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Fluorene-Carbazole Dendrimers: Synthesis, Thermal,
Photophysical and Electroluminescent Device Properties

By Ozlem Usluer,* Serafettin Demic,* Daniel A. M. Egbe, Eckhard Birckner, Cem Tozlu,
Almantas Pivrikas, Alberto Montaigne Ramil, and Niyazi Serdar Sariciftci

Novel hole-transporting dendrimeric molecules containing dioctylfluorene,
spirobi(fluorene) and spiro(cylododecane-fluorene) as the core unit and dif-
ferent numbers of carbazole and thiophene moieties as the peripheral groups
are synthesized. All the dendrimers are characterized by "H NMR, '*C NMR,
FTIR, UV-vis, PL spectroscopy, and MALDI-TOF. They are thermally stable
with high glass transition and decomposition temperatures and exhibit
chemically reversible redox processes. They are used as the hole-transporting
layer (HTL) material for multilayer organic light emitting diodes (OLEDs)
with a low turn-on voltage of around 2.5 V and a bright green emission

with a maximum luminance of around 25400 cd m2.

1. Introduction

Since the electroluminescence from small molecular organic
materials was reported for the first time in 1987 by Tang and
VanSlyke, organic light-emitting diodes (OLEDs) have attracted
much attention and found their way into markets as displays.™!
With their advantages of low-power consumption, high contrast
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and high brightness, they have applica-
tions in full color flat panel displays.?3l

The general structure of OLEDs con-
sists of a light emissive layer sandwiched
in between two metal electrodes, one of
which is transparent conducting electrode
(Figure 1). Additional layers between
the cathode and the emissive layer (elec-
tron transport layer, ETL) or between the
anode and the emissive layer (hole trans-
port layer, HTL) is used for high efficiency
OLED devices. Recent studies revealed
that organic multilayer structures typically
enhance the performance of the devices by
lowering the barrier for hole injection from
the anode and by enabling control over the electron-hole recom-
bination region, moving it from the organic/cathode interface,
where the defect density is high, into the bulk. Hence, the layer
deposited on the anode would generally be a good hole transport
material (HTM), providing HTL. Similarly, the organic layer in
contact with the cathode would be the optimized ETL.M

In general, high glass transition temperature (T,) amorphous
hole transport materials (AHTMs) are needed to have an effi-
cient and stable OLED device. The most widely used HTLs,
N,N’-bis(3-methylphenyl)-N,N-diphenylbenzidine (IPD) and
4,4"-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl (NPB), offer
many attractive properties such as high charge carrier mobility
and ease of sublimation. They possess some disadvantages to be
used in long-lifetime OLED devices such as their rather low T,

Metal cathode

‘/ Organic layers

ITO transparence anode

Glass substrate

Photon

Figure 1. General structure of OLED device.
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(~65 °C for TPD and ~100 °C for NPB), ease of crystallization
and unsatisfactory morphological stability.>° Recently, AHTMs
with high T, such as dendritic carbazole molecules with a
fluorene core,”# 1,4-bis(N-carbazolyl)benzene as a central unit
and different numbers of diphenylamine moieties as the periph-
eral group,! 1,3,5-tris(2-(9-ethylcarbazolyl-3)ethylene)benzene, %
4,4’ 4” tri(N-dibenzocarbazolyl)triphenylaminel'l and monodis-
perse carbazole-based oligomers,[!Zl have been reported.

Carbazole molecules have been used as HTLs owing to
their excellent hole-transporting capability, high charge car-
rier mobility, high thermal, morphological and photochemical
stability.'® Tt can easily be functionalized at its 3,6-, 2,7- or N-
positions!'*1% and then covalently linked into polymeric sys-
tems, both as building blocks in the main chain’’l and pending
groups in the side chain.[8

It is known that fluorene derivatives are important materials
for OLEDs because of their high quantum yield of photolumi-
nescence (PL) and electroluminescence (EL) efficiencies and
high thermal stabilities. Spiro-functionalization at the bridge
position of fluorene (C-9) having a specific steric configuration
has been attracting much attention as organic functional
material in terms of its specific physical properties.[!’]

H
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In this paper, we report the synthesis, characterization and
use of novel hole-transporting dendrimeric molecules con-
taining octylfluorene, spirobi(fluorene) and spiro(cylododecane-
fluorene) core unit and different numbers of carbazole and
thiophene moieties as the peripheral groups synthesized by
divergent method. Their chemical structures were elucidated by
!H NMR, 3C NMR, FTIR and MALDI-TOF. Their photophys-
ical, thermal and electrochemical properties were determined
by UV-Vis and PL spectroscopies, cyclovoltammetry (CV),
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Their hole-transporting properties were
investigated by preparing multilayer OLED devices having the
structure ITO/PEDOT:PSS/HTL(Dendrimer)/Alq;/LiF:Al

2. Results and Discussion
2.1. Synthesis

The synthetic routes of nine carbazole and thiophene based
compounds are shown in Schemes 1 to 3. Coupling of
2,7-dibromo-9,9-dioctyl-9 H-fluorene in excess carbazole under

QO

Br O‘O B+

OFC-G2

Scheme 1. Synthesis of OFC-G1, OFC-G2 and OFCT-G2.
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Scheme 2. Synthesis of SBFC-G1, SBFC-G2 and SBFCT-G2.
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Scheme 3. Synthesis of SFC-G1, SFC-G2 and SFCT-G2.
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Ullmann coupling conditions in the presence of copper(l)
iodide as catalyst and potassium carbonate as base in N,N"-
dimethylacetamide (DMAc) at reflux temperature gave a white
solid (OFC-G1) of 85% yield. Bromination of OFC-G1 with
N-bromosuccinimide (NBS) in tetrahydrofuran (THF) selectively
produced the corresponding tetrabromo compound 1, which
was then reacted with carbazole under the same Ullmann cou-
pling conditions to yield OFC-G2. Coupling of the intermediate 1
with an excess of 2-thiopheneboronic acid under palladium
catalyzed Suzuki cross-coupling conditions gave OFCT-G2 as a
light green solid in good yield. 2,7 Dibromo-9,9"-spirobifluorene
and 2,7-bis(carbazol-9-yl)-9,9"-spiro(cyclododecane-1,9"-fluorene)
were prepared according to procedures previously described
in literatures.?®2!l First and second generation carbazole
dendrimers (SBFC-G1, SFC-G1, SBFC-G2, SFC-G2) with
spirobi(fluorene) and spiro(cyclododecane-fluorene) core unit
synthesized under Ullmann coupling conditions were obtained
aswhite solidsin goodyields. Compound SBFCT-G2and SFCT-G2
were synthesized under Suzuki cross-coupling conditions and
were obtained as light green and white solids, respectively.

All the synthesized compounds were characterized by 'H
NMR, 13C NMR, FTIR spectroscopy and MALDI-TOF. The data
were found to be in good agreement with the proposed struc-
tures. All dendrimers were highly soluble in organic solvents
such as chloroform, chlorobenzene, toluene and THF at room
temperature. Transparent and stable amorphous films of these
dendrimers can be prepared by spin-coating from solutions.

2.2. Thermal Properties

The thermal properties of the compounds were determined
by DSC and TGA under nitrogen atmosphere with a heating
rate of 10 °C min~!. DSC was performed in the temperature
range between 30 and 270 °C. TGA data revealed that all the
dendrimers are thermally stable materials as summarized in
Table 1. Their thermal decomposition temperatures (Tj) are
in the range of 488-650 °C and are increased with increasing

Table 1. Physical and photophysical data of dendrimeric HTLs.
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the number of carbazole moieties in the periphery. Except for
OFC-G1, T, values of the compounds are higher than those
of commercially available TPD (T, ~ 65 °C) and NPB (T, ~
100 °C) and it varies depending upon the number of carbazole
and thiophene moieties, rigid octylfluorene, spirobi(fluorene)
and spiro(cylododecane-fluorene) core and their structural sym-
metry.*??l There is no observed exothermic peak resulting from
the crystallization of SBFC-G2 and SFC-G2 up to 270 °C in
their DSC curves. These results indicate that they have excellent
amorphous glass state stability.?’l As shown in Table 1, second
generation carbazole dendrimers containing spirobi(fluorene)
and spiro(cylododecane-fluorene) cores have higher values of T
and T, relative to their analogs.

2.3. Optical Properties

The compounds absorb in the UV spectral region below 400 nm
with maxima between 320 and 350 nm. The absorption spectra
are thus not significantly shifted in comparison to the spectrum
of the carbazole subchromophore (N-phenyl carbazole, 1,™** =
340 nm). The chromophore system does not extend over the
whole molecule due to torsion between the carbazole and fluorene
subchromophores. The torsion of the subchromophores around
the o-bonding in the ground state is also visible through the long
tail of the long wavelength absorption edge. A comparison of the
spectra with the molecular structures shows that compounds
with the same carbazole units exhibit almost identical spectral
features. Obviously, the absorption is basically determined by the
carbazole unit and the attached substituents. Based on the carba-
zole structure one can differentiate three types spectral features.
i) Unsubstituted carbazoles (OFC-G1, SBFC-G1, SFC-G1): A,™* =
340 nm, € = 35000 M~lcm™}, ii) carbazole dendrimers (OFC-
G2, SBFC-G2, SFC-G2): 1,™* = 340 nm, € = 60000 M~lcm™.
The spectral shapes of (i) and (ii) are nearly the same, except the
absorption at 294 nm. The peaks at 294 nm are due to local transi-
tions in the carbazole subchromophore (carbazole in cyclohexane:
A = 291 nm, & = 24000 M~'em™). iii) (OFCT-G2, SBFCT-G2,

Compound Ty [a] °C] Ty [b] [°C] ubs [c] [MM] ey [l [1m]  Pe[c] T[] ns]  Eg [d] [€V] Eonet [e] [€V] HOMO/LUMO [f] [eV] Ey [] [eV] HOMO/LUMO [i] [eV]
OFC-G1 64 488 341 363 037 067 3.40 118 -5.57/-2.17[g] 127 —5.66/-2.26 [j]
SBFC-G1 174 587 344 367 050 075 3.36 1.20 -5.59/-2.23 [g] 1.28 -5.67/-2.31[j]
SFC-G1 166 552 333/340 363 030 074 3.43 1.20 ~5.59/-2.16 [g] 1.28 —5.67/-2.24 [j]
OFC-G2 253 505 342 388 035 20 3.24 0.99 -5.38/-2.14 [g] 1.16 -5.55/-2.31 [j]
SBFC-G2 - 650 343 387 011 1.9 3.24 1.06 -5.45/-2.21 [g] 118 -5.57/-2.33 [j]
SFC-G2 - 629 341 389 009 196 3.24 1.07 ~5.46/-2.22 [g] 1.23 -5.62/-2.38 [j]
OFCT-G2 186 500 319/340  387/406 005  1.08 3.18 1.00 ~5.39/-2.21[g] 1.04 —5.43/-2.25 [j]
SBFCT-G2 227 617 318/341 388 011 1.04 318 0.97 ~5.36/-2.18 [g] 1.01 —5.40/-2.22 [j]
SFCT-G2 205 586 318/336  388/409  0.04  1.03 318 0.98 ~5.37/-2.19 [g] 1.03 —5.42/-2.24 [j]

[a] Obtained from DSC measurements. [b] Obtained from TGA measurements. [c] Solvent CHCl;, In case of structured spectra the maxima are underlined. [d] Optical band
gap. [e] Onset potentials. [f] HOMO/LUMO energy levels was calculated with reference to ferrocene (4.8 eV) according to onset potentials. [g] LUMO energy level was
derived from the relation, E; = HOMO-LUMO (where the band gap was derived from the observed optical edge). [h] Half-wave potentials. [i] HOMO/LUMO energy levels

was calculated with reference to ferrocene (4.8 eV) according to half-wave potentials.
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SFCT-G2): Thiophene substitution causes a redshift of the long
wavelength absorption edge with an additional absorption transi-
tion appearing as a shoulder around 375 nm as well as an hyper-
chromic band at 320 nm with € = 80000 M~tcm™.

The peak at 308 nm is observed only for spirobifluorenyl
compounds. The 9,9"-substitution on fluorene has insignificant
influence on the spectral shape, however on the position of the
long wavelength absorption edge. Independent from the carba-
zole unit the redshift of the absorption edge increases in the
order of spirocyclododecanyl, dioctyl, and spirobifluorenyl. The
decrease of steric hindrance follows the same order.

The compounds fluoresce in the spectral region between
350 and 450 nm with fluorescence quantum yields between 5%
and 50%. Measurements of the fluorescence and fluorescence
excitation spectra at different excitation and emission wave-
length as well as the comparison of the fluorescence excitation
and the absorption spectra confirm the purity of the studied
compounds. Spectra, quantum yields and fluorescence lifetimes
of the unsubstituted fluorene-carbazole compounds (OFC-G1,
SBFC-G1, SFC-G1: @ = 0.4, 7 = 0.7 ns) are similar. Carbazole
dendrimers and thiophene substituted carbazole dendrimers
show a red shift of the spectra with similar band shapes.
Within each group no significant differences of the lifetimes
are observed (OFC-G2, SBFC-G2, SFC-G2: 7 = 2 ns; OFCT-G2,
SBFCT-G2, SFCT-G2: T = 1 ns). However, clear differences can
be seen in the fluorescence quantum yield (Table 1).

2.4. Electrochemical Properties

The electrochemical properties of all compounds were investigated
by cyclic voltammetry and the resulting data are summarized in
Table 1. CV experiment was carried out in degassed anhydrous
acetonitrile-dichloromethane (2:1, v:v) solutions. HOMO and
LUMO energy levels of dendrimers were calculated according
to the inner reference ferrocene redox couple E°(Fc/Fc*) = +0.41
V vs. Ag/AgCl in acetonitrile by using the formula Epoyo =
—e(E—Er) + 48124 Even though determination of optical as
well as electrochemical band gap from peak values rather than
the ill-defined onset values is argued to have a strong theoretical
basis the approach that is widely used by many authors is to use
onset values. On the other hand, half-wave potential values are
also used for this calculation. Because of these approaches, onset
or half-wave oxidation potential values were taken into account
while calculating HOMO energy levels and they were found
to be between —5.36 and -5.59 eV; —-5.40 and —5.67 eV according
to onset and half-wave potential values, respectively. Besides,
LUMO energy levels were calculated by subtracting the optical
band gap from HOMO levels (Table 1). These results suggest that
oxidation potentials of second generation dendrimers are lower
than that of the first generation and thiophene moieties in the
periphery decrease the oxidation potentials.

2.5. Electroluminescent Properties

In order to investigate the effect of hole-transporting properties
of the synthesized compounds embedded between PEDOT:PSS
and emitting layer (Alq;), OLED devices were fabricated with
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Figure 2. EL spectrum of the ITO/PEDOT:PSS/Dendrimer/Alqg;/LiF:Al
OLED devices.

a configuration of ITO/PEDOT:PSS/HTL/Alq;/LiF:Al where
SFC-G1, OFC-G2, SBFC-G2, SFC-G2, OFCT-G2, SBFCT-G2
and SFCT-G2 were used as HTL materials, Alqs as a light emit-
ting and ETL material, ITO and LiF:Al as anode and cathode,
respectively. The reference device based on ITO/PEDOT:PSS/
Alq;/LiF:Al was fabricated to evaluate the effect of the interfa-
cial layer in the hole injection properties.

EL spectra of all devices are shown in Figure 2. They emitted
bright green luminescence (A, = 512-520 nm) in agree-
ment with the PL spectrum of Alg;. Since the HTL materials
reported in this paper are dendrimers (i.e,. nonplanar molec-
ular structure), no emissions at the longer wavelength from
the exciplex species were observed from their OLED devices.
Figure 2 clearly shows that, in all devices, charge recombina-
tions occurred in Alqs layer. Such an interference is usually
occurred in the devices fabricated from planar molecules used
as HTL materials due to the exciplex formation at the inter-
face of HTL and ETL materials.®l In our case, the formation
of exciplex is prevented by the dendronic bulky groups of both
carbazoles and thiophenes at the periphery of the molecules.
Furthermore, the presence of longer wavelength emission
from exciplex species also suggests that all the dendrimers are
hole-only-materials and electron-hole recombinations occurs
only in the emitting layer (Alqs). From HOMO-LUMO ener-
gies of the materials, the barrier for electron-migration at the
interface of Alqs/dendrimers is about 30% higher than that for
hole-migration at dendrimers/Alq; (Table 1, Figure 3). Thus,
from the present device configuration, while the dendrimers
are acting as hole transporting materials, Alqs is preferably
behaving as an electron blocker more than as a hole blocker;
and then the charges efficiently recombine in the emitting
layer.

Figure 4 shows the current-voltage and luminance-voltage
characteristics of the devices containing the dendrimers as HTLs
and reference device as well. The electrical parameters obtained
from OLED devices with different dendrimeric HTLs are
summarized in Table 2. From their luminance-voltage char-
acteristics (Figure 4a), OLED devices based on SBFCI-G2
and SFCT-G2 exhibit the lowest turn-on voltages to obtain

Adv. Funct. Mater. 2010, 20, 41524161
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Figure 3. Energy band diagram of ITO/PEDOT:PSS/Dendrimer/Alg;/
LiF:Al devices.

the luminance of 1 ¢d m™ at 2.5 and 3 V, respectively. From
Figure 4a, it is very clear that the brightness observed in all
devices containing synthesized HTLs is much larger through
the whole voltage range when it is compared to that of refer-
ence device. Maximum luminances of 25400 and 23000 cd m~2
were achieved at 9 V by incorporating of SBFCT-G2 and SFCT-
G2, respectively. From the current-voltage characteristics
as depicted in Figure 4b, the current density of devices with
interfacial layers is larger than reference device with excep-
tion of SFC-G1 and OFCT-G2 giving lower current density at
higher driving voltages. HOMO level of SFC-G1 does not give
a significant improvement of hole injection in comparison of
other devices with dendrimers because of mismatch of energy
level profile between PEDOT:PSS and light emitting layers.
As a consequence, the height of interfacial barrier for hole
injection from PEDOT:PSS to HTLs and bulk transport prop-
erties play an important role on the increase in the current
density and the decrease in the operating voltage. Low current
density of device containing OFCT-G2 is thought to be the
poorest hole transport property because of linear alkyl chains
at fluorene core.

Figure 5 shows luminous efficiency-current density char-
acteristics of fabricated devices. According to this figure, all
dendrimers improved the luminance and current efficiency
of standard ITO/PEDOT:PSS/Alqs/LiF:Al device. Maximum
luminous efficiency of 7.7 ¢d A™! was achieved at 38 mA
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Figure 4. a) Luminescence-applied voltage characteristics and b)
current density-applied voltage characteristics of the ITO/PEDOT:PSS/
Dendrimer/Alqs/LiF:Al devices.

cm~2 by incorporating SBFCT-G2. The devices based on spiro
functionalized cores containing thiophene units at their
peripheral carbazole dendrons (SBFCT-G2 and SFCT-G2) as
HTLs have much better performance in terms of brightness,
current density and current efficiency than the others. While

Table 2. The electrical parameters of OLED devices with and without dendrimeric HTLs.

Device Turn-on voltage [V] AgL [nm] Maximum luminance [cd m™ ClEy CIEy  Maximum EL efficiency [cd A™]
ITO/PEDOT:PSS/SFC-G1/Alqs/LiF:Al 6 512 10800 0.27 0.49 2.2
ITO/PEDOT:PSS/OFC-G2/Algs/LiF:Al 4 516 19800 0.28 0.52 36
ITO/PEDOT:PSS/SBFC-G2/Alq;/LiF:Al 3 516 23100 0.28 0.53 3.1
ITO/PEDOT:PSS/SFC-G2/Alqs/LiF:Al 2.5 512 22400 0.28 0.52 1.9
ITO/PEDOT:PSS/OFCT-G2/Alqs/LiF:Al 5 520 11300 0.29 0.55 2.8
ITO/PEDOT:PSS/SBFCT-G2/Alg;/LiF:Al 2.5 516 25400 0.28 0.53 7.7
ITO/PEDOT:PSS/SFCT-G2/Alqs/LiF:Al 3 516 23000 0.28 0.54 3.7
ITO/PEDOT:PSS/Algs/LiF:Al 5 520 700 0.31 0.51 0.5
ITO/PEDOT:PSS/TPD/Alqs/LiF:Al [25]] 3 520 1760 - - 82

Adv. Funct. Mater. 2010, 20, 4152-4161
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Figure 5. The luminous efficiency-current density characteristics of the
ITO/PEDOT:PSS/Dendrimer/Alg;/LiF:Al devices.
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Figure 6. a) Absorption and b) fluorescence spectra in
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Figure 7. General device structure (ITO/PEDOT:PSS/Dendrimer/Alg;/
LiF:Al) of OLEDs and chemical structure of Algs.

dendrimeric HTLs whose peripheral carbazoles endcapped by
thiophenes act as a superior HTL material, those endcapped
by carbazoles (SBFC-G2 and SFC-G2) do not show such a
good performance. The current densities of OLEDs fabricated
from synthesized dendrimeric HTLs were increased by end-
capping with thiophene in comparison to other devices. The
higher current densities and luminance values at low driving
voltages of OLED fabricated from SBFCT-G2 compared to
other molecules can be attributed to well interfacial matching
due to HOMO level alignment between PEDOT:PSS and Alqs
via endcapping with thiophenes instead of bare fluorene-car-
bazole molecules (OFC-G2, SBFC-G2, SFC-G2 and SFC-G1).
These results show that substitution of core molecules by
donor moieties like thiophene can increase HOMO level of
the whole molecule. As a result, this HOMO level shift leads
to a decrease in the height of interfacial barrier of HTLs,
and then hole injection from PEDOT:PSS to HTL can occur
efficiently.

Mu et al. investigated the performance of OLED device with
Alq;/TPD active regions using various anode and cathode elec-
trode structures.?’! They achieved the best performance from an
OLED device with a configuration of ITO/PEDOT:PSS(50 nm)/
TPD(50 nm)/Alq3(40 nm)/LiF:Al(1:100 nm). The electrical
parameters obtained from this OLED device are summarized
in Table 2. They reported maximum luminance of 1720 cd m™
at 25 V, a turn-on voltage of 3 V and EL efficiency of 8.2 cd
A7l at a brightness of 100 ¢cd m™ and 5 V. When the results
published by Mu et al. are compared with this present
study, fluorene-carbazole dendrimers reported here have
better hole transporting ability than commonly used HTM
of TPD.
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3. Conclusion

Novel hole transporting dendrimers were synthesized by
divergent synthesis method. The measurements of 'H NMR,
13C NMR, FTIR, and MALDI-TOF are in agreement with
the chemical structures expected. CV, TGA and DSC results
indicate that except for OFC-G1 all compounds are electro-
chemically and thermally stable amorphous materials. Second
generation carbazole dendrimers with spirobi(fluorene) and
spiro(cylododecane-fluorene) core unit (SBFC-G2 and SFC-G2)
have higher values of Ty and T, than the others (Table 1). This
indicates that the increasing of generation number, rigid core
unit and carbazole groups increase the Ty and T, values of den-
drimers. The mutilayer OLED device containing SFCT-G2 as
HTL material showed maximum performance and exhibited
bright green emission with a peak centered at 516 nm and CIE
coordinates of (0.28, 0.54). The maximum luminance and lumi-
nous efficiency of this device were obtained as 25400 cd m™2
and 7.7 c¢d A7l respectively. The dendrimers containing elec-
tron donating thiophene groups in the periphery are more favo-
rable to be used as HTL material in OLEDs because of good
energy level alignment between HOMO levels of PEDOT:PSS
and the emissive layer.

4. Experimental Section

All reagents and solvents were purchased from Aldrich and used without
further purification. Alqs and PEDOT:PSS for EL device fabrication were
also obtained from Aldrich and H. C. Starck, respectively.

Absorption spectra were recorded on a LAMBDA 16 spectrophotometer
(Perkin Elmer). Fluorescence emission and excitation spectra were
measured using a LS50B luminescence spectrometer (Perkin Elmer).
Fluorescence quantum yields were calculated relative to quinine sulphate
(purum; FLUKA) in 0.1 N H,SOy (pro analysi; Laborchemie Apolda) used
as a standard (@ = 0.55). The absorbance at the excitation wavelength
was kept below 0.05 for the samples and the reference.

The kinetics of fluorescence was investigated with a CD900
time correlating single photon counting spectrometer (Edinburgh
Instruments). The excitation source was a hydrogen filled nanosecond
flash lamp which yielded an instrument response pulse of 1.3 ns
FWHM. Polarizers (magic angle) were used to avoid polarization effects.
The kinetics of fluorescence was recorded at the emission maxima under
excitation at the longest wavelength absorption maxima. The spectral
slit width was 18 nm. Decay curves were accumulated until 5000 counts
in the maximum with at least 10° occupied channels. The channel width
corresponded to 13 ps. In order to calculate the fluorescence lifetime,
the software package implemented in the Edinburgh Instruments
software was used. (The analysis makes use of the iterative reconvolution
technique and the Marquardt fitting algorithm.) Plots of weighted
residuals and of the autocorrelation function and values of reduced
residuals (2 were used to judge the quality of the fit. x2 values larger
than 1.3 were not accepted.

2,7-Dibromo-9,9’-spirobifluorene,?9 2,7-bis(carbazol-9-yl)-9,9'-
spiro(cyclododecane-1,9’-fluorene)?'l were synthesized following the
procedures published in the literature. "TH and '3C NMR spectra were
recorded with a Bruker 400 MHz spectrometer with chloroform-d as
the solvent if otherwise not stated and tetramethylsilane as the internal
standard. FTIR spectra were recorded by a Perkin Elmer FTIR Spectrum
One by using ATR system (4000-650 cm™'). DSC and TGA measurements
were performed under a nitrogen atmosphere with a heating rate
of 10 °C min™' on Perkin Elmer Pyris 6 DSC and Perkin Elmer Pyris 6
TGA, respectively. Electrochemical measurements were performed
using a CHI660B electrochemical workstation from CH Instruments

Adv. Funct. Mater. 2010, 20, 4152-4161

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

(Austin, TX, USA). A conventional three-electrode configuration in
0.1 M solution of tetrabutylammonium hexafluorophosphate dissolved
in acetonitrile:dichloromethane (2:1; v:v) with a scan rate of 100 mV s~
with a platinum working electrode, a Pt-wire counter electrode, and
an Ag/AgCl reference electrode was used. MALDI-TOF spectrum was
recorded by using Applied Biosystems Voyager System 6020.

Indium tin oxide (ITO) glass substrate with a sheet resistance of
15Q 0" was used. After etching and cleaning the ITO-glass substrates
in ultrasonic bath with acetone and iso-propanol according to standard
cleaning procedure, an active area of 10 mm? was obtained. PEDOT:PSS
was spin coated onto the substrate at a spin speed of 4000 rpm for
30 s forming 50 nm thick layer. The samples were annealed under
nitrogen atmosphere for 30 min at 150 °C. Chlorobenzene solutions of
dendrimers (1.5%, w/v) were spin-coated onto ITO-glass substrates at
a spin speed of 3000 rpm for 30 s to get a 40 nm thick of HTL. Then
Alg; as emissive layer and ETL was deposited onto the surface of the
dendrimers’ films with a thickness of 20 nm. Finally, an ultra thin layer
of LiF (0.5 nm) and Al cathode (100 nm) were evaporated under high
vacuum by employing shadow mask. The characterization of fabricated
devices was carried out under inert nitrogen environment inside a glove
box system. A Keithley 236 source meter was used to investigate |-V
characteristics. The EL and luminance properties were measured using
Spectrascan PR-655 spectroradiometer. The thicknesses of films were
determined with a Digital Instrument 3100 atomic force microscope
(AFM).

Synthesis  of  2,7-bis(carbazol-9-yl)-9,9-bis-n-octylfluorene (OFC-G1):
opper(l) iodide (0.028 g, 0.15 mmol), 18-crown-6 (0.013 g, 0.05 mmol),
potassium carbonate (0.825 g, 6 mmol), carbazole (1 g, 6 mmol), and
DMAc (7.5 mL) were added to a round-bottom flask and vigorously
stirred at 165 °C under argon. After stirring and refluxing for 2 h,
2,7-dibromo-9,9-dioctyl-9H-fluorene (1.64 g, 3 mmol) as a solution in
hot DMAc (7.5 mL) was added into the mixture slowly. The final reaction
medium was heated to reflux for 24 h. The reaction solution was poured
into water (300 mL), the precipitate was collected by filtration, dried and
purified by column chromatography over silica gel eluting with a mixture
of dichloromethane:n-hexane (1:4) followed by recrystallization from a
mixture of dichloromethane-methanol gave a white solid (1.83 g, 85%).
TH NMR (400 MHz, CDCl;, 25°C, TMS): & (ppm) = 8.22-8.20 (d, 4H),
8.01-7.99 (d, 2H), 7.63-7.61 (d, 4H), 7.50-7.45 (m, 28H), 7.36-7.32
(m, 4H), 2.09-2.04 (m, 4H), 1.17 (broad s, 18H), 0.91-0.89 (m, 6H);
13C NMR (100 MHz, CDCly, 25°C, TMS): & (ppm) = 153.3, 141.5, 140.0,
137.2, 126.4, 123.9, 122.3, 121.4, 120.9, 120.4, 110.2, 56.1, 40.6, 32.2,
30.4, 29.8, 29.7, 24.6, 23.0, 14.5; IR (ATR): v = 3061, 2921, 2846, 2657,
2323, 2107, 1594, 1467, 1443, 1330, 1309, 1225, 819, 744, 715 cm™;
MALDI-TOF (m/z): [M*] calcd. for Cs3HsgN,, 721.0252; found 720.3300.

Synthesis of 9,9-(9,9-dioctyl-9H-fluorene-2, 7-diyl) bis (3, 6-dibromo- 9H-
carbazole) (1): NBS (1.41 g, 8 mmol) was added in small portions to
a solution of OFC-G1 (1.44 g, 2 mmol) in THF (50 mL). The reaction
mixture was stirred at room temperature under argon atmosphere for
18 h. THF was removed to dryness and dichloromethane (100 mL) was
added to the resulting solid. The organic phase was washed with water
(2x100 mL), brine (100 mL), dried over anhydrous Na,SO,, filtered and
the solvent was removed under vacuum. Purification by recrystallization
from a mixture of dichloromethane-methanol gave a white solid
(1.86 g, 90%). "H NMR (400 MHz, CDCls, 25°C, TMS): § (ppm) = 8.12
(d, 4H), 7.9-7.88 (d, 2H), 7.45-7.42 (d, 8H), 7.21-7.19 (d, 4H), 1.97—
1.93 (m, 4H), 1.05 (broad s, 21H), 0.75-0.71 (m, 9H); IR (ATR): 2921,
2846, 2323, 2107, 1607, 1465, 1432, 1360, 1279, 1231, 1056, 1018, 860,
798, 634 cm™.

Synthesis  of  9,9"-(9,9-dioctyl-9H-fluorene-2, 7-diyl) bis-9'H-9,3":67, 9"
tercarbazole (OFC-G2): Copper(l) iodide (0.014 g, 0.075 mmol),
18-crown-6 (0.0065 g, 0.0025 mmol), potassium carbonate (0.412 g,
3 mmol), carbazole (0.5 g, 3 mmol), and DMAc (4 mL) were added
to a round-bottom flask and vigorously stirred at 165 °C under argon.
After stirring and refluxing for 2 h, 1 (0.77 g, 0.75 mmol) as a solution
in hot DMAc (4 mL) was added into the mixture slowly. The final
reaction medium was heated to reflux for 24 h. The reaction solution
was poured into water (150 mlL), the precipitate was collected by
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filtration, dried and purified by column chromatography over silica gel
eluting with a mixture of dichloromethane:n-hexane (1:2) followed by
recrystallization from a mixture of dichloromethane-methanol gave
white solid (0.82 g, 80%). 'TH NMR (400 MHz, CDCl;, 25°C, TMS): &
(ppm) = 8.33 (d, 4H), 8.18-8.16 (d, 10H), 7.81-7.79 (m, 4H), 7.74-7.71
(m, 4H), 7.68-7.65 (dd, 4H), 7.42-7.41 (t, 4H), 7.31-7.28 (m, 8H),
223-219 (m, 4H), 1.19-1.14 (m, 21H), 1.00-0.97 (m, 4H), 0.73—
0.69 (m, 5H); 3C NMR (100 MHz, CDCl;, 25°C, TMS): § (ppm) =
142.0, 141.0, 130.7, 126.6, 126.1, 124.3, 123.4, 120.6, 120.0, 109.9, 32.02,
29.6, 29.4, 22.8, 14.2; IR (ATR): v = 3045, 2916, 2846, 2663, 2318, 2102,
1588, 1465, 1448, 1333, 1314, 1276, 1225, 1016, 801, 741, 717, 634 cm™;
MALDI-TOF (m/z): [M*] calcd. for C;qHgsNg, 1381.7881; found 1381.6800.

Synthesis  of  9,9-(9,9-dioctyl-9H-fluorene-2, 7-diyl) bis (3, 6-di- 2-thienyl-
9H-carbazole) (OFCT-G2): A mixture of 1 (0.77 g, 0.75 mmol),
2-thiopheneboronic acid (0.38 g, 3 mmol), Pd(PPh;), (0.02 g, 0.02 mmol),
aqueous solution of 2 M Na,CO; (12.5 mL, 25.00 mmol) and THF
(20 mL) was degassed with Ar for 5 minute. The reaction mixture was
stirred at reflux under Ar for 24 h. After being cooled to room temperature,
distilled water (100 mL) was added. The mixture was extracted with
dichloromethane (2 x 50 mL), washed with water (100 mL) and brine (100
mL), dried over anhydrous Na,SO,, filtered and the solvents were removed
under vacuum. Purification by column chromatography over silica gel
eluting with a mixture of dichloromethane:n-hexane (1:2) afforded pale
green solids (0.67 g, 85%). '"H NMR (400 MHz, CDCl;, 25°C, TMS): §
(ppm) = 8.44 (d, 4H), 8.03-8.01 (d, 2H), 7.75-7.72 (dd, 4H), 7.64-7.61
(d, 4H), 7.48-7.46 (d, 4H), 7.41-7.40 (dd, 4H), 7.31-7.30 (dd, 4H), 7.16-
7.13 (m, 4H), 2.08-2.06 (m, 3H), 1.20 (broad s, 27H), 0.85-0.82 (t, 4H);
13C NMR (100 MHz, CDCls, 25°C, TMS): § (ppm) = 145.5, 141.1, 139.9,
128.2,127.4,125.2, 124.2, 124.1, 122.6, 110.5, 56.0, 32.1, 30.2, 29.8, 29.6,
29.5, 22.8, 14.3; IR (ATR): v = 2916, 2846, 2657, 2345, 2102, 1913, 1604,
1580, 1475, 1427, 1357, 1284, 1225, 870, 801, 685 cm™'; MALDI-TOF
(m/z): [M*]: caled. for CggHgsN,S,, 1049.5239; found 1048.3900.

Synthesis of 9,9%(9,9"spirobilfluorene]-2, 7-diyl) bis-9H-carbazole (SBFC-
G1): Copper(l) iodide (0.028 g, 0.15 mmol), 18-crown-6 (0.013 g,
0.05 mmol), potassium carbonate (0.825 g, 6 mmol), carbazole (1 g,
6 mmol), and DMAc (7.5 mL) were added to a round-bottom flask and
vigorously stirred at 165 °C under argon. After stirring and refluxing for
2 h, 2,7-dibromo-9,9"-spirobifluorene (1.42 g, 3 mmol) as a solution in
hot DMAc (7.5 mL) was added into the mixture slowly. The final reaction
medium was heated to reflux for 24 h. Then the reaction solution was
poured into water (300 mL), the precipitate was collected by filtration,
dried and purified by column chromatography over silica gel eluting with
a mixture of dichloromethane:n-hexane (1:4) followed by recrystallization
from a mixture of dichloromethane-methanol gave a white solid (1.64 g,
85%). 'H NMR (400 MHz, CDCl;, 25°C, TMS): & (ppm) = 8.13-8.12
(d, 2H), 8.08-8.06 (d, 4H), 7.77-7.75 (d, 2H), 7.67-7.64 (dd, 2H),
7.39-7.37 (d, 2H), 7.35-7.34 (dd, TH), 7.32-7.30 (d, 4H), 7.25-7.20 (m,
11H), 7.01-7.00 (d, 2H); "*C NMR (100 MHz, CDCl;, 25°C, TMS): &
(ppm) = 151.4, 147.8, 142.0, 140.8, 140.2, 137.6, 128.4, 126.8, 126.0,
123.9, 123.5, 123.0, 121.4, 120.5, 120.4, 120.1, 119.6, 110.7, 109.8. IR
(ATR): v = 3045, 2657, 2355, 2118, 1594, 1470, 1443, 1330, 1311, 1228,
1153, 819, 741, 717 cm™'; MALDI-TOF (m/z): [M*] calcd. for CooHs3oN,,
646.776; found 646.1400.

Synthesis  of  9,9-(9,9"spirobi[fluorene]-2, 7-diyl) bis (3, 6-dibromo-9H-
carbazole) (5) NBS (1.41 g, 8 mmol) was added in small portions to
a solution of SBFC-G1 (1.29 g, 2 mmol) in THF (50 mL). The reaction
mixture was stirred at room temperature under argon atmosphere for
18 h. THF were removed to dryness than dichloromethane (100 mL)
was added to the resulting solid. The organic phase was washed with
water (2 x 100 mL), brine (100 mL), dried over anhydrous Na,SOy,
filtered and the solvents were removed under vacuum. Purification by
recrystallization from a mixture of dichloromethane-methanol gave a
white solid (1.73 g, 90%). 'H NMR (400 MHz, CDCl;, 25°C, TMS): &
(ppm) = 8.07-8.06 (d, 2 H), 8.01(s, 1H), 7.99 (s, 1H), 7.82-7.76
(m, 4H), 7.57-7.54 (dd, 2H), 7.49-7.47 (dd, 2H), 7.40-7.34 (m, 6H),
7.19-7.15 (t, 2H), 7.01-6.98 (d, 2H), 6.93-6.92 (d, TH), 6.84-6.80 (t,
3H); IR (ATR): v =3045, 2657, 2318, 2113, 1602, 1465, 1430, 1276, 1228,
1053, 1016, 860, 803, 725, 631 cm™.
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Synthesis  of  97,97-(9,9"spirobi[fluorene]-2, 7-diyl) bis-9’H-9,3%:6,9"-
tercarbazole (SBFC-G2): Copper(l) iodide (0.014 g, 0.075 mmol),
18-crown-6 (0.0065 g, 0.0025 mmol), potassium carbonate (0.412 g,
3 mmol), carbazole (0.5 g, 3 mmol), and DMAc (4 mL) were added
to a round-bottom flask and vigorously stirred at 165 °C under argon.
After stirring and refluxing for 2 h, 5 (0.72 g, 0.75 mmol) as a solution in
hot DMAc (4 mL) was added into the mixture slowly. The final reaction
medium was heated to reflux for 24 h. The reaction solution was poured
into water (150 mL), the precipitate was collected by filtration, dried and
purified by column chromatography over silica gel eluting with a mixture
of dichloromethane:n-hexane (1:2) followed by recrystallization from a
mixture of dichloromethane-methanol gave a white solid (0.78 g, 80%).
TH NMR (400 MHz, CDCl3, 25°C, TMS): & (ppm) = 8.27-8.25 (d, 2H),
8.20-8.16 (t, 11H), 7.85-7.80 (dd, 4H), 7.55-7.49 (dd, 8H), 7.41-7.33
(m, 18H), 7.31-7.25 (m, 11H), 7.20 (d, 2H), 7.10-7.08 (d, 2H); IR (ATR):
v = 3045, 2657, 2355, 2328, 2113, 1913, 1594, 1467, 1448, 1309, 1276,
1223, 1153, 809, 741, 720 cm™'; MALDI-TOF (m/z): [M*] calcd. for
CoyHsgNg, 1307.5389; found 1307.4600.

Synthesis  of  9,9-(9,9"spirobi[fluorene]-2, 7-diyl) bis (3, 6-di-2-thienyl-
9H-carbazole) (SBFCT-G2): A mixture of 5 (0.72 g, 0.75 mmol),
2-thiopheneboronic acid (0.38 g, 3 mmol), Pd(PPh;), (0.02 g,
0.02 mmol), aqueous solution of 2 M Na,CO; (12.5 mL, 25.00 mmol)
and THF (20 mL) was degassed with argon for 5 minute. The reaction
mixture was stirred at reflux under Ar for 24 h. After being cooled to
room temperature water (100 mL) was added. The mixture was extracted
with dichloromethane (2 x 50 mL), washed with water (100 mL) and
brine (100 mL), dried over anhydrous Na,SO,, filtered and the solvents
were removed under vacuum. Purification by column chromatography
over silica gel eluting with a mixture of dichloromethane:n-hexane (1:2)
afforded pale green solids (0.62 g, 85%). '"H NMR (400 MHz, CDCl,,
25°C, TMS): 8 (ppm) = 8.28 (s, 4H), 8.14-8.12 (d, 2H), 7.80-7.78 (d,
2H), 7.64-7.62 (dd, 2H), 7.57-7.55 (dd, 4H), 7.41-7.37 (t, 2H), 7.32-7.31
(d, 4H), 7.26-7.18 (m, 8H), 7.10-7.08 (t, 4H), 7.01-6.99 (d, 4H); 1*C
NMR (100 MHz, CDCl3, 25°C, TMS): 8 (ppm) = 140.7, 128.2, 127.3,124.1,
123.9, 122.5, 110.3; IR (ATR): v = 3056, 2921, 2846, 2657, 2328, 2102,
1602, 1475, 1424, 1357, 1287, 1225, 801, 731, 682 cm™'; MALDI-TOF
(m/z): [M*] caled. for CgsH3gN,Sy, 975.2747; found 974.1600.

Synthesis  of  9,9"spiro[cyclododecane-1,9"fluorene]-2’, 7"-diylbis (3, 6-
dibromo-9H-carbazole) (10): NBS (1.05 g, 6 mmol) was added in small
portions to a solution of SFC-G1 (0.97 g, 1.5 mmol) in THF (40 mL).
The reaction mixture was stirred at room temperature under argon
atmosphere for 18 h. THF was removed to dryness and dichloromethane
(100 mL) was added to the remaning solid. The organic phase was
washed with water (2 x 100 mL), brine (100 mL), dried over anhydrous
Na,SO,, filtered and the solvents were removed to dryness. Purification
by recrystallization from a mixture of dichloromethane and methanol
gave a white solid (1.30 g, 90%). IR (ATR): v = 3040, 2927, 2857, 2657,
2323, 2118, 1709, 1588, 1465, 1430, 1354, 1314, 1271, 1223, 1053, 1016,
790, 731, 631 cm™".

Synthesis  of  97,9"-spiro[cyclododecane-1,9"fluorene]-2,7"-diylbis-9'H-
9,3%6%,9-tercarbazole (SFC-G2): Copper(l) iodide (0.009 g, 0.05 mmol),
18-crown-6 (0.004 g, 0.016 mmol), potassium carbonate (0.27 g,
2 mmol), carbazole (1 g, 2 mmol), and DMAc (2.5 mL) were added to a
round-bottom flask and vigorously stirred at 165 °C under argon. After
stirring and refluxing for 2 h, 10 (0.48 g, 0.5 mmol) as a solution in hot
DMAc (2.5 mL) was added into the mixture slowly. The final reaction
medium was refluxed for 24 h. After being cooled to room temperature,
the reaction solution was poured into water (100 mL), the precipitate
was collected by filtration, dried and purified by column chromatography
over silica gel eluting with a mixture of dichloromethane:n-hexane
(1:2) followed by recrystallization from a mixture of dichloromethane-
methanol gave a white solid (0.52 g, 80%). '"H NMR (400 MHz, CDCl;,
25°C, TMS): & (ppm) = 8.35 (s, 4H), 8.19-8.16 (t, 10H), 7.93 (s, 2H),
7.82-7.80 (d, 2H), 7.75-7.67 (dd, 8H), 7.44-7.41 (t, 16H), 7.32-7.29 (t,
8H), 2.00-1.94 (d, 7H), 1.50 (broad s, 15H); 3C NMR (100 MHz, CDCl,
25°C, TMS): 8 (ppm) = 142.0, 141.2, 130.7, 126.1, 124.2, 123.4, 120.5,
119.9, 119.6, 109.9; IR (ATR): v = 3051, 2927, 2851, 2668, 2318, 2086,
1594, 1569, 1470, 1448, 1333, 1311, 1276, 1225, 1155, 1010, 919, 814,
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744, 720 cm™'; MALDI-TOF (m/z): [M*] calcd. for CogH;,Ng, 1309.6393;
found 1309.6200.

Synthesis  of  9,9"spiro[cyclododecane-1,9"fluorene]-2’, 7"-diylbis (3, 6-
di-2-thienyl-9H-carbazole) (SFCT-G2): A mixture of 10 (0.48 g, 0.5
mmol), 2-thiopheneboronic acid (0.25 g, 2 mmol), Pd(PPh;), (0.013 g,
0.013 mmol), aqueous solution of 2 M Na,CO; (8 cm?, 16.00 mmol),
and THF (15 mL) was degassed with Ar for 5 min. The reaction mixture
was stirred at reflux under Ar for 24 h. After being cooled to room
temperature water (100 mL) was added. The mixture was extracted with
dichloromethane (2 x 50 mL), washed with water (100 mL) and brine
(100 mL), dried over anhydrous Na,SO,, filtered and the solvents were
removed to dryness. Purification by column chromatography over silica
gel eluting with a mixture of dichloromethane:n-hexane (1:2) afforded
white solids (0.41 g, 85%). '"H NMR (400 MHz, CDCl;, 25°C, TMS): &
(ppm) = 8.43 (s, 4H), 8.04-8.01 (d, 2H), 7.75-7.72 (td, 6H), 7.62-7.59
(dd, 2H), 7.47-7.44 (d, 4H), 7.40-7.39 (d, 4H), 7.30-7.28 (d, 4H), 7,14—
7.12 (t, 4H); 13C NMR (100 MHz, CDCls, 25°C, TMS): § (ppm) = 155.0,
145.5,141.3,138.4, 136.1, 128.2, 127.3,126.2, 125.2, 124.2, 124.0, 122.6,
121.4,118.2, 110.5, 53.93, 23.24; IR (ATR): v = 3061, 2927, 2851, 2652,
2355, 2323, 2118, 1604, 1580, 1475, 1424, 1360, 1284, 1228, 868, 849,
793, 739, 685; MALDI-TOF (m/z): [M"] calcd. for CgyHs,N,S,, 977.3752;
found 976.2200.
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