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| A novel pyrene derivative, 2,8-di(1-pyrenyl)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (TBPy), was synthesized and well |
characterized. The structure was confirmed with '"H NMR, *C NMR and MS analyses. Its photophysical, thermal, electrochemical and

| electroluminescent properties as well as the electronic structure were investigated. The compound shows good thermal stability, high |

| fluorescence yield and high hole-transport ability. The organic light-emitting diode using TBPy as an emitter layer exhibits a blue |

| emission at 485 nm. Therefore, it is a promising candidate for fabricating efficient blue organic light-emitting diodes. |

|
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INTRODUCTION

Since the first reported by Tang and VanSlyke', organic
light-emitting diodes (OLEDs) have gained industrial accep-
tance and been successfully used for flat-panel displays and
solid-state lightings*”. In these applications, good blue-emitting
materials and devices have been essential® and therefore there
have been continual efforts towards exploring blue-emitting
materials and devices with improved characteristics. Among
various emitting materials, pyrene is a potentially good candidate
for blue OLED applications due to its high photoluminescence
(PL) quantum yield, excellent thermal stability and high charge
carrier mobility””. However, the performances of pyrene as
blue emitters have been hampered by the tendency to form 7
aggregates/excimers in solid state, resulting to long-wavelength
T aggregates/excimers emission with low fluorescence quantum
yield™.

Chemical structure of the molecules can affect their optical
properties, especially in solid state. To construct a non-coplanar
or spiro-molecular configuration is believed necessary to gain
high fluorescence quantum yield in solid state'""'*, Compounds
with such kinds of non-coplanar configurations can weaken
intermolecular 7-T interactions and thus effectively alleviate

fluorescence quenching in solid state. Troger’s base (TB), an
old compound with more than 100 years’ history", has gained
steady interest in recent years because of its C, symmetry,
particular rigid and concave A-shaped framework'®"’. The A-
shaped twisted configuration is advantageous for the suppre-
ssion of intermolecular 7-7 close stacking. In recent years,
our group has successfully constructed a series of Troger’s
base derivatives and studied their optoelectronic properties™ >,
Fluorene and anthracene derivatives based on Troger’s base
showed strong fluorescence both in dilute solutions and aggregate
states®'. Moreover, A-shaped pyridinium salts exhibited a
special aggregation-induced emission property”*. Encouraged
by their excellent photoluminescence properties, we designed
and synthesized a pyrene derivative based on Troger’s base to
exploit its potential as a blue-emitting material in this paper.
Herein, we present the synthesis, photophysical, electro-
chemical, thermal and electroluminescent (EL) properties of
the pyrene derivative based on Troger’s base.

EXPERIMENTAL

All solvents used for the measurements were further
purified. Dry dichloromethane and tetrahydrofuran (THF) were
freshly distilled over calcium hydride and sodium prior to use,
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respectively. The 'H and *C NMR spectra were recorded at
25 °C using a Bruker Avance 300 or 400 MHz spectrometer.
Mass spectrum was determined with an AXIMA-CFR plus
MALDI-TOF mass spectrograph. UV-visible absorption spectra
were recorded on Varian Cary 50 spectrophotometer. Fluore-
scence measurements were carried out with a Hitachi F-4500
fluorescence spectrometer equipped with a 150 W Xe lamp.
The fluorescence quantum yield in thin film state was deter-
mined by an integrating sphere connected to a spectrophoto-
meter. Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements were carried out
under a nitrogen atmosphere with a Perkin-Elmer Diamond
thermogravimetric analyzer and a Perkin-Elmer Diamond DSC
thermal analysis system, respectively. Cyclic voltammetry was
performed on a CHI660B electrochemical work station in dry
dichloromethane using BusNCIO4 (0.1 M) as supporting
electrolyte with a scan rate of 50 mV/s at room temperature
under argon. A platinum wire was used as a counter electrode,
glassy carbon as a working electrode and Ag/Ag* (0.1 M of
AgNO:s in acetonitrile) as a reference electrode. The Ag/Ag*
reference electrode was calibrated by running cyclic volta-
mmetry on ferrocene as the internal standard.

Organic light-emitting diode fabrication and charac-
terization: The device was fabricated with the configuration
ITO/PEDOT:PSS (50 nm)/TBPy (50 nm)/TPBI(15 nm)/LiF(1
nm)/Al(80 nm). The patterned ITO substrate was carefully
cleaned sequentially by detergent, deionized water and acetone
and finally treated with UV-ozone for 25 min. PEDOT:PSS
was spin-coated on the precleaned ITO substrate and dried by
baking in air at 120 °C for 2 h, then TBPy was spin-casted
from chloroform solution (5 mg/mL). TPBI and the metal
electrode were deposited on the ITO substrate by thermal
evaporation under a vacuum of 10 Torr. The deposition rates
were 2-3 A/s for TPBI and 5-7 A/s for the metal cathode. The
emitting area was 2 mm X 2 mm. The electroluminescent
spectra were measured with a spectrofluorometer FP-6200
(JASCO).

Synthesis

2,8-Dibromo-6H,12H-5,11-methanodibenzo[b,f][1,5]-
diazocine (1): At-15°C, 80 mL trifluoracetic acid was slowly
added to the mixture containing 4-bromobenzenamine (6.88
g, 40.0 mmol) and paraformaldehyde (2.39 g, 80.0 mmol).
After complete addition, the mixture was allowed to warm to
room temperature and stirring was continued for 6 days. The
mixture was diluted with ice water and alkalinized by concen-
trated aqueous ammonia. The solution was extracted with
dichloromethane. The organic layer was washed with water
and saturated brine, dried over anhydrous MgSO,. After the
solvent was removed, the crude product was chromatographed
on silica gel using petroleum/ethyl acetate (v/v =5:1) as eluent,
to give a light yellow solid 5.30 g. Yield: 69.7 %. '"H NMR
(CDCls, 400 MHz, ppm), 8: 4.10 (d, 2H, J = 16.8 Hz), 4.27 (s,
2H), 4.65 (d, 2H, J = 16.8 Hz), 7.01-7.06 (m, 4H), 7.26-7.30
(m, 2H).

2,8-(6H,12H-5,11-Methanodibenzo[b,f]diazocineylene)-
diboronic acid (2): Under N, atmosphere at -78 °C, 2.5 M
n-BuLi (4.80 mL, 12.0 mmol) was added to a mixture of comp-
ound 1 (1.88 g,5.00 mmol) and 20 mL dried THFE. The reaction

mixture was stirred for 1 h at -78 °C and then triisopropyl
borate (3.3 mL, 14 mmol) was added. The mixture was allowed
to warm to room temperature and stirred overnight. The reaction
was quenched by water, followed by acidifying with 25 mL
HCI (6 M). The white precipitate was filtrated, washed by water
and dried under vacuum, which was used without further
purification.
2,8-Di(1-pyrenyl)-6H,12H-5,11-methanodibenzo[b,f]
[1,5]diazocine (TBPy): A two-necked flask was charged with
1-bromopyrene (2.03 g, 7.20 mmol), compound 2 (0.93 g,
3.00 mmol), Pd(PPh;)., and well-degassed THF (60 mL) under
N, atmosphere. After the mixture was stirred for 10 min, sodium
carbonate (30 mL, 2 M) was added to the flask. The mixture
was then allowed to increase to 70 °C and maintained for 24 h.
The solution was extracted with dichloromethane. The organic
layer was washed with water and saturated brine and dried
over anhydrous Na,SO,. The solvent was evaporated under
reduced pressure and the crude product was purified by flash
column chromatography using petroleum/ethyl acetate (v/v =
2:1) as eluent to afford a white solid 0.78 g. Yield 41.9 %. 'H
NMR (CDCls, 300 MHz, ppm), &: 4.45 (d, 2H, J = 16.8 Hz),
4.55 (s, 2H), 4.95 (d, 2H, J = 16.5 Hz), 7.28 (s, 2H), 7.44 (q,
4H, J = 7.8 Hz), 7.94-8.09 (m, 10H), 8.20 (q, 8H, J = 19.5
Hz). "C NMR (CDCl;, 75.5 MHz, ppm) &: 147.43, 137.23,
137.03, 131.51, 131.00, 130.51, 129.81, 129.01, 128.45,
128.00, 127.61, 127.46, 127.41, 127.39, 126.01, 125.28,
125.14,125.10, 125.02, 124.94, 124.81, 124.65, 67.08, 58.83.
MALDI-TOF, m/z: calcd. (%): 622.2, found (%): 622.1.

RESULTS AND DISCUSSION

Synthesis and characterization: The synthetic strategies
and the structure of TBPy are depicted in Scheme-I. Com-
pound 1 was prepared according to the method reported in the
literature®. The boronic acid moiety of compound 2 was intro-
duced by addition of n-butyllithium and triisopropyl borate to
the THF solution of compound 1. TBPy were prepared by a
palladium-catalyzed Suzuki coupling reaction between pyrene
bromide and compound 2. The final product TBPy was verified
by 'H NMR, *C NMR and MALDI-TOF mass spectrometry.

N\
CH 0)., Trusopropyl borate pS
TFA n- BuLl
Pd(PPh,),
—_—

(HO),B 2 B(OH),
Na,CO,

TBPy
Scheme-I: Synthetic route of TBPy

Photophysical properties: To investigate the photo-
physical properties, the absorption and photoluminescence
spectra of TBPy were measured in dichloromethane (1.0 x
10 M) and in thin film, as shown in Fig. 1. All the correspon-
ding spectral data are summarized in Table-1. TBPy shows
two prominent absorption bands with maxima at 279 and 345
nm in dichloromethane solution. The first absorption band
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TABLE-1
PHYSICAL PROPERTIES OF TBPy
Compound T, /Ty (°C) A" (nm)* solution film Ao (nm)P solution film Eg""l V) HOMO (eV)*© LUMO (eV)*
TPBy 304/372 345 358 412 464 3.13 -5.36 -2.23

“Peak position of the longest absorption band. "Peak position of PL, excited at the absorption maximum. ‘HOMO calculated from cyclic
voltammetry potentials using ferrocene as internal standard HOMO = - (4.80 + E, .. — Er.™). E " 1S the onset oxidation potential versus Ag/Ag".
Er> stands for the onset oxidation potential of ferrocene versus Ag/Ag*. It is assumed that the redox potential of Fc/Fc* has an absolute energy

level of -4.80 eV to vacuum.
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Fig. 1. Normalized UV-visible absorption (a) and photoluminescence (b)
spectra of TBPy in dichloromethane solution (1.0 x 10 M) and in

thin film

exhibits the characteristic vibronic pattern of the isolated
pyrene group”. The second band should be ascribed to the
intramolecular n-t* transitions. When transfer from solution
to film state, the second absorption band of TBPy is red-shifted
by 13 nm. The photoluminescence emission spectra of TBPy
are also shown in Fig. 1. TBPy shows a blue emission at 412 nm
in dichloromethane with a modest full width at half-maximum
(fwhm) value of 64 nm. In thin film state, the photoluminescence
emission of TBPy is centered at 464 nm, which represents a
52 nm bathochromic shift relative to its solution state. The
degree of red-shift is less than that of the pyrene monomer?.
It is manifested that the introduction of Troger’s base framework
can effectively hinder the w aggregates formation between
planar pyrene moieties. In addition, the photoluminescence
quantum yield of TBPy in dichloromethane solution was
measured by using quinine sulfate as standard. Its solid-state
quantum yield was determined by an integrating sphere. The
photoluminescence quantum yields of TBPy in dichloromethane
solution and solid state are 88.5 and 34.8, respectively.

Electronic structure: To have a better understanding of
the properties of TBPy, calculations on its electronic ground
state were carried out using a B3LYP density functional theory
with a 6-31G(d) basis in the Gaussian 09 program”’. The opti-
mized geometry and electron-density distribution of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are shown in Fig. 2. The electron
densities of HOMO are averagely distributed on the whole
molecule backbone. Though there is some distribution of the
LUMO coming from the phenyl rings connected with the pyrene
groups, the electron densities of LUMO are mainly localized
on the two pyrene rings, indicating that the electronic transitions
responsible for the emission of TBPy mainly originate from
the m-orbitals of the pyrene moiety and the nitrogen atoms.
Besides, from the optimized geometry of TBPy it can be seen
that the two pyrene rings at the ends of TBPy are twisted. The
twist angle between the pyrene ring and its adjacent phenyl
ring is 53.8°. The two phenyl rings composed of Troger’s base
framework are almost perpendicular to each other. These make
the molecular structure non-planar, thus facilitating the
formation of an amorphous film and reducing the intermole-
cular 7-7 stacking and/or interaction.

HOMO 4
J

Fig. 2. Molecular orbital surfaces of the HOMO and LUMO of TBPy
obtained at B3LYP/6-31G(d) level

Thermal and electrochemical properties: The thermal
properties of TBPy were evaluated by DSC and TGA experi-
ments. Key thermal data of the compound are listed in Table-
1. TBPy exhibits high thermal stability. As shown in Fig. 3,
the decomposition temperatures (T,) was found to be 372 °C.
In the DSC scan of TBPy, a sharp endothermic peak due to
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Fig. 3. DSC and TGA scans for TBPy

melting was observed at 304 °C (T.,). The high melting point
can extend the operation lifetime of the related OLED. No
obvious glass transition phenomenon was detected.

For TBPy used in OLED, it is important to know the energy
levels of HOMO and LUMO. Cyclic voltammetry analysis
was carried out to identify its electrochemical behaviours and
estimate its orbital energies. The orbital energies and band
gap are also listed in Table-1. TBPy exhibits three irreversible
oxidation peaks and two reversible reduction peaks in dry
CH,Cl,, as shown in Fig. 4. The three oxidation peaks versus
Ag/Ag" are 0.86, 1.21 and 1.71 V, respectively. The onset
potential of the first oxidation peak is at 0.64 V. The HOMO
energy level is estimated from the onset oxidation potential to
be -5.36 eV using ferrocene as internal standard. Accordingly,
the LUMO energy level of TBPy is calculated to be -2.23 eV,
by combining the HOMO energy level together with the optical
band gap. The HOMO level of TBPy is higher than that of
NPB (N,N2-bis(naphthalen-1-yl)-N,N2-bis(phenyl)benzidine,
-5.70 eV)*®, which is one of the most widely used hole-transport
materials. So, this material can provide for more facile hole-
injection when it is used as an active material in OLED.

20
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Fig. 4. Cyclic voltammetry of TBPy in dichloromethane

Electroluminescence properties: The device performances
based on TBPy were investigated by utilizing it as an emissive
layer. The film of TBPy was fabricated by a spin-coating 5
mg/mL chloroform solution. The device configuration is ITO/

PEDOT:PSS (50 nm)/TBPy (50 nm)/TPBI (15 nm)/LiF(1 nm)/
Al(80 nm). In the device, ITO (indium tin oxide) is the anode,
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) and poly-
(styrenesulfonate)) serves as the hole-transporting layer of the
OLED device, TPBI [1,3,5-tri(1-phenyl-1H-benzo[d]imidazol-
2-yl)phenyl] as an electron-transporting layer and a hole
blocker and LiF:Al as the composite cathode. Fig. 5 shows
the normalized electroluminescent emission spectra of the
diode based on TBPy. The device exhibits a blue emission at
485 nm. No obvious changes are observed in the electrolumi-
nescent spectra upon being operated from 13-18 V. Addition-
ally, the shape of electroluminescent spectra resembles to that
of the corresponding solid-state photoluminescence spectrum
with a slight red shift. This indicates that both photoluminescence
and electroluminescent of TBPy originate from the same
radiative-decay process of the single excitons. Therefore, it is
a promising candidate for fabricating efficient OLEDs.
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Fig. 5. Electroluminescent spectra of the device based on TBPy

Conclusion

We have synthesized a novel pyrene derivative based on
Troger’s base by Suzuki reaction. Its photophysical, thermal,
electrochemical and electroluminescent properties as well as
the electronic structure were investigated. TBPy possess high
thermal stability. The results from photoluminescence measu-
rements and electronic structure indicate that the commonly
observed aggregate/exicimer of the pyrene monomer is effec-
tively suppressed in TBPy compound. The cyclic voltammetry
measurement reveals that TBPy has high hole-transport ability.
The electroluminescent device with TBPy functioning as an
emitting material was fabricated. The device exhibits a blue
emission at 485 nm. The excellent thermal stability and the
good capability of emitting and hole-transport will make TBPy
a promising candidate.
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