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bstract

A novel 4,8-bis(2-thiophyl)-2,6-dihexyl-benzo[1,2-d:4,5-d′]bisthiazole (BTDBBT) was synthesized and its crystal structure was determined
o be monoclinic, C2/c, a = 27.379(6) Å, b = 10.566(2) Å, c = 9.916(2) Å, β = 106.49(3)◦, V = 2750.5(10) Å3, and Z = 4. In this structure, the two

hiophene moieties lie in almost the same plane as the main benzobisthiazole frame. Absorption, photoluminescence (PL), luminescence, and
xcitation spectra of BTDBBT are reported. Its structural and optical features were determined using ab initio Hartree–Fock (HF/6-31G**), density
unctional theory (DFT-B3LYP/6-31G**), and semiempirical (ZINDO) methods.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Benzobisthiazole derivatives in which organic chromophores
re substituted at the 2 and 6 positions have received con-
iderable attention because of their unique photophysical and
hotochemical properties [1–5]. Typical chromophores used
y researchers are phenyl, naphthyl, and anthryl groups. Those
ompounds expand the �-conjugated system to enhance the
ntensity of the large red-shift luminescence and increase
he rigidity of the molecular unit to inhibit intermolecular
hotoreactions. Some phenylbenzothiazole derivatives reveal
hotochromic proton transfer [6] and exhibit highly effi-
ient optical nonlinearities [3]. Previously, we synthesized
,8-bis(2-thiophyl)-2,6-dihexyl-benzo[1,2-d;4,5-d′]bisthiazole
BTDBBT) and its polymer [7]. To overcome its insolubility in
ommon organic solvents, two hexyl side groups were added to
he phenyl ring. Untill now, the structural and optical properties
f 4,8-disubstituted benzobisthiazole derivatives have not
een reported. For BTDBBT, the 4,8-disubstituted thiophyl

roups not only provide �-conjugated electrons, but also add
he two lone-paired electrons of sulfur to the molecular unit.
owever, the steric hindrance between the thiazole moieties

∗ Corresponding author. Fax: +82 42 821 6548.
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a
w
t
r
u
d
r

010-6030/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2006.03.023
ucture; Luminescence; Ab initio HF; Semiempirical ZINDO

nd the thiophene frame is expected to destabilize the �
esonance. In this study, we obtained X-ray crystallographic
nd spectroscopic data in order to elucidate the structural and
ptical properties of 4,8-disubstituted thiophyl derivative. We
lso performed ab initio calculations for BTDBBT to interpret
he observed optical properties. The experimentally observed
tructural and optical properties of BTDBBT are discussed in
erms of the theoretical calculations.

. Experimental

.1. Synthesis

4,8-Dibromo-2,6-dihexyl-benzo[1,2-d:4,5-d′]bisthiazole (1 g,
.93 mmol), 2-trimethylstannylthiophene (1.2 g, 0.48 mmol),
nd Pd(PPh3)4 (92 mg, 0.08 mmol, 2 mol%) were weighted in a
ry box, and 12 mL of dry toluene and 12 mL of 1 M Na2CO3
ere put in a two-neck round flask equipped with a stirring bar

nd a long air condenser capped with a drying tube. The mixture
as stirred for 20 h at 90 ◦C. During the course of the reaction,

he reaction mixture turned from pale yellow to dark red. The

eaction mixture was cooled and the crude product was extracted
sing dichloromethane. The organic layer was dried with anhy-
rous MgSO4 and filtered. The solvent was removed under
educed pressure. The product was recrystallized with hexane

mailto:jgkang@cnu.ac.kr
dx.doi.org/10.1016/j.jphotochem.2006.03.023
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Table 1
Crystal data and structure refinement for BTDBBT

Empirical formula C28 H32 N2 S4
Formula weight 524.80
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system, space group Monoclinic, C12/c1

Unit cell dimensions a = 27.379(6) Å, alpha = 90◦.
b = 10.566(2) Å, beta = 106.49(3)◦.
c = 9.916(2) Å, gamma = 90◦.

Volume 2750.5(10) Å3

Z, calculated density 4, 1.267 Mg/m3

Absorption coefficient 0.365 mm−1

F (0 0 0) 1112
Crystal size 0.4 mm × 0.4 mm × 0.1 mm
Theta range for data collection 1.55–27.50◦
Limiting indices −35 ≤ h ≤ 35, −13 ≤ k ≤ 13,

−12 ≤ l ≤ 12
Reflections collected/unique 12825/3156 [R(int) = 0.0278]
Completeness to theta = 27.50 99.9%
Absorption correction Empirical
Maximum and minimum

transmission
0.945 and 0.844

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3156/3/154
Goodness-of-fit on F2 1.098
Final R indices [I > 2sigma(I)] R1 = 0.0592, wR2 = 0.1735
R indices (all data) R1 = 0.0906, wR2 = 0.2135
L

3

3

p
t
d
s
t
t

Sch

o yield BTDBBT. The yield was 82% (0.7 g) and was soluble
n common organic solvents such as CHCl3, CH2Cl2, and THF.
T-IR (KBr): 3070, 2948, 2921, 2844, 1540, 1453, 1251, 1074,
47, and 690 cm−1. 1H NMR (in CDCl3): δ7.93(d, 2H), 7.55(d,
H), 7.25(t, 2H), 3.18(t, 4H), 1.96(m, 4H), 1.61–1.37(m, 12H),
.92(t, 6H). 13C NMR (in CDCl3): δ172.3, 133.9, 128.4, 127.5,
26.8, 121.4, 77.4, 77.0, 76.6, 34.5, 31.5, 29.3, 28.8, 22.5, 14.1.
max(in CHCl3): = 370 nm; HRMS calc. for C28H33N2S4 m/z
25.1527, found 525.1502 (Scheme 1).

.2. X-ray crystallography

Intensity data were collected at room temperature on a Bruker
MART CCD diffractometer using graphite monochromated
o K� radiation. The structure of the titled compound was

olved by applying the direct method using a SHELXS-97 and
efined by a full-matrix least-squares calculation on F2 using
HELXL-97 [8]. All non-H atoms were refined an isotropi-
ally. All hydrogen atoms were calculated in ideal positions and
ere riding on their respective carbon atoms (Biso = 1.2Beq and
.5Beq). The crystal data and refinement results are summarized
n Table 1.

.3. Molecular modeling

The geometry of BTDBBT was optimized on the level
f both HF/6-31G, HF/6-31G(d,p)**, DFT-B3LYP/6-31G, and
FT-B3LYP/6-3G(d,p)** using Gaussian 03 [9]. The electronic

tructure and optical properties were also determined using the
emiempirical (ZINDO) method.

.4. Spectroscopic measurements

For low-temperature photoluminescence (PL), lumines-
ence, and excitation spectra, a powdered sample was placed
n the cold finger of a CTI-cryogenics using silicon grease.
he sample was irradiated with an He–Cd 325-nm laser line
r the light from an Oriel 1000 W Xe lamp (working power,

00 W) after it passed through an Oriel MS257 monochroma-
or. The spectra were measured at 90◦ angle with an ARC 0.5 m
zerny–Turner monochromator equipped with a cooled Hama-
atsu R-933-14 PM tube.

b
e
2
e

argest differential peak and hole 0.827 and −0.440 eÅ−3

. Results and discussion

.1. X-ray crystallographic analysis

BTDBBT crystallizes in the monoclinic space group C2/c. A
erspective view of the molecular structure of BTDBBT with
he atomic numbering scheme is shown in Fig. 1 and the bond
istances and bond angles are listed in Table 2. The X-ray crystal
tructure shows that the two thiophene moieties lie almost planar
o the main benzobisthiazole frame. In the near planar struc-
ure, the steric hindrance between the thiophene moieties and

enzobisthiazole frame is expected to be large and unfavorable
nergetically. The observed dihedral angle between them is only
1◦. This suggests that the advantages in both the crystal stacking
ffect and the electronic resonance effect of the molecule may
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tation spectra of BTDBBT in solid state were measured at 10 K to
reveal the correlation between the luminescence property and the
molecular structure in details. As shown in Fig. 4(a), for the solid
state at low-temperature, the luminescence spectrum was split
Fig. 1. View of BTDBBT showing atom labeling and ellips

vercome the unfavorable steric hindrance between the thiazole
oieties and bisthiophene frame.

.2. Absorption, luminescence, and excitation spectra

Fig. 2(a) shows the absorption spectra of BTDBBT dis-
olved in CH2Cl2. Two characteristic bands appeared in
he UV–vis region: a very broad band (λmax = 362 nm,
= 23,600 M−1 cm−1) and a sharp band (λmax = 288 nm,
= 19,390 M−1 cm−1). In addition, a weak band appeared at
50 nm. Hereafter, these three bands will be referred to in order
f increasing energy as the A-, B-, and C-bands, respectively.
ig. 3 shows the PL spectrum of BTDBBT in CH2Cl2 solution

easured at room temperature. The PL spectrum has two main

omponents, peaking at 425 and 440 nm, with the shoulder at
he low-energy side. This multicomponent structure could be
elated with the vibronic structure. The luminescence and exci-

able 2
ond lengths (Å) and angles (◦) for BTDBBT

(1)–C(2) 1.700(4) S(1)–C(5) 1.716(4)
(2)–C(3) 1.333(6) C(3)–C(4) 1.423(6)
(4)–C(5) 1.421(4) C(5)–C(6) 1.469(4)
(6)–C(7) 1.397(5) C(6)–C(11) #1 1.419(4)
(7)–C(11) 1.410(4) C(7)–S(8) 1.749(3)
(8)–C(9) 1.744(4) C(9)–N(10) 1.304(4)
(9)–C(12) 1.505(5) N(10)–C(11) 1.393(4)
(11)–C(6) #1 1.419(4) C(12)–C(13) 1.499(5)
(13)–C(14) 1.504(6) C(14)–C(15) 1.511(6)
(15)–C(16) 1.486(7) C(16)–C(17) 1.505(8)

(2)–S(1)–C(5) 92.2(2) C(3)–C(2)–S(1) 112.9(3)
(2)–C(3)–C(4) 113.8(3) C(5)–C(4)–C(3) 110.6(3)
(4)–C(5)–C(6) 126.5(3) C(4)–C(5)–S(1) 110.5(3)
(6)–C(5)–S(1) 123.0(2) C(7)–C(6)–C(11) #1 113.8(3)
(7)–C(6)–C(5) 124.3(3) C(11) #1–C(6)–C(5) 122.0(3)
(6)–C(7)–C(11) 123.8(2) C(6)–C(7)–S(8) 128.1(2)
(11)–C(7)–S(8) 108.1(2) C(9)–S(8)–C(7) 89.78(15)
(10)–C(9)–C(12) 123.5(3) N(10)–C(9)–S(8) 115.7(3)
(12)–C(9)–S(8) 120.7(2) C(9)–N(10)–C(11) 110.6(3)
(10)–C(11)–C(7) 115.7(2) N(10)–C(11)–C(6) #1 121.8(3)
(7)–C(11)–C(6) #1 122.4(3) C(13)–C(12)–C(9) 114.7(3)
(12)–C(13)–C(14) 114.0(3) C(13)–C(14)–C(15) 112.1(4)
(16)–C(15)–C(14) 119.0(6) C(15)–C(16)–C(17) 108.5(7)

ymmetry transformations used to generate equivalent atoms: #1 −x + 1/2,
y + 3/2, −z.

F
t
f

t 50%. In this view, hydrogen atoms are omitted for clarity.
ig. 2. (a) Absorption spectrum of BTDBBT dissolved in CHCl3 (concentra-
ion = 1.33 × 10−4 M) and (b) predominant HF molecular orbitals responsible
or the A-, B-, and C-absorption bands.
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ig. 3. PL spectrum of BTDBBT dissolved in CHCl3, excited by a 325-nm
e–Cd laser line (concentration = 7.6 × 10−5 M).

ell and the intensity was enhanced significantly. The spectrum
f the solid sample was also red-shifted by more than 100 nm,
ompared with that of the solution state. As shown in Fig. 4(b),

he excitation spectrum was very broad, ranging from 250 to
00 nm. The excitation spectrum of the solid state was unex-
ectedly uncharacteristic, but could be resolved into two parts.

ig. 4. (a) Emission (upper: λexc = 470 nm, lower: λexc = 372 nm) and (b) exci-
ation (λems = 550 nm) spectra of BTDBBT in solid state at 10 K.

m
o
a
p
z
b
t
l
i
X
h
g
B
r

F
p
p
C
c
B
E
B

otobiology A: Chemistry 183 (2006) 212–217 215

onsidering the red-sift for the solid states, the low-energy part,
eaking at 480 nm, corresponded to the A-absorption band. The
igh-energy part was very broad, ranging from 250 to 430 nm.
he 420-nm peak component and the long tail at the high-energy
houlder corresponded to the B- and C-absorption bands, respec-
ively.

.3. Structural calculation and assignments

The structural calculation provided useful information about
he electronic structures and electronic transitions of the model

olecule. We also performed ab initio calculation for BTDBBT
o reveal the resonance effect and interpret the observed opti-
al properties. The initial structure, which had been built
sing X-ray crystallographic data, was optimized on the level
f DFT-B3LYP/6-31G both HF/6-31G** and DFT-B3LYP/6-
1G** using Gaussian 03 [9]. Starting from the optimized con-
ormations, the dihedral angle φ between the benzobisthiazole
rame and the one-side thiophene moiety on the side and −φ

or the other part were rotated from 0◦ to 180◦ in 10◦ incre-
ents. The calculated rotational energies for the free BTDBBT

n the level of both HF/6-31G and DFT-B3LYP/6-31G, with
nd without polarization functions, allowed the selection of a
referred conformation. The dihedral angle between the ben-
obisthiazole frame and the thiophene moiety was found to
e 21◦ from the X-ray crystal structure. As shown in Fig. 5,
he results of DFT quantum mechanical calculations on the
evel of B3LYP/6-31G//B3LYP/6-31G(d,p) found a global min-
mum at φ = 30◦. This value was very close to that of the
-ray crystal structure. In the near planar structure, the steric

indrances within the molecule become very unfavorable ener-
etically. However, the results of DFT calculations at the level of
3LYP/6-31G//B3LYP/6-31G(d,p) implied that the electronic

esonance effect of the molecule in such a planar structure

ig. 5. Rotational energy barrier between the center and two neighboring thio-
henes. Each point for the relative dihedral angle φ indicates the relative
otential energy for the optimized BTDBBT with fixed φ for S23-C29-C32-
37 and −φ for S44-C38-C35-C30. Solid and open square, and solid and open
ircle symbols represent the optimized values, using DFT-B3LYP/6-31G, DFT-
3LYP/6-31G(d,p)**, HF/6-31G, and HF/6-31G(d,p)** methods, respectively.
ach energy calculation is done on the optimized structure on the level of DFT-
3LYP/6-31G using Gaussian 03.
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Table 4
CI singlet excited states and predominant transitions of BTDBBT

Excited state eV Oscillator strength, f Main transitions

1Au 3.12 0.92 89 → 90
2Au 3.44 0.02 89 → 91
1Ag 3.78 0.0 89 → 92
3Au 3.83 0.75 88 → 90; 88, 89 → 91
2Ag 4.29 0.0 83 → 93; 82 → 91; 83 → 93
4Au 4.29 0.02 83 → 91, 90; 82 → 93
3Ag 4.47 0.0 89 → 93
5Au 4.53 0.11 88 → 91
4Ag 4.53 0.0 87 → 90
6Au 4.75 0.04 89 → 94
7Au 4.79 0.01 89 → 96
5A 4.86 0.0 88 → 92
8
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vercame the unfavorable steric hindrances between the benzo-
isthiazole and thiophene parts of the molecule. For the level of
F/6-31G**, in which the resonance effect was not considered,

he global minimum reached φ = 60◦. Furthermore, the crystal
tacking effect results in an advantage in forming the near planar
eometry.

Next, using the optimized structure, the electronic structures
nd electronic transitions for the X-ray crystal structure were
alculated on the level of ZINDO using Gaussian 03. The opti-
ized geometry of BTDBBT conforms to Ci symmetry. The

esults of the molecular orbital (MO) calculations are listed
n Table 3. Here, the Ci axis is considered the z-axis. The �-
onding orbitals of benzobisthiazole and the two thiophene
oieties became high-energy bonding orbitals. The highest-

ccupied-molecular orbital (HOMO), 89, was comprised of the
-characters of the carbon atoms in the benzobisthiazole frame
nd the thiophene moieties. The next two lower HOMOs, 88
nd 87, corresponded to the �-orbitals mostly formed from the
enzobisthiazole frame and the thiophene moieties, respectively.
or 88, the contribution of the sulfur atoms in the benzobisthi-
zole frame was as much as 37.6%. For the fourth HOMO,
6, all atoms in the benzobisthiazole frame and the thiophene
oieties participated in the formation of the �-orbital. The
fth HOMO, 85, is composed mostly of the �-character of the
arbon and sulfur atoms in the thiophene moiety, with minor
ontributions from the nitrogen atom in the benzobisthiazole
rame.

Based on the calculated ZINDO results, the three absorp-
ion bands of BTDBBT were assigned. As listed in Table 4,
he transitions from the X1Ag ground to any 1Ag states were
orbidden by the parity selection rule, so that the excited 1Ag
tates were ruled out. The lowest ungerude-singlet-excited-state

1
LUSES), 1 Au, arose mostly from the transitions from 89 to 90.
he calculated oscillator strength, f, of the transition from the
1Ag ground state to this first excited state was 0.92. This value
as the largest among the 20 calculated singlet excited states.

able 3
ome molecular orbitals calculated for X-ray BTDBBT

o. Hartree % Contribution from each part of the complex

Bisthiazole Thiophenes

C N S C S

5 0.067 59.5 19.4 0 21.1 0
4 0.051 58.4 6.8 0 34.8 0
3 0.033 45.0 25.6 0 29.4 0
2 0.015 31.6 7.4 2.2 54.8 4.0
1 0.006 74.7 7.7 5.5 12.1 0
0 −0.020 61.0 0 0 39.0 2.8
9 −0.253 45.7 3.4 0 50.9 0
8 −0.290 51.1 5.4 37.6 5.9 0
7 −0.294 9.3 0 0 90.7 0
6 −0.343 30.5 7.0 19.3 48.1 2.2
5 −0.348 0 15.3 0 35.6 49.1
4 −0.352 7.6 8.7 4.8 29.1 49.8
3 −0.369 9.9 59.5 4.4 15.0 11.2
2 −0.377 15.3 59.0 5.6 12.2 7.9
1 −0.391 21.1 56.4 17.7 0 4.8
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Au 5.0 0.03 89 → 95

ccordingly, the strong A-absorption band could be attributed
o the X1Ag → 11Au transition. This transition was associated
ith the � → �* of both the benzobisthiazole frame and thio-
hene moieties. The second LUSES, 2Au, arose mostly from
he electronic transitions from 89 to 91. The probability of the
1Ag → 21Au transition was very small with f = 0.02 and this

ransition may have been buried in the A-absorption band. The
hird LUSES, 31Au, resulted predominantly from the transitions
rom 88 to 90, together with those from 89 to 91 and from 88 to
1. The oscillator strength of the X1Ag → 31Au transition was
he second largest with f = 0.75. These transitions could be asso-
iated with the strong B-absorption band. As listed in Table 4,
he contribution indicated that the B-absorption band was asso-
iated, in the main, with the � → �* of the benzobisthiazole
rame. The next LUSES resulted from the transitions from 83
o 90 and 91, and from 82 to 92 and 93. For MOs 82 and 83,
he contribution of the nitrogen atom was exceptionally large,
hile for MOs 90–93 its contribution was negligible. Accord-

ngly, the oscillator strength of the X1Ag → 41Au transition was
ery small. As indicated in Table 4, the X1Ag → 51Au transition
esulted in the third largest oscillator strength with f = 0.11. The
1Au SES arose mostly from the electronic transitions from 88
o 91. The C-absorption band could be attributed to this transi-
ion, associated with the � → �* of the benzobisthiazole frame.
he predominant orbital transitions involved in the A, B, and
-absorption bands are illustrated in Fig. 2(b).

The observed emission was strongly associated with the 11Au
xcited state. The A-band excitation, peaking at 470 nm, under-
ent relaxation to the low vibrational sublevels of the 11Au state,

ollowed by radiative transition from the low sublevels to the
round state. The Stoke’s shift was ca. 0.2 eV (1613 cm−1). As
een in the excitation and emission spectra, the emissions pro-
uced via the B- and C-band excitations were exactly the same
s that via the A-band excitation. This indicates that the popula-
ions of the 31Au and the 51Au excited states, gained via the B-
nd C-band excitations, respectively, could be transfered to the

1Au excited state non-radiatively via the intersystem crossing
echanism. Accordingly, the emission from BTDBBT can be

ttributed to the �* → � of both the benzobisthiazole frame and
hiophene moieties.
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. Conclusion

The crystal structure and optical properties of BTDBBT
ave been revealed. The X-structure confirms that the benzo-
isthiazole frame and thiophene moieties form a nearly planar
eometry. The DFT quantum mechanical calculation indicates
hat the electronic resonance effect of the molecule overcomes
he steric hindrances between benzobisthiazole and thiophene
arts of the molecule. The HOMO and LUMO are comprised
f the �-characters of the carbon atoms in the benzobisthia-
ole frame and the thiophene moieties. The electronic transitions
etween these two orbitals are associated with strong absorption
nd luminescence properties of BTDBBT.

. Supplementary data

Crystallographic data for the structure analysis of 4,8-bis(2-
hiophyl)-2,6-dihexyl-benzo[1,2-d:4,5-d′]bisthiazole has been
eposited at the Cambridge Crystallographic Data Center and
llocated the deposition number CCDC 286763. Copy of
he data can be obtained free of charge via www.ccdc.cam.
c.uk/conts/retrieving.html (or from the Cambridge Crystallo-
raphic Data Centre, 12, Union Road, Cambridge CB2 1EZ,
K; fax: +44 1223 336033).
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