
Article

Appl. Chem. Eng., Vol. 34, No. 1, February 2023, 94-97
https://doi.org/10.14478/ace.2022.1132

94

1. Introduction1)

Organic light-emitting diodes (OLEDs) have received significant at-
tention from industry and academia since their development was first 
reported in 1987 by Tang and Vanslyke[1]. OLEDs have been success-
fully applied to televisions, mobile phones, and lighting devices be-
cause of their low driving voltage, self-luminance, fast response, wide 
viewing angles, and excellent color purity[2-4]. As the OLEDs market 
grows, research and development on OLEDs light-emitting materials is 
being continuously conducted. In general, fluorescence has an internal 
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quantum efficiency (IQE) of 25%, but for phosphorescence an IQE of 
100% is theoretically possible. In the case of red and green phosphor-
escent materials, commercialization has been successful. However, blue 
phosphorescent materials have not been commercialized, owing to the 
wide intrinsic band gap and cost of heavy metals, as well as the un-
favorable roll-off phenomenon. Therefore, there is a need for further 
research on blue fluorescent materials, with high efficiency and long 
lifetimes[5-11]. As shown in Scheme 1, blue light-emitting materials 
with high yield and high purity were synthesized using a catalyst-free 
Diels-Alder reaction. The synthesized materials contain a spirobi-
fluorene (SBF) moiety, which possesses excellent luminous efficiency 
as a core emitting group. 3',6'-diphenyl-1,1':2',1'' -terphenyl (DPTP) 
and 1,4-diphenyltriphenylene (DPTPL) were employed as bulky side 
groups. Side groups with varied conjugation lengths were introduced 
into the SBF, to study the optical and electrical properties of the syn-
thesized materials.
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초    록

BTPSF와 BDTSF는 유기발광다이오드용 스파이로플루오렌 모이어티를 기반으로 하는 새로운 청색 발광 물질로 성공
적으로 합성되었다. BTPSF와 BDTSF는 촉매를 사용하지 않고 Diels-Alder 반응을 통해 합성하여 고순도를 얻었다. 합
성된 물질의 광발광 스펙트럼은 용액 상태에서 약 381, 407 nm, 필름 상태에서 각각 395, 434 nm의 최대 발광 파장을 
나타내어 자외선과 짙은 청색 발광색을 나타냈다. 합성된 BDTSF 물질은 non-doped 소자의 EML로 적용되었으며, 전
류 효율은 0.61 cd/A이다.

Abstract
2,7-bis(3',6'-diphenyl-[1,1':2',1''-terphenyl]-4'-yl)-9,9'-spirobi[fluorene] (BTPSF) and 2,7-bis(1,4-diphenyltriphenylen-2-yl)-9,9'- 
spirobi[fluorene] (BDTSF) were successfully synthesized as novel blue-emission materials for organic light-emitting diodes 
(OLEDs) based on the spirobifluorene (SBF) moiety. BTPSF and BDTSF were obtained in high purity via a Diels-Alder re-
action, without the use of a catalyst. Photoluminescence spectra of the synthesized materials showed maximum emitting wave-
lengths of approximately 381 and 407 nm in solution and 395 and 434 nm in the film state, for BTPSF and BDTSF, re-
spectively, indicating ultra-violet and deep blue emission colors. BDTSF was applied as an emissive layer (EML) in non-dop-
ed devices and achieved a current efficiency of 0.61 cd/A and an external quantum efficiency (EQE) of 0.46%.
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2. Materials and methods

2.1. Synthesis
2.1.1. 2,7-bis(3',6'-diphenyl-[1,1':2',1''-terphenyl]-4'-yl)-9,9'-spirobi

[fluorene] (BTPSF)
2,7-diethynyl-9,9'-spirobi[fluorene] (0.73 g, 2 mmol) and 2,3,4,5-tet-

raphenylcyclopenta-2,4-dienone (1.54 g, 4 mmol) were added to 50 mL 
xylene. The reaction mixture was heated under reflux at 180 °C for 24 
h under an argon atmosphere. The solution was cooled to room tem-
perature, and subsequently filtered and dried with MgSO4. The crude 
product was purified by recrystallization from chloroform and ethanol 
to give 0.66 g (33%) of the compound BTPSF. 1H NMR (300 MHz, 
CDCl3, δ): 7.62 (d, 2H), 7.56 (d, 2H), 7.41 (s, 2H), 7.21 (d, 2H), 7.08 
(m, 13H), 6.86 (s, 6H), 6.78 (s, 6H), 6.73 (d, 5H), 6.70 (s, 2H), 6.64 
(t, 8H), 6.57 (d, 4H), 6.41 (d, 2H), and 6.32 (s, 2H).

2.1.2. 2,7-bis(1,4-diphenyltriphenylen-2-yl)-9,9'-spirobi[fluorene] 
(BDTSF)

2,7-diethynyl-9,9'-spirobi[fluorene] (0.9 g, 2.5 mmol) and 1,3-di-
phenyl-2H-cyclopenta[l]phenanthren-2-one (1.93 g, 5 mmol) were add-
ed to 50 mL xylene. The reaction mixture was heated under reflux at 
180 °C for 24 h under an argon atmosphere. The solution was cooled 
to room temperature, and subsequently filtered and dried with MgSO4. 
The crude product was purified by recrystallization from chloroform 
and ethanol to give 1.15 g (43%) of the compound BDTSF. 1H NMR 
(300 MHz, CDCl3, δ): 8.35 (d, 4H), 7.66 (d, 2H), 7.59 (t, 4H), 7.52 (s, 
2H), 7.38 (m, 19H), 7.18 (d, 2H), 7.09 (t, 2H), 7.03 (t, 2H), 6.94 (m, 
9H), 6.86 (d, 4H), 6.56 (d, 2H), and 6.23 (s, 2H).

2.2. Measurements
The 1H-NMR spectra were recorded on Bruker Advance 300 

spectrometers. The optical UV-Vis absorption spectra were obtained 
using a Lambda 1050 UV/Vis/NIR spectrometer (Perkin Elmer). Perkin 
Elmer luminescence spectrometer LS55 (Xenon flash tube) was used 
for photo-luminescence (PL) spectroscopy. The photoluminescence 
quantum yield (PLQY) was obtained using Quantaurus-QY Absolute 
PL quantum yield spectrometer C11347 (Hamamatsu). For the EL de-
vices, all organic layers were deposited under 10~6 torr, with a rate 
of deposition of 1 Å/s to give a deposition area of 4 mm2. The cur-
rent-voltage-luminance (I-V-L) characteristics of the fabricated EL de-
vices were obtained by Keithley 2400 electrometer, and light intensity 
was obtained by Minolta CS-1000A.

3. Results and discussion

3.1. Molecule design concept
The novel blue-emitting materials, BTPSF and BDTSF, were suc-

cessfully synthesized, as shown in Scheme 1 and Figure 1. Spirobifluorene 
(SBF) exhibits high photoluminescence (PL) efficiency and a highly 
twisted structure achieved by sp3 bonding, which can be used as the 
main emitting moiety. In this study, we used sterically bulky side 
groups to prevent aggregation caused quenching (ACQ), which can oc-

cur in the film state due to the proximity of the molecules. DPTP and 
DPTPL were attached to the core of the molecules as bulky side 
groups. The two side groups have different rigidities, with DPTP hav-
ing an open structure to rotate itself, while the triphenylene group of 
DPTPL has a fused ring system and, therefore, a relatively high 
rigidity. We believe that the two different side groups result in differ-
ent electro-optical properties.

3.2. Optical properties of the synthesized compounds
Figure 2 and Table 1 show the ultraviolet-visible (UV-Vis) absorp-

tion spectra and PL spectra of the synthesized compounds. In the sol-
ution state UV-Vis spectra, BTPSF and BDTSF exhibited absorption 
wavelengths of 308 and 327 nm; and 308 and 339 nm, respectively. 
In the film state, BTPSF and BDTSF exhibited absorption maximum 
wavelengths of 311 and 329 nm; and 311 and 328 nm, respectively. 
For PL measurements recorded in the solution state, BTPSF and 
BDTSF exhibited ultraviolet and deep-blue emission at 381 and 407 
nm, respectively, with full-width-at-half-maximum (FWHM) values of 
54 nm. BTPSF and BDTSF exhibited high solution state photo-
luminescence quantum yield (PLQY) values of 88% and 93%, 
respectively. In the film state, BTPSF and BDTSF exhibited deep-blue 
emission at 395 and 434 nm, respectively. Compared with the solution 
state, the maximum emission values for the film state were redshifted 

Scheme 1. Synthetic routes of BTPSF and BDTSF.

Figure 1. Chemical structures of BTPSF and BDTSF. 
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by 14 and 27 nm in BTPSF and BDTSF, respectively. FWHM values 
for BTPSF and BDTSF were 62 and 77 nm, respectively, 8 nm and 
23 nm broader than solution state values. This means that the molec-
ular packing of BDTSF in the film state is more efficient than that of 
BTPSF. Furthermore, for BDTSF, weak excimer emission of 549 nm 
was observed due to the proximity of the molecules. PLQY values for 
BTPSF and BDTSF in the film state were 65 and 71%, respectively. 
These values were approximately 23% and 22% lower than those ob-
served in the solution state for BTPSF and BDTSF, respectively, ow-
ing to the ACQ effect[12]. The PLQY value for BDTSF was higher 
than that of BTPSF because the DPTPL side group is more rigid than 
the DPTP side group. It effectively prevents the intermolecular inter-
action compared to the DPTP side group.

3.3. Electroluminescence (EL) performance of the synthesized 
compounds

The synthesized compounds were used as emitting layers (EML) to 
fabricate non-doped OLEDs devices, and their EL performance was 
measured. The devices were structured as follows: ITO / 4,4',4''-Tris 
[2-naphthyl(phenyl)amino]triphenylamine (2-TNATA) (60 nm) / N,N'-Di 
(1-naphthyl)-N,N'- diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB) (15 nm) 
/ BTPSF or BDTSF (30 nm) / Alq3 (30 nm) / LiF (1 nm) / Al (200 
nm). 2-TNATA was used as a hole injection layer, and NPB was used 
as both a hole transporting layer (HTL), and an electron blocking layer 
(EBL). Alq3 was used as an electron transporting layer (ETL). The 
OLEDs properties of the non-doped devices using the synthesized 
EML materials are summarized in Figure 3 and Table 2. As shown in 
Figure 3, the BDTSF device exhibited typical OLEDs performance, such as 
current density (I)-voltage (V)-luminance (L) curve, current efficiency 
(CE) versus current density and external quantum efficiency (EQE) 

versus current density. However, for the BTPSF device, a normal EL 
spectrum was not observed because of the wide band gap of more than 
3.4 eV. This was due to the wide band gap not allowing recombination 
for emission, as well as the worse electron and hole injections in the 
BTPSF device. The BDTSF device exhibited CE of 0.61 cd/A and 
EQE of 0.46%. In addition, no roll-off was observed for the BDTSF 
device, even at high current densities. Therefore, unlike the BTPSF de-
vice, the BDTSF device displays smooth charge injection. The BDTSF 
device exhibited an ELmax value of 437 nm, and the CIE color coor-
dinates were (0.20, 0.17). The BDTSF device exhibited deep-blue region 
emission at the ELmax wavelength, but the CIE y-value was not as low. 
This is due to the weak excimer peak for BDTSF, which is derived from 

Figure 2. Normalized UV-visible absorption and PL spectra of newly synthesized compounds: (a) in solution state (1 × 10-5 M toluene), (b) in
film state (vacuum-deposited film, 50 nm).

Table 1. Optical Properties of Synthesized Compounds

Compounds
Solution statea Film stateb

UVmax 
(nm)

PLmax 
(nm)

FWHMc 

(nm)
PLQYd 

(%)
UVmax 
(nm)

PLmax 
(nm)

FWHMc

(nm)
PLQYd 

(%)

BTPSF 308/327 381 54 88 311/329 395 62 65

BDTSF 308/339 407 54 93 311/328 434 77 71
a: 1 × 10-5 M in toluene, b: vacuum-deposited film (50 nm), c: full width at half maximum, d: photoluminescence quantum yield

Figure 3. EL performances of non-doped devices using BDTSF as 
EML: (a) EL spectrum (b) I–V–L curve, (c) current efficiency versus
current density, and (d) external quantum efficiency versus current 
density.
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the molecular packing in the device. However, this CIE y-value is 
close to the commercialized mobile phone specification of 0.15.

4. Conclusions

Two novel blue-emitting fluorescent compounds, BTPSF and BDTSF, 
were synthesized, based on the spirobifluorene moiety. BTPSF and 
BDTSF showed ultraviolet and deep-blue PL emission at 395 and 434 
nm, respectively, in the film state. The EL performance of BDTSF 
based on a non-doped device showed a CE of 0.61 cd/A and an EQE 
of 0.46%. BDTSF exhibited deep-blue emission at an ELmax wave-
length of 437 nm, and exhibited a CIE color coordinates of (0.20, 
0.17). The non-doped device displayed a relatively wide FWHM value 
owing to the molecular packing, but the CIE y-value of 0.17 for the 
BDTSF device was close to the commercialized mobile phone require-
ment (0.15) for blue emission.
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Table 2. EL Performances of Non-doped OLEDs Devices at 10 mA/cm2. Device Structure: ITO / 2-TNATA (60 nm) / NPB (15 nm) / EML 
(synthesized materials / 30 nm) / Alq3 (30 nm) / LiF (1 nm) / Al (200 nm)

Compounds Voltage
(V)

CEa

(cd/A)
EQEb

(%)
CIEc

(x, y)
PLmax

d

(nm)
ELmax

(nm)
BDTSF 6.0 0.61 0.46 (0.20, 0.17) 434 437

a Current efficiency, b external quantum efficiency, c commission International de l’Eclairage, d film state


