � 10�4 mol/L dichloromethane solution with 0.1 M
tetrabutylammoniumperchlorate at a scan rate of 100 mV/s. A glass carbon disk
(2-mm diameter) was used as a working electrode with a Pt wire as the counter
electrode and an Ag/AgCl electrode as the reference electrode.
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Scheme 2. Synthetic sequence of hexaazatriphenylene compound.
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products. After purification by silica gel column chromatography,
pure compound 2 was obtained in good yield of 70%. However,
both hexaketocyclohexane and precursor 6 are air sensitive, they
have to be freshly prepared. Otherwise, the yield of the condensa-
tion products drops significantly. Structures of compounds 2 and 1
were confirmed by NMR spectra, elemental analysis and mass
spectra. Thermogravimetric analysis (TGA) performed under nitro-
gen revealed that these compounds were thermally stable with
weight loss temperature beyond 400 �C.

The electrochemical properties of compounds 1 and 2 in CH2Cl2

were studied in a three-electrode electrochemical cell with Bu4N-
ClO4 (0.1 M) electrolyte and Ag/AgCl reference electrode. The cor-
responding data are collected in Table 1. Figure 1 shows the
cyclic voltammograms of compounds 1 and 2. On cathodic scan-
ning, compound 1 exhibits one reversible reduction wave at
�0.70 V versus Ag/AgCl and the second quasi-reversible reduction
wave at �1.06 V. Compounds 2 also exhibit two reduction waves.
The first reduction wave of compound 2 is shifted by 290 mV to
more positive potential compared to that of compound 1, suggest-
ing the enhanced electron affinity. Replaced three benzene rings in
the hexaazatrinaphthylene by three electron-rich thiophene rings,
compound 2 has three fused thieno[3,4-b]pyrazines, which is a
polarized species and lowers the reduction potentials dramatically.
Scanning from 0 to 1.6 V, compounds 1 and 2 show reversible mul-
ti-electron oxidation wave at 0.95 V and 0.74, respectively. Com-
pared to compound 1, the oxidation potential of compound 2 is
shifted by 210 mV to more negative potential. It attributes to the
conjugation between the aryl substituents and the hexaazatri-
phenylene core. The dihedral angle of 1,2-diaryl-benzene is usually
larger than the dihedral angle of 1,2-diaryl-thiophene.16,17 It is very
interesting that electron-rich thiophene rings fused with hexaaz-
atriphenylene can improve reduction potentials, and reduce oxida-
tion potentials of the donor–acceptor type chromophores.

The lowest unoccupied molecular orbital (LUMO), the highest
occupied molecular orbital (HOMO) and band gap (Eg) levels of
these compounds were determined from their electrochemical
Table 1
Optical and electrochemical properties and band gap data of hexaazatriphenylene compou

Compound kabs (e/10�4[mol/L cm]) E1
gap

a Eox

(nm) (nm) (eV) (V)

1 392 (3.93) 530 (3.40) 2.05 0.95
2 542 (2.40) 756 (0.50) 1.31 0.74

a E1
gap ¼ 1240=kabs

onset.
b HOMO = �(4.40 + Eox).
c LUMO = �(4.40 + Ere).
d E2

gap ¼ Eox � Ere.
data and their absorption data. The LUMO and HOMO were esti-
mated from the onset reduction potentials and the onset oxidation
potentials, respectively. The LUMO, HOMO and Eg levels of com-
pounds 1 are �3.70, �5.35 and 1.65 eV, respectively. Fused three
electron-rich thiophene rings with hexaazatrinaphthylene, the
LUMO, HOMO and Eg levels of compound 2 are shifted to �3.99,
�5.14 and 1.15 eV. In comparison, compound 2 has relatively low-
er LUMO, higher HOMO and small band gap.

The absorption of compound 1 and 2 was recorded in dichloro-
methane (Fig. 2). The absorption bands of compound 1 with peak
at 393 nm are attributed to the hexaazatriphenylene core p–p*
transition, while the absorption bands with peak at 530 nm are
attributed to the charge-transfer absorption involving the elec-
tronic transition from the donor moieties (triphenylamine) to the
nds

HOMOb Ered (V) LUMOc
E2

gap
d

(eV) E1 (V) E2 (V) (eV) (eV)

�5.35 �0.70 �1.06 �3.70 1.65
�5.14 �0.41 �0.65 �3.99 1.15



300 400 500 600 700 800 900 1000
0.0

0.3

0.6

0.9

1.2
In

te
ns

ity
 (a

.u
.)

Wavelength (nm)

1
2

Figure 2. Absorption spectra of compounds 1 and 2 in dichloromethane solution
with a concentration of 10�5 mol/L.
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electron-deficient hexaazatriphenylene core. Compared with com-
pound 1, the p–p* transition and the charge-transfer absorption of
compound 2 are red shifted to 542 nm and 756 nm, respectively.
The CT bands of compound 2 appear at near-infrared wavelengths
(756 nm), further indicating a greater electron-accepting ability of
the core of compound 2. Replaced three benzene rings in the hexa-
azatrinaphthylene by three electron-rich thiophene rings, the
extinction coefficient (charge-transfer absorption) of the hexaaz-
atriphenylene compounds decreases 85% from 3.4 � 104 mol�1

dm�3 cm�1 to 0.5 � 104 mol�1 dm�3 cm�1. This indicates that the
p electronic coupling between electron donor and electron acceptor
is enhanced, but charge-transfer characterization is reduced.18

In summary, the two chromophores with multi-triphenylamine
donors and hexaazatriphenylenes acceptors have been successfully
designed and synthesized. The energy band of these two chro-
mophores has been investigated. The data indicate that the fused
electron-rich thiophene is a good building block for modulate band
gap of the D–A type chromophores. The disk-like D–A type com-
pound 2 has relatively lower LUMO, higher HOMO, smaller band
gap than compound 1, corresponding to charge-transfer absorption
red shifted to near-infrared spectrum band.

Acknowledgements

This work is supported by the National Natural Science Founda-
tion of China (20804012 and 20574067) and the Science Research
Project of Department of Education of Hebei Province (2007413).

References and notes

1. (a) Roncali, J. Chem. Rev. 1997, 97, 173; (b) Akoudad, S.; Roncali, J. Chem.
Commun. 1998, 2081.
2. (a) Le Paillard, M. P.; Robert, A.; Garrigou, C.; Delhaes, P.; Le Magueres, P.;
Ouahab, L.; Toupet, L. Synth. Met. 1993, 58, 223; (b) Nielsen, M. B.; Nielsen, S. B.;
Becher, J. Chem. Commun. 1998, 475.

3. (a) van Mullekom, H. A. M.; Vekemans, J. A. J. M.; Havinga, E. E.; Meijer, E. W.
Mater. Sci. Eng. R 2001, 32, 1; (b) Wudl, F.; Kobayashi, M.; Heeger, A. J. Org.
Chem. 1984, 49, 3382.

4. Newman, C. R.; Frisbie, C. D.; da Silva Filho, D. A.; Bredas, J.-L.; Ewbank, P. C.;
Mann, K. R. Chem. Mater. 2004, 16, 4436.

5. (a) Chang, T.-H.; Wu, R.-R.; Chiang, M. Y.; Liao, S.-C.; Ong, C. W.; Hsu, H.-F.; Lin,
S.-Y. Org. Lett. 2005, 7, 4075; (b) Ishi-i, T.; Murakami, K.; Imai, Y.; Mataka, S. Org.
Lett. 2005, 7, 3175; (c) Ishi-i, T.; Yaguma, K.; Kuwahara, R.; Taguri, Y.; Mataka, S.
Org. Lett. 2006, 8, 585.

6. (a) Yip, H.-L.; Zou, J.; Ma, H.; Tuan, Y.; Tucker, N. M.; Jen, A. K.-Y. J. Am. Chem.
Soc. 2006, 128, 13042; (b) Ong, C. W.; Liao, S.-C.; Chang, T.-H.; Hsu, H.-F. J. Org.
Chem. 2004, 69, 3181; (c) Ong, C. W.; Liao, S.-C.; Chang, T.-H.; Hsu, H.-F.
Tetrahedron Lett. 2003, 44, 1477; (d) Kestemont, G.; de Halleux, V.; Lehmann,
M.; Ivanov, D. A.; Watson, M.; Geerts, Y. H. Chem. Commun. 2001, 2074.

7. (a) Jang, K.; Kinyanjui, J. M.; Hatchett, D. W.; Lee, D.-C. Chem. Mater. 2009,
21, 2070; (b) Lee, D.-C.; McGrath, K. K.; Jang, K. Chem. Commun. 2008,
3636.

8. (a) Hu, J.; Zhang, D.; Jin, S.; Cheng, S. Z. D.; Harris, F. W. Chem. Mater. 2004, 16,
4912; (b) Kaafarni, B. R.; Lucas, L. A.; Wex, B.; Jabbour, G. E. Tetrahedron Lett.
2007, 48, 5995; (c) Lucas, L. A.; DeLongchamp, D. M.; Richter, L. J.; Kline, R. J.;
Fischer, D. A.; Kaafarani, B. R.; Jabbour, G. E. Chem. Mater. 2008, 20, 5743.

9. Gao, B. X.; Wang, M.; Cheng, Y. X.; Wang, L. X.; Jing, X. B.; Wang, F. S. J. Am.
Chem. Soc. 2008, 130, 8297.

10. (a) Lemaur, V.; da Silva Filho, D. A.; Coropceanu, V.; Lehmann, M.; Geerts, Y.;
Piris, J.; Debije, M. G.; van de Craats, A. M.; Senthilkumar, K.; Siebbeles, L. D. A.;
Warman, J. M.; Bre0 das, J.-L.; Cornil, G. J. Am. Chem. Soc. 2004, 126, 3271; (b)
Kaafarani, B. R.; Kondo, T.; Yu, J.; Zhang, Q.; Dattilo, D.; Risko, C.; Jones, S. C.;
Barlow, F.; Domercq, B.; Amy, F.; Kahn, A.; Bre0das, J.-L.; Kippelen, B.; Marder, S.
R. J. Am. Chem. Soc. 2005, 127, 16358; (c) Lehmann, M.; Kestemont, G.; Aspe, R.
G.; Buess-Herman, C.; Koch, M. H. J.; Debije, M. G.; Piris, J.; de Haas, M. P.;
Warman, J. M.; Watson, M. D.; Lemaur, V.; Cornil, J.; Geerts, Y. H.; Gearba, R. I.;
Ivanov, D. A. Chem. Eur. J. 2005, 11, 3349.

11. Luo, M.; Shadnia, H.; Qian, G.; Du, X.; Yu, D.; Ma, D.; Wright, J. S.; Wang, Z. Y.
Chem. Eur. J. 2009, 15, 8902.

12. (a) Pomerantz, M.; Chaloner-Gill, B.; Harding, L. O.; Tseng, J. J.; Pomerantz, W. J.
Synth. Met. 1993, 55, 960; (b) Kastner, J.; Kuzmany, H.; Vegh, D.; Landl, M.; Cuff,
L.; Kertesz, M. Macromolecules 1995, 28, 2922; (c) Kenning, D. D.; Rasmussen, S.
C. Macromolecules 2003, 36, 6298.

13. Barlow, S.; Zhang, Q.; Kaafarani, B. R.; Risko, C.; Amy, F.; Chan, C. K.; Domercq,
B.; Starikova, Z. A.; Antipin, M. Y.; Timofeeva, T. V.; Kippelen, B.; Brédas, J.-L.;
Kahn, A.; Marder, S. R. Chem. Eur. J. 2007, 13, 3537.

14. Gao, B. X.; Liu, Y. L.; Geng, Y. H.; Cheng, Y. X.; Wang, L. X.; Jing, X. X.; Wang, F. S.
Tetrahedron Lett. 2009, 50, 1649.

15. Compound 2. To a mixture of hexaketocyclohexane (0.156 g, 0.5 mmol) and the
diamine 6 (1.201 g, 2 mmol) in acetic acid (60 ml) was heated at 100 �C for 24 h
under nitrogen atmosphere. After the reaction mixture was cooled to room
temperature, it was poured into water (100 ml) and extracted with
dichloromethane (30 ml � 3). The organic layer washed with saturated
aqueous sodium hydrogen carbonate solution (100 ml � 2) and brine
(100 ml � 2), dried over anhydrous Na2SO4 and evaporated in vacuo to
dryness. The residue was absorbed on silica gel and purified by column
chromatography eluting with a 2:1 petroleum ether/dichloromethane mixture
to yield blank solid 0.65 g (70%). 1H NMR (CDCl3, 300 MHz): d 8.40 (d, 12H,
J = 8.6), 7.20 (t, 24H, J = 7.7), 7.13 (d, 12H, J = 8.7 Hz), 7.01–6.89 (m, 36H), 13C
NMR (CDCl3, 75 MHz): d 197.31, 143.52, 132.91, 131.95, 131.68, 131.14,
129.73, 121.44, 118.25, 113.77. Elemental Anal. Calcd for C126H84N12S3: C,
81.26; H, 4.55; N, 9.03; S, 5.17. Found: C, 81.05; H, 4.50; N, 9.35. MALDI-TOF:
calcd MW 1860.6, found 1861.8.

16. Noh, Y. Y.; Azumi, R.; Goto, M.; Jung, B.-J.; Lim, E.; Shim, H.-K.; Yoshida, Y.;
Yase, K.; Kim, D.-Y. Chem. Mater. 2005, 17, 3861.

17. Gao, B. X. Ph. D. Dissertation, Institute of Applied Chemistry, Chinese Academy
of Sciences, PR China, 2006.

18. Perepichka, D. F.; Bryce, M. R.; Batsanov, A. S.; McInnes, E. J. L.; Zhao, J. P.;
Farley, R. D. Chem. Eur. J. 2002, 8, 4656.


	Band gap tunable for near-infrared absorbing chromophores with multi-triphenylamine and tris (thieno)hexaazatriphenylenes acceptors
	Acknowledgements
	References and notes


