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| A donor-acceptor-donor (D-A-D) type crystallization near infrared (NIR) absorbing chromophore DSeBT with a band gap of 0.84 eV is
synthesized via palladium-catalyzed Stille coupling reaction. In thin film, the absorption region of DSeBT is from 300 and 1459 nm with
the absorption peaks located at 380 and 1028 nm, while its photoluminescence peak in chloroform solution is observed at 1210 nm. The
HOMO and LUMO energy levels of DSeBT are estimated at -4.86 and -4.02 eV, respectively. Furthermore, the thermal results reveal that

the cooling run.

INTRODUCTION

Over the past few years, numerous efforts have been
devoted to narrow band gap (NBG) organic materials with
energy gap (E,) lower than 2.0 eV owing to the promising
applications of them in the organic photovoltaic solar cells
(PSCs)"?, organic photodetectors®* and near infrared light-
emitting diodes (LEDs)>. Most importantly, some narrow band
gap organic materials have been used as photosensitizers
photodynamic therapy in the treatment of cancer’. Thus far,
many narrow band gap organic materials have been witnessed
#10 Especially, narrow band gap conjugated polymers used in
high performance photovoltaic solar cells and photodetectors
have been extensively studied'"'?. However, the performance
of optoelectronic devices based on conjugated polymers are
strongly related with the polymer molecular weight, polydis-
persion index and work-up procedure'*'.

Compared with conjugated polymers (CPs), narrow band
gap organic chromophores have well-defined molecular
structure, definite molecular weight and high purity without
batch-to-batch variations'>"”. He et al." reported a star-shaped
molecule S(TPA-BT) with good solubility based on
benzol[c][1,2,5]thiadizaole (BT) moiety, which showed the
absorption edge of 667 nm and power conversion efficiency
(PCE) of 1.3 % in photovoltaic solar cells'®. Henson et al.”
reported a series of D-A-D-A-D type chromophores based on
asymmetric pyridal[2,1,3]thiadiazole (PT) unit, exhibiting that

DSeBT has a good thermal stability with decomposition temperature over 320 °C and a very sharp crystallization peak at 174 °C during |
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the absorption edge could reach 820 nm due to the fruitful
electron density of the terminal donor. Qian et al.”’ reported a
series of near infrared organic chromophores with the band
gap of 1.19-0.56 eV based on benzo[1,2-¢:4,5-¢"bis([1,2,5]-
thiadiazole) (BBT) and its selenium analogues, which exhibited
the exclusive near infrared emission of light-emitting diodes
above 1000 nm. Interestingly, a liquid-crystal chromophore
LC-BBT with band gap of 1.06 eV was reported by Li et al.”!
Moreover, the LC-BBT possessed columnar mesophase in
aggregation state that was beneficial to the performance in
photovoltaic device due to the increase of charge mobility***.
Accordingly, the crystallization near infrared chromophores
should be potential promising materials for exploiting tandem
solar cell with high performance, near infrared liquid crystal
display and near infrared photodetector.

In this paper, we design and synthesize a D-A-D type
near infrared crystal chromophore DSeBT (Fig. 1). DSeBT
with optical band gap of 0.85 eV is soluble in common organic
solvents and easily fabricated into thin film by spin-coating.
The absorption peaks of DSeBT in thin film are located at
380 and 1028 nm, while photoluminescence peak in solution
is observed at 1210 nm. Its thermal result reveals good thermal
stabilities with decomposition temperature of 325 °C.

EXPERIMENTAL

'H and "“C NMR spectra are recorded on a Bruker DRX
400 spectrometer operating, respectively at 400 MHz (for 'H)
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Fig. 1. Structure of synthesized chromophore DSeBT

and 100 MHz (for ®C) in CDCl; with chemical shifts in &
units (ppm) relative to internal standard tetramethylsilane
(TMS). GC-MS and fast atom bombardment mass spectro-
metry (FAB-MS) are obtained on GC-MS (TRANCE2000,
Fiunigan Co. FAB-MS (VG ZAB-HS). Thermogravimetric
(TG) analysis is conducted on a TGA 2050 (TA instruments)
thermal analysis system under a heating rate of 20 °C min’
and a nitrogen flow rate of 20 mL min™. Differential scanning
calorimetry (DSC) measurement is running on a DSC 204 F1
(NETZSCH) thermal analysis system and the sample is heated
from 30 to 200 °C at a rate of 5 °C min™' under continuous
nitrogen flow. Elemental analyses are performed on a Vario
EL Elemental Analysis Instrument (Elementar Co.). UV-VIS-
IBLE near infrared absorption spectra is recorded on a Lambda
900 Perkin-Elmer spectrophotometer. Cyclic voltammogram
(CV)isrecorded on a CHI660 (Shanghai Chenhua Co.) electro-
chemical workstation with platinum electrodes and a silver
pseudo-reference electrode in nitrogen saturated acetonitrile
solution of 0.1 M tetra-n-butylammonium hexafluorophosphate
(BusNPF¢). The photoluminence (PL) spectra are collected
using the PTT fluorescence instrument.

The manipulations involving air-sensitive reagents are
performed under a dry argon atmosphere. All reagents are
obtained from Aldrich, Acros and TCI Chemical Co. Some
solvents are carefully dried and purified under argon flow.
Compounds 4,7-dibromobenzo[c][1,2,5]thiadiazole (1)*,4,7-
dibromo-5,6-dinitrobenzo|[c][1,2,5]thiadiazole (2)*, 4,7-di(4-
hexylthien-2-yl)-5,6-diaminobenzo[c][1,2,5]- thiadiazole (4)*,
4,7-bis(4-hexylthien-2-yI)-5,6-dinitrobenzo[c][1,2,5]-
thiadiazole (3)?*, 4,8-bis(4-hexylthien-2-yI)[1,2,5]-
selenadiazolo[3,4-f]benzo[c][1,2,5]thiadiazole (5)%, 4,8-bis(5-
bromo-4-hexylthien-2-yl)[1,2,5]selenadiazolo[3,4-
flbenzo[c][1,2,5]thiadiazole (6)*, 2-{4-(3,4,5-tri(octyloxy)-
benzyloxy)phenyl}-5-tri(butyl)stanylthiophene (7)*' are
synthesized according to the corresponding procedures.

Synthesis

4,8-Bis(4-hexylthien-2-yl)[1,2,5]selenadiazolo[3,4-f]-
benzo[c][1,2,5]thiadiazole (5). To a solution of 4,7-bis(4-
hexylthien-2-yl)-5,6-diaminobenzo[c][1,2,5]thiadiazole 4
(2.49 g, 5 mmol) in the mixture of THF and ethanol (1:4 in
volume) at 60 °C under argon flow, selenium dioxide (2.2 g,
20 mmol) in ethanol was added to dropwise and the reaction
was kept at 60 °C for 4 h. After cooling to ambient temperature,
the mixture was poured into water and extracted with chloro-
form. The solvent was removed under reduced pressure. The
residue was purified by chromatography, giving the product
as green powder (2.01 g, Yield, 70 %). 'H NMR (400 MHz,
CDCl,), & (ppm): 7.73 (s, 2H), 7.14 (dd, 2H), 2.68 (m, 4H),

1.70 (m, 4H), 1.25-1.56 (m, 12H), 0.9 (t, 6H); FAB-MS: 574;
Anal. calcd. (%) for C,sH3N4SsSe: C, 55.43; H, 5.27; N, 9.77,
S, 16.77, Se, 13.76; Found (%): C, 55.42, H, 5.30, N, 9.76. S,
16.8.

4,8-Bis(5-bromo-4-hexylthien-2-yl)[1,2,5]selenadiazolo-
[3,4-fIbenzo[c][1,2,5]thiadiazole (6): N-Bromosuccinimide
(NBS) (1.96 g, 11 mmol) was added slowly into a solution of
compound 5 (2.87 g, 5 mmol) in 120 mL THF at ambient
temperature and the reaction was stirred overnight under dark.
Then the mixture was poured into water and extracted with
chloroform. The combined organic phase was dried by anhydrous
Na,SO, and evaporated under reduced pressure to remove the
solvent. The residue was purified by chromatography, giving
the product as dark green powder (2.56 g, yield, 70 %). 'H
NMR (400 MHz, CDCl;), & (ppm): 7.73 (s, 2H), 2.68, (m,
4H), 1.70 (m, 4H), 1.25-1.56 (m, 12H), 0.9 (t, 6H); FAB-MS:
732; Anal. calcd. (%) for C,sH,sN4Br,S;Se: C, 42.69, H, 3.86,
Br, 21.85, N, 7.66, S, 13.15, Se, 10.79; Found (%): C, 42.67,
H, 3.90, N, 7.65, S, 12.3.

Compound DSeBT?': To a solution of 2-{4-(3,4,5-tris-
(octyloxy)benzyloxy)phenyl}-5-tri(butyl)stanylthiophene 7
(4.69 g, 47 mmol) and 4,8-bis(5-bromo-4-hexylthien-2-
yD[1,2,5]selenadiazolo[3,4-f]benzo[c][1,2,5]thiadiazole 6
(1.46 g, 2 mmol) in anhydrous THF, Pd(PPh;),Cl, (2 mol %)
was added. The mixture was refluxed under argon for 24 h.
After removal of the solvent under reduced pressure, the
residue was purified by column chromatography. The solid
was dissolved in a small amount of THF and then precipitated
from methanol twice to give a brown dark solid (3.18 g, yield,
85 %). '"H NMR (400 MHz, CDCl;), 8 (ppm): 8.85 (s, 2H),
7.59 (d, 4H), 7.31-7.24 (m, 4H), 7.03 (d, 4H), 6.66 (s, 4H),
5.00 (s, 4H), 3.99 (m, 12H), 2.94 (br, 4H), 1.85-1.76 (m, 24H),
1.50-1.31 (m, 64H), 0.9 (t, 24H); *C NMR (100 MHz, CDCl3),
d (ppm): 156.60, 153.37, 144.25, 140.27, 138.08, 136.51,
135.26, 131.33, 127.22, 126.88, 122.73, 115.31, 114.92,
106.19,73.46,70.56, 69.18, 31.93, 31.86, 30.37, 29.89, 29.58,
29.44,29.40, 29.32, 26.14, 22.78, 22.69, 14.20, 14.11; FAB-
MS: 1871.9. Anal. calcd. (%) for CosH;50N4OsSsSe: C, 69.31,
H, 8.08, N, 2.99, S, 8.57 Se, 4.22; Found: C, 69.20; H, 8.00,
N, 3.10, S, 8.45.

RESULTS AND DISCUSSION

Synthesis and characterization: The synthetic strategy
for DSeBT is illustrated in Scheme-I. Compounds 5, 6 and 7
are prepared for the published procedures®?'. DSeBT is synthe-
sized from compound 6 and 7 via Stille-coupling reaction.
The chemical structure of the DSeBT is verified by 'H NMR,
C NMR, FAB-MS and elemental analysis. The characteristic
peaks at 6.66-8.85 ppm can be assigned to the resonance of
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Scheme-1: Synthesis of chromophoroe DSeBT
protons on the thiophene rings and phenylene rings of the 40 o
DSeBT (Fig. 2). The peaks in the range of 3.99-5.00 ppm 8y ]
arise from the protons of methylene (-CH,O-, -OCH,R). The rsor ]
g 25F 1

peaks in the range of 0.9-2.94 ppm arise from the protons of
alky substituents. Furthermore, both FAB-MS and elemental
analysis results are also in good agreement with the molecular
structure of DSeBT.
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Fig. 2. '"H NMR spectrum of DSeBT
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Thermal properties: The thermal stability of DSeBT is
investigated by thermogravimetric analysis (Fig. 3a). TGA
digram reveals that DSeBT has a good thermal stability with
decomposition temperature (74, 5 % weight loss) of 325 °C.
The thermal phase transition for DSeBT is analyzed by DSC
(Fig. 3b). As evidenced by the appearance of a very sharp
crystallization peak at 174 °C during the cooling run, it suggests

Heating flow (e
o

. Ty T
80 160 240 320 400 480 560 640

40 60 80 100 120 140 160 180 200
Temperature (°C)

Temperature (°C)

Fig. 3. TGA (a) thermograph and DSC (b) curves for DSeBT in nitrogen

at scans of 20 and 5 °C min’', respectively

isotropic to liquid crystal phase around 174 °C and another
from liquid crystal phase to another phase around 152 °C. In
the heating process, two transitions occur at 166 and 173 °C.
All data indicate DSeBT is a crystallization chromophore?'.
Optical properties: The normalized absorption spectra
of DSeBT in dilute CHCl; solution and thin film are shown in
Fig. 4. The related optical information is summarized in Table-1.
The absorption spectra of DSeBT in dilute solution display
two peaks at 382 and 960 nm. The absorption peak (382 nm)
is attributed to the 7-t* and n-mt* transitions of the molecule,
while the other peak (960 nm) placed in near infrared region
is assigned to the intramolecular chare transfer transition
between the peripheral electron-donor unit and central strong
electron-withdrawing core. In comparison with the solution,
corresponding absorption peaks are shifted to around 380 and
1028 nm in thin film, respectively. The absorbtion band in
600-1500 nm region is well-separated from higher energy
bands, indicating a stronger charge transfer character for D-
A-D chromophore”. Fig. 4 also shows 68 nm red-shift in the
longer wavelength region comparing that in dilute chloroform
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TABLE-1
OPTICAL AND ELECTROCHEMICAL PROPERTIES OF DSeBT

Absorption spectra PL spectra Cyclic voltammetry
Molecule  Solution Film Solution Film  p-Doping E,./womo  n-Doping E, Yoo~ ES™
Ap@m) A (nm)  Ag(nm)  EPEV)  Apu(am) A, (nm) (V)/(eV) (V)/(eV) (eV)
DSeBT 382, 960 380,1028 1459 0.85 1210 - 0.46/-4.86 -0.38/-4.02 0.84

e g I
i =N 3

Normalized Absoprtion Intensity

=
o

500 750 1000 1250 1500 1750

Wavelength (nm)
Fig. 4. Normalized absorption spectra of DSeBT in CHCI; solution (solid
line) and solid thin film (dotted line)

solution, which is larger than that of LC-BBT (60 nm)*'. Since
the onset band wavelength of DSeBT in thin film is 1459 nm,
the corresponding optical band gap (E, = 1240/Aose: €V) is
estimated, namely 0.85 eV. As shown in Fig. 5, the photolu-
minescence emission peak of the DSeBT in CHCl; solution at
1210 nm. And the stokes shift is 250 nm, which is larger than
that for LC-BBT (224 nm)*'. However, the photoluminescence
of intrinsic thin film of DSeBT is not monitored, probably
due to the heavy atom quenching effect of selenium (heavy
selenium atom may increase the intersystem crossing from
singlet to triplet)*** or the non-radiative probability of S;—S,
increase as decreasing the width of energy gaps of Sy—S,*.

1.2
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]
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Fig. 5. Normalized photoluminescence spectrum of DSeBT in diluted
CHCl; solution (Ae, = 780 nm)

Electrochemical properties: In order to investigate the
electrochemical behaviours such as charge transport propertites
and assess the ionization potentials and electrochemical
stability of DSeBT, the electrochemical measurement has been
performed on the thin film for DSeBT (Fig. 6). The related
data are listed in Table-1. The reduction potential (E.q) is at
around -0.38 V, while the oxidation potential (E.) is around
0.46 eV. And the HOMO and LUMO energy levels of the
DSeBT calculated by empirical formulas (Enomo = -€(Eox +
4.4) (eV) and Eromo = -€(Ereq + 4.4) (eV))*" are -4.86 and -4.02
eV, respectively. And the electrochemical band gap (E;™ =
Eiomo — Enomo) 18 0.84 eV, coinciding with the optical band
gap (E,"'=0.85 eV)*".

40 [ .

Current (pA)

-60 1 1 1 1 1

-1.2 -0.8 -0.4 0 0.4 0.8 1.2
Voltage (V)
Fig. 6. Cyclic voltammogram for DSeBT in 0.1 mol L' acetonitrile solution
of Bu,NPF,

Conclusion

A narrow band gap chromophore DSeBT possessing good
solubility in common organic solvents and easily manufactured
into thin film by spin-coating has been designed and synthesized.
The chemical structure, electrochemical, optical properties are
characterized and investigated by NMR, UV-VISIBLE near
infrared absorption spectrometry, photoluminescence spectro-
metry, cyclic voltammetry and TGA and DSC measurement
etc. The absorbtion region of DSeBT achieves 300-1457 nm
with elelctrochemical band gap of 0.84 eV, while photolumine-
scence peak of the chromophore in CHCI; solution is around
1210 nm with a Stokes shift of 250 nm. The thermal results
reveal that DSeBT has good thermal stability with decomposi-
tion temperature over 320 °C and a very sharp crystallization
peak at 174 °C during the cooling run. Moreover, HOMO and
LUMO energy levels are at -4.86 and -4.02 eV, respectively.
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These primary results suggest that DSeBT should be a potential
promising material for exploiting high performance tandem
solar cells and near infrared photodetectors.
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