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A series of pyrene-centered starburst oligocarbazoles (1-
3) have been synthesized and well characterized. Based
on photophysical, thermal and electrochemical studies in
solutions and as thin films, all starburst molecules reveal a
sky blue emission with a high efficiency (®r = 0.99 — 0.81) and
excellent thermal and electrochemical stabilities. As OLED
materials, these superior properties are helpful to enhance
device stability and lifetime.

Introduction

In the past two decades, small organic molecules and conjugated
polymers have received the most attention as new materials with
a high efficiency and a long lifetime in the field of organic light-
emitting diodes (OLED).! Besides small organic molecules and
polymers, a new class of OLED materials, including dendrimers,
starbursts and oligomers, has recently attracted great attention.?
These macromolecules combine the merits of well-defined struc-
tures and superior chemical purity possessed by small molecules
and simple solution-processing advantage of polymers.® The well
designed and controlled synthesis of molecules can offer desired
properties, and have been widely used in a variety of applications
from material to biology science.*

Recently, a few 1,3,6,8-substituted pyrene-centered starbursts
and dendrimers were synthesized as OLED materials, including
starburst oligofluorenes,* the fluorene-substituted carbazole end-
capped starbursts,”® and dendrimers with polyenylene shell,® or
fluorene/carbazole dendrons and acetylene as linkages.” Above
studies®™” and reports on 1,3,6,8-tetrasubstituted pyrenes® showed
that pyrene-centered starbursts and dendrimers combine efficient
photon-harvesting strong fluorescence, good thermal stability,
good solubility and excellent film-forming properties. Especially,
the introduction of carbazole unit can enhance the hole-injection
capability of the materials, and improve thermal stability and

“Department of Chemistry, Joint Laboratory of Green Synthetic Chemistry,
University of Science and Technology of China, Hefei, 230026, China.
E-mail: ghsong@ustc.edu.cn; Fax: +86 551 3601592; Tel: +86 551 3607524
*National Synchrotron Radiation Laboratory, University of Science and
Technology of China, Hefei, 230029, P.R. China

T Electronic supplementary information (ESI) available: Experimental
details, calculation results and solvent effects on the absorption and
fluorescence spectra, of 1-3, and characterization data of new compounds
6, 12-15, 1, 2 and 3; and copies of mass spectra of 1-3 and NMR spectra
of new compounds. See DOI: 10.1039/c10b05857f

electrochemical stability.®® A series of new carbazole dendrimers
were synthesized by modified at 3-, 6-, and 9- positions, possessing
arigid and highly twisted structure, and producing a potential gra-
dient of electron density.” The special properties of oligocarbazole
prompt us to explore the synthesis of pyrene-centered starburst
oligocarbazoles.

In this work, we have synthesized three pyrene-centered star-
burts oligocarbazoles (1-3, shown in Chart 1) and fully charac-
terized them. These starbursts show superior properites includ-
ing high fluorescence quantum efficiency, excellent thermal and
electrochemical stabilities, which make them possible candidates
for a class of solution processable blue emitters/hole injection in
OLED:s.

Results and discussion

The synthesis procedures of starburst molecules 1-3 contain two
parts: synthesis of the arm, cabazole/oligocarbazole boronic acids
(Scheme 1) and synthesis of starburst molecules by a Suzuki cross-
coupling between 1,3,6,8-tetrabromopyrene and the correspond-
ing boronic acids (Scheme 2). First, bromination of carbazole with
NBS in different proportions at room temperature has provided
compounds 4" and 7,'" respectively. Second, N-alkylation of 4,
7 and carbazole with 1-octylbromide have been carried out at
120 °C in toluene and 50% NaOH solution containing tetra-n-
butylammonium bromide (TBAB) as a phase-transfer catalyst,
giving 5,'° 8" and 9% in quantitative yields, respectively. Transfor-
mation of the bromide 5 into corresponding boronic acid 6 has
been performed by lithium-bromide exchange at low temperature,
followed by reacted with trimethyl borate at low temperature,
and subsequent acid hydrolysis at room temperature. Third, the
palladium-catalyzed Suzuki cross-coupling of one equivalents of
6 with 2.5 eq of 8 and 11 affords 12 and 14, respectively. 10,*° 11*°
and 1,3,6,8-tetrabromopyrene (16)'? has been prepared according
to the literatures. Fourth, transformations of the bromides 12 and
14 into the corresponding boronic acid 13 and 15 are carried out
by the same procedure with synthesis of 6, respectively. At last,
Suzuki cross-coupling reactions between 16 and excess of boronic
acids 6, 13, 15 using Pd(PPh;), as a catalyst afforded the desired
starburst molecules 1-3 in excellent yield, respectively (Scheme 2).
The monodisperse starburst molecules were identified by 'H and
BCNMR spectroscopy, MALDI-TOF MS and elemental analysis.

The absorption and photoluminescence of 1-3 were investigated
both in solutions and as thin neat films. Fig. 1 shows the
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Scheme 1 The synthetic routes of oligocarbazole boronic acids. Reagents
and conditions: (¢) NBS DMF r.t.; (b) Octylbromide, TBAB toluene, 50%
NaOH reflux; (¢) (i) n-BuLi, THF, =78 °C; (ii) B(OCH;);, =78 °C; (iii)
HCI/H,0; (d) FeCl;, CHCL;; (e) Pd(PPh;),, K,CO;, toluene.

Br, Br
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Scheme2 Synthesis of starburst molecules 1-3 by a Suzuki cross-coupling
reaction.

absorption spectra and the fluorescence emission spectra of 1-3 in
dichloromethane solutions. The absorption in a long-wavelength
region should be assigned to the HOMO-LUMO transition of
these molecules, and absorption peaks (A,.) are 408, 410 and
402 nm for 1-3, respectively. These peaks reflect the conjugation
extent between the pyrene core and oligocarbazole arms. However,
no uniform red-shift occurs when the arm length increases, and

Structures of three pyrene-centered starburst oligocarbazoles.
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Fig.1 Absorption spectra (open) (2.5 10-°M) and fluorescence emission
spectra (full) of compounds 1 (square), 2 (circle) and 3 (triangle) in
dichloromethane solutions, A, = 408 nm.

Amax first increases for 1 and 2 and then decreases for 3. The may be
due to steric inhibition of resonance between the pyrene core and
the arms. The absorption band in the UV region is predominantly
attributed to the carbazole or oligocarbazole arms, and molar
extinction coefficients increases with the arm length, and data are
listed in Table 1. For thin films, all absorption peaks have a bit red-
shift relative to the solutions, that is, A, are 415, 416 and 407 nm
for 1-3, respectively. This may be a some extent of face-to-face
stacking that leads to the aggregates formation of pyrene rings.
The fluorescence spectra of 1-3 in both delute CH,Cl, solutions
and thin films display one emission peaks around 460 nm
(solution) or 470 nm (film), with a narrow full width at half-
emission maximum (fwhm) of 51-57 nm (solution) or 63—68 nm
(film) (Fig. 1 and Fig. 2). Comparing to the solutions, the
maximum emission peaks of the films have red-shift of 14 nm,
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Fig.2 Absorption spectra (open) and fluorescence emission spectra (full,
Aex = 408 nm) of compounds 1 (square), 2 (circle) and 3 (triangle) as thin
films prepared by spin-coating 5 wt% THF solutions of starbursts on glass
substrate at a spin speed of 2000 rpm.
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Table 1 Photophysical and electrochemical properties of starbursts 1-3

Compd. s/ NNM Aem/TIM O’ E.»¢ HOMO/LUMO T.,/T,
CH,Cl, Film CH,Cl,  Film V) V) /°C

1 240 (1.92), 267 (1.36), 302 (0.92), 243, 270, 304, 344, 415 454 468 0.99 1.13, -5.57/-2.53 209/451
338 (0.60), 408 (0.69) (0.83)  1.07

2 246 (2.92), 302 (2.69), 410 (0.66) 248, 304, 355, 416 461 470 0.91 1.05 -5.55/-2.52 264/459

(0.78)

3 249 (4.01), 277 (3.13), 308 (3.78), 252, 280, 310, 407 460 470 0.81 0.95 -5.45/-2.36 307/463

402 (0.67) (0.72)

“The values in brackets are molar extinction coefficient, 10° M~ cm™. ¢ A, =408 nm (A, = 300 nm). © Half-wave oxidation potentials vs. Fc*/Fc, a glassy

carbon working electrode, 0.1 M Bu,NPF¢-CH,Cl,, scan rate 100 mV s™'.

9 nm and 10 nm for 1-3, respectively, and the fwhms have 10 nm
widened. Despite so, it did not lead to the appearance of low-
energy emission bands resulting from the possible aggregating.
Using fluorescein as a reference (@ = 0.90" in 0.1 N NaOH), the
fluorescence quantum yields (®r) of 1-3 in dichloromethane have
been measured to be 0.99, 0.91 and 0.81, respectively, and decreases
as the arm increases. The decrease in the quantum yield may be
due to the increase in the nonradiative deactivation resulting from
the un-rigid arms.

When the starbursts are excited in the absorption range of
300-390 nm, the emission spectra for all three molecules only
show one emission peak from the core. The single emission upon
excitation of carbazole arms suggests the occurrence of efficient
intramolecular energy transfer (Fig. 3). The quantum efficiency
decreases with excitation wavelength, largely decreasing when the
excitation wavelength is lower than 300 nm. Using quinine sulfate
solution in 0.1 N H,SO, (®r = 0.546™) as a reference, fluorescence
quantum yields obtained under excitation at 300 nm are lower than
those of excitation at 408 nm (Table 1). The quantum efficiency
decreases as the arm length increases. A similar observation
was obtained from conjugated dendrimers with a pyrene core,
fluorene/carbazole dendrons.™
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Fig. 3 Fluorescence spectra of 1-3 in dichloromethane solutions at
different excitation wavelength.

The electrochemical behavior of 1-3 has been examined by CV
using a standard three-electrode cell in an electrolyte solution
0.1 M tetrabutylammonium hexafluorophosphate [TBAPF,] dis-
solved in dichloromethane. The working electrode is glassy carbon,
the counterelectrode is a platinum wire, and the reference electrode
is saturated calomel electrode (SCE). The CV voltammograms
are shown in Fig. 4, using ferrocene as a standard.' There are
two oxidation peaks for 1, only one for 2 and 3, which are
well-defined reversible redox waves for each starburst. Fig. 4
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Fig. 4 Cyclic voltammograms of the starbursts 1-3 in CH,Cl, solutions.

exhibits only a very small shift to higher voltage after 25 scan
cycles for 1 and 3, 50 cycles for 2 (<4 mV). This shows that
these starbursts have excellent electrochemical stability, and can
withstand more times a redox cycle than the carbazole end-capped
pyrene starburst giving a 100 mV shift to higher valtage after 8 scan
cycles.® This electrochemical stability is unprecedent.>*# Thus,
as OLED materials, these starbursts would enhance their service
time in device operation. The values of the half-wave oxidation
potentials (E,») for 1-3 are 1.07 V, 1.05 V and 0.95 V, respectively.
Obviously, the oxidation potential decreases with increasing the
arm length. Quantum chemical calculation shows that from 1 to
3 the HOMO becomes located on the carbazole arms and the
LUMO on the pyrene (see details in ESI}). Solvent effects on
fluorescence spectra of 1-3 support this calculated result. From 1
to 3, the solvatochromic effect on fluorescence emission becomes
notable, implying an intramolecular charge transfer process from
the arm to the pyrene core occurs (see Table S2 in ESIf). This
implies that although the conjugation between the pyrene core
and arms first increases and then decreases, the carbazole arm
reveals a uniform increase of conjugation. On the basis of the half-
wave oxidation potentials, the highest occupied molecular orbital
(HOMO) energy levels of starbursts are estimated in the range of
—5.57t0 =5.45 (HOMO =E, , + 4.5 ¢V'®). The lowest unoccupied
molecular orbital (LUMO) energy level are ranged from —2.36
to —2.53 eV, calculated from the HOMO energy level and energy
band gap (E,, eV) based on their fluorescence spectra (LUMO =
HOMO + E,). The data suggest that starbursts molecules with
higher generation possess higher energy levels.

The thermal stability of the starbursts is examined by differen-
tial scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) in N, at a heating rate 10 °C, shown in Fig. 5. All
compounds exhibit very high glass transition temperature (7,)
and decomposition temperature (7,), at which 5% of mass
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Fig. 5 (a) DSC thermograms of 1-3 and (b) TGA thermograms of 1-3
under a nitrogen atmosphere at a heating rate of 10 °C min™'.

loss occurs, and data are listed in Table 1. Both 7, and T,
increase with the molecular size. The oligocabazole in 3,6-linking
mode can significantly improve thermal properties of the pyrene-
centered starbursts. Both T, and T of starbursts 1-3 are much
higher over those of pyrene-centered starburst oligofluorenes
(T,: 62-92 °C and T,: 378-391 °C),* the carbazole end-capped
pyrene starburst (T4: 299 °C),* and pyrene-centered dendrimers
conjugated with fluorene/carbzole dendrans (7',: 128-174 °C and
T4: 425-442 °C).” This shows these compounds possess excellent
thermal stability. The high thermal stability is advantage for
OLED applications, which is helpful to enhance device stability
and lifetime.

Conclusion and future work

We have synthesized three pyrene-centered starburst oligocar-
bazoles via a 3,3 carbon-carbon coupling, and full characterized
them with '"H and *C NMR spectroscopy, MS and elemental
analysis. These starbursts reveal only one emission peak with a
high efficiency, and unprecedented electrochemical and thermal
stabilities, which could greatly enhance their service time as OLED
materials in device operation. Furthermore, we will investigate
their electroluminescence and improve the device performance
with these starbursts as the hole-injection/light-emitting layer.
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