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emitting doped materials.

A series of anthracene derivatives are synthesized and fabricated as light-emitting materials in OLED
devices. The incorporation of the chalcogen atoms, either oxygen or sulfur, in between the anthracene
moiety and the alkyl or aryl substituents affected drastically the photo- and electroluminescence prop-
erties of the materials, especially the HOMO-LUMO band gap and the emitting color of the devices.
The new anthracene sulfide derivatives represent a new design for further modification of other light-

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Small organic molecules that exhibit red,! green? or blue® colors
have been widely investigated for the development of electronic de-
vices such as organic light-emitting diodes (OLEDs). Among the blue
emitters, anthracene derivatives demonstrate high-performance
with excellent photoluminescence and electroluminescence prop-
erties.* Interestingly, recent reports indicated that introduction of
heteroatoms, especially chalcogens, onto the anthracene core could
change its molecular characteristics and electronic properties.® In
this Letter, anthracene sulfides, [9,10-bis(1-dodecylthio)anthracene
(ADS), 9,10-bis(1-propylthio)anthracene (APrS), 9,10-bis(phenyl-
thio)anthracene (APS), and 9,10-bis(2-naphthylthio)anthracene
(ANS)] and an ether, [9,10-bis(1-dodecyloxy)anthracene (ADO)]
were prepared and their properties as light emitting materials in
OLED devices were investigated. ADO and ADS were designed to
demonstrate the influence of the chalcogen atoms while ADS, APrS,
APS, and ANS would highlight the effect of the type of alkyl or aryl
side chains as well as the effect of chain length.

As shown in Scheme 1, 9,10-bis(1-dodecyloxy)anthracene (ADO)
was prepared by the reduction of 9,10-anthraquinone (1) with
Na,S,04° followed by Williamson ether synthesis in the presence
of KOH and 1-bromododecane (34% overall yield). For the synthesis
of anthracene sulfide derivatives, treatment of anthraquinone 1
with Zn, K,CO3, and acetic anhydride in THF provided 9,10-diacet-
oxyanthracene (2) in 87% yield. The acid-mediated substitution
reaction of anthracene 2 with dodecane, propane, benzene, and 2-
naphthalene thiols gave disulfide derivatives; ADS, APrS, APS, and
ANS in 81%, 71%, 36%, and 17% yields, respectively.”®
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The UV absorption and fluorescence spectra of the anthracene
derivatives were recorded in chloroform, Figure 1. All the absorp-
tion spectra exhibited similar characteristic vibrational patterns
of the anthracene group in the region of 340-420 nm.*® The bath-
ochromic shift (5 nm) of the sulfide derivative ADS in comparison
to that of the ether derivative ADO indicated that the decrease in
the HOMO-LUMO band gap (Fig. 2) was due to an electron delocal-
ization effect from the heavier chalcogen atom.> Alkyl substituents
with different chain lengths did not affect substantially the elec-
tronic properties of the anthracene as was evident from the indis-
tinguishable spectra of ADS and APrS. In contrast, the aryl
substituents, both phenyl (of APS) and naphthyl (of ANS), caused
a red shift, possibly due to the participation of the conjugated sys-
tem between the aryl substituents and the anthracene ring. The
fluorescence spectra of anthracene derivatives show blue emission
with a maximum peak at 442-476 nm. Similar to the absorption
spectra, bathochromic shifts in the emission spectra were also ob-
served upon changing the substituents.

The relative fluorescence quantum yields (®y) of the anthracene
derivatives in dilute CHCl3 solution were measured using harmane
(d¢ ~0.83) and harmine (®¢ ~0.45)° as calibration standards. All
the anthracene sulfide derivatives gave fluorescence quantum
yields of 0.006-0.048 whereas the ether derivative (ADO) gave a
high fluorescence quantum yield of 0.46 (Table 1). The lower ®&¢
of the other anthracene sulfide derivatives might be attributed to
quenching from the sulfide substituents, that is, the sulfur lone pair
of electrons participated in the photo-induced electron transfer to
the excited state of the anthracene.!®

The effect of a sulfur atom on the photo- and electrochemical
properties of the anthracene core could be substantiated by
comparison of the UV and fluorescence spectra as well as the
HOMO-LUMO band gap between ANS and the non-sulfur
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Scheme 1. Syntheses of anthracene derivatives.
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Figure 2. The energy levels of the HOMO-LUMO orbitals of the anthracene
derivatives.

derivative, 9,10-bis(2-naphthyl)anthracene (ADN).#® ANS showed a ‘]
red shift of 42 nm in the UV spectrum, (from 377 nm in ADN to O
419 nm in ANS), corresponding to a decrease in the band gap from S
3.01 to 2.75 eV. The HOMO and LUMO energy levels of ANS (—5.38 OOO OOO
and —2.63 eV, respectively) were higher than those of ADN (—5.88

S

Figure 1. UV (—) and fluorescence spectra (A) of the anthracene derivatives.

and —2.87 eV, respectively). In addition, a red shift of 49 nm in the
fluorescence spectrum of ANS (/em at 476 nm) compared to ADN
(Zem at 427 nm) was also observed. These results demonstrate
the participation of the sulfur atom in the anthracene conjugated
system, resulting in a drastic change in the electronic properties

of the anthracene ring. ANS
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Table 1
Physical data of anthracene derivatives and electroluminescence performances of their devices
Compound  Amax abss  Amax em’  TmS s HOMOS/LUMO' (eV)  Turn-on Lett, max® (cd/A) Bmax® at voltage EL /ima® (nm)  CIE (x, y)®
o g _max ¢ e
(nm) (nm) (°C) voltage® (V) (cd/m?) W)
ADO 407 442 50 0.46 -5.01/-2.07 6.6 0.08 214 115 450 0.17,0.14
ADS 412 460 69  0.048 —5.25/-2.37 6.9 0.09 319 10.5 465 0.16, 0.16
APrS 412 461 109 0.023 -5.18/-2.30 8.8 0.08 203 135 465 0.17,0.17
APS 417 463 213 0.038 -5.38/-2.57 7.8 0.11 290 11.0 465 0.17,0.18
ANS 419 476 239  0.006 —5.38/-2.63 8.6 0.03 132 11.0 470 0.20, 0.22
2 Maximum absorption wavelength in CHCls.
b Maximum emission wavelength in CHCls.
¢ Obtained from differential scanning calorimetry (DSC) measurements.
9 Fluorescence quantum yield in CHCs.
¢ HOMO level was determined from the onset of the first oxidation wave in the cyclic voltammogram.
f LUMO level was calculated from the difference between the HOMO level and the optical band gap estimated from the onset of the lowest-energy visible absorption edge.
g

Obtained from the electroluminescence devices.

The electroluminescence properties of ADO, ADS, APrS, APS,
and ANS were investigated. All the synthetic materials were sub-
jected to device fabrication in simple doped device structures
(Fig. 3). Due to the low melting temperatures and potentially close
n-stack solid state packing of ADO, ADS, and APrS,>!! poly(N-
vinylcarbazole) (PVK) was used as a host material matrix in all
the electroluminescence (EL) devices to improve the film-forming
properties in the emitting layer, which was fabricated by a spin
coating process.'?> Thus the OLED devices prepared in this work
have the following structure: indium tin oxide (ITO) (anode)|3,4-
polyethylene-dioxythiophene:polystyrene sulfonate (PEDOT:PSS)
(35nm) (hole transporting layer)|PVK:anthracene derivatives
1wt % (68 nm) (emitting layer)|Ca (10 nm) (cathode)|Al (100 nm)
(protective layer).

The current density-voltage and the luminance-voltage charac-
teristics of the OLED devices are shown in Figures 3 and 4. The
maximum EL brightness of ADO, ADS, APrS, APS, and ANS reached
214,319, 203, 290, and 132 cd/m?, respectively. Figure 5 shows the
plots of current efficiency versus current density of the devices.
The ADO-based device exhibited a maximum current efficiency
in the same range as those of the sulfur analogs ADS, APrS, and
APS (see Table 1). The maximum current efficiency of ANS was
lowest at 0.03 cd/A.

The EL Anax Values of all the doped devices are in the region of
450-470 nm, with the observed red shift in the devices doped with
sulfur-containing materials. The non-doped device emitted purple-
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Figure 3. The current density versus voltage plots of the anthracene derivative
doped devices.
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Figure 4. The luminance versus voltage plots of the anthracene derivative doped
devices.

blue light with a peak at 440 nm, from the luminescence of PVK,
corresponding to the CIE coordinates of (0.25, 0.20). In the pres-
ence of the doped material, the EL /.« of the device is red shifted
(Fig. 6): ADO 450 nm, CIE (0.17, 0.14), ADS 465 nm, CIE (0.16, 0.16),
APrS 465 nm, CIE (0.17, 0.17), APS 465 nm, (0.17, 0.18) and ANS
470 nm, CIE (0.20, 0.22), indicating energy transfer from PVK to
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Figure 5. Current efficiency versus current density of anthracene derivative based
devices.
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Figure 6. The Commission Internationale de L’Eclairage (CIE) chromaticity coordi-
nates of the doped devices.

the anthracene derivatives. Moreover, the results showed that the
length of the alkyl side chain has only a small effect on the lumi-
nescence properties of the molecules, while the effect of the aryl
side chain was more drastic.

In conclusion, incorporation of chalcogen atoms, especially sul-
fur, onto the anthracene core drastically changes the photo and
electronic properties of the molecules. This work has demonstrated
the potential application of this new class of sulfur-containing
materials for OLED devices. Further research on the design of more
efficient sulfur-containing dopants as well as the device fabrication
technique is required to improve the EL efficiency and these stud-
ies are currently in progress.

2. Typical procedure for the synthesis of anthracene bissulfide
derivatives

2.1. 9,10-Bis(1-dodecylthio)anthracene (ADS)

A mixture of 9,10-diacetoxyanthracene (0.74 g, 2.51 mmol) and
1-dodecanethiol (6.03 g, 25.1 mmol) was refluxed in toluene
(20.0 mL) in the presence of p-toluenesulfonic acid (4.78 g,
25.1 mmol) for 6 h. The reaction was cooled to room temperature
and quenched with sat. NaHCO3 (20 mL) and then extracted with
EtOAc (3 x 30 mL). The combined organic extract was washed with
H,0, dried over Na,SO,4 and evaporated to dryness. The crude prod-
uct was purified by crystallization from a solution of CH,Cl,/MeOH

to yield 9,10-bis(1-dodecylthio)anthracene (ADS) (1.18 g, 81%
yield).
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