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a b s t r a c t

A series of novel carbazole-based materials, DPACz1, DPACz2 and DPACz3 having diphenylamino moi-
eties at 1- and 8-positions of carbazole have been synthesized and characterized for the first time. The
introduction of diphenylamino substituents at 1- or 1,8-positions of carbazole resulted into increase of
the band-gap compared with the previously reported 3,6- or 2,7-substituted ones. The HOMO levels
increased from DPACz1 to DPACz2 with the addition of one additional diphenylamino unit, and further
increased in case of DPACz3, a dimer of DPACz1 having a benzidine moiety. The materials have high
triplet energy levels of 2.68, 2.60 and 2.45 eV, respectively. Based on suitable HOMO levels and high
triplet energies, the newly synthesized diphenylaminocabazoles were investigated for their potential as
solution-processable host materials for green phosphorescent OLEDs with the device configuration, [ITO/
PEDOT:PSS/Emitting layer/TPBi/CsF/Al]. All the devices emitted typical green light with high luminance
and had low turn-on voltages along with good luminous efficiencies which were further improved by
adjusting charge balance using PBD, as a co-host. The basic characteristics and the preliminary OLED
results showed the usefulness of our new materials, and this kind of 1-/1,8-substitution of carbazole
would open a new way of materials design.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Organic electronic devices viz. organic light-emitting diodes
(OLEDs), organic photovoltaics (OPVs) and organic field effect
transistors (OFETs) have gained tremendous attention in both
academia and industry due to their vast applications in the future
electronics technologies [1,2]. OLEDs are in commercial applica-
tions like smart phones and TV displays, ranging from a few inches
to a few scores of inches. In contrast to the state-of-the art vacuum
deposition method, fabrication of OLEDs using the solution process
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methods such as spin-coating or inkjet printing makes the fabri-
cation process easy as well as economical in terms of fabrication
cost and wastage of the materials. Another major advantage of the
solution process is the fabrication of large area devices that is
troublesome by the vacuum deposition. Based upon the ease and
cost-effectiveness of the solution-process method, a large amount
of data about solution processed OLEDs is available [3].

Phosphorescent organic light-emitting diodes (PHOLEDs) have
attracted much interest because of their potential to harvest 100%
internal quantum efficiencies due to involvement of the both
singlet and triplet excitons and hence increasing the external
quantum efficiencies of the devices [4]. In this case, the phospho-
rescent emitter, generally a heavy metal organometallic complex, is
dispersed in a host material. A good host material should have both
of the two characteristics, i.e. a) a higher triplet energy than that of
the guest emitter for efficient energy transfer from host to guest
and suppression of back transfer from dopant to the host, b)
appropriately spaced HOMO and LUMO energy levels for a balanced
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transport of the holes and electrons injected from the respective
electrodes.

Carbazole-based materials have gained special attention for
their use as hole-transport materials [5e8], luminescent agents
[9e11], and host materials for phosphorescent OLEDs [12e17]
because of their high triplet energies, ET (up to 3.05 eV), excellent
hole-transporting properties, and suitable HOMO levels. Likewise,
triarylamines have high triplet energy and good hole transport
properties, so, these materials are amongst the best studied classes
of materials for OLED applications [18e20].

A number of carbazole-derivatives having substitution at 2-, 7-;
3-, 6- and 9-positions, have been synthesized and tested for their
role as host or hole transport materials for OLEDs [21e24]. How-
ever, carbazoles with substituents at 1- and 8-positions have been
relatively rarely reported [25e30], particularly for their use in
OLEDs [31,32]. Substitutions at 1- and 8-positions of carbazole
occur once the more active positions i.e. 3, 6 and 9, are first occu-
pied [33]. Carbazole-based triarylamines such as those obtained by
appending diphenylamino units at 3-, 6- [34e37] and 2-, 7-
positions [38,39] have been reported previously for their hole
transport properties, but to the best of our knowledge, no report is
there for carbazoles with diphenylamino-units appended at only 1-
and 8-positions and the use of suchmaterials for OLED applications.
Regarding the importance of substituents at 1- and 8-positions of
carbazole with respect to the host materials, it has been found that
substitution at 1- and 8-positions results into materials with higher
triplet energy levels than those with substitution at 2-,7- or 3-,6-
positions [31]. It is intriguing, therefore, to further elaborate the
substituent effect at 1- and 8-positions of carbazole system using
functionalities having good charge transport properties such as
diphenylamino for their use as host as well as hole transport ma-
terials in OLEDs.

Here, we report the design and synthesis of a series of three
carbazole derivatives having diphenylamine units at 1- and 8-
positions followed by fabrication and studies of green phospho-
rescent OLED devices using these materials as hosts. The materials
were designed in such a way that we started with a carbazole
system with one diphenylamine unit at 1-position only, DPACz1,
followed by two diphenylamines at 1- and 8-positions, DPACz2. In
order to investigate the effect of increasing the conjugation length
of the DPACz1 system, we also synthesized a TPD [N,N0-bis(3-
methylphenyl)-N,N0-bis(phenyl)-benzidine] analogue, DPACz3,
Scheme 1. Syntheses of DPAC
which may be considered as a dimer of DPACz1 through para-
position of one of the phenyl rings of the diphenylamino moiety.

2. Results and discussion

2.1. Syntheses of materials

Synthesis of the carbazole derivatives presented in this article is
depicted in Scheme 1. The three host materials were prepared
starting from commercial carbazole. Intermediate (1) was synthe-
sized as previously reported [40]. Themonobromo intermediate (4)
was prepared by first bromination of (1) with NBS to get (2) [41]
followed by N-alkylation with bromoethane in the presence of
NaOH in acetone [42]. It is important to mention here that this
pathway for the preparation of (4) was found to be much easier as
compared to the previously reported method [31] of doing N-
alkylation first and then bromination which resulted into the for-
mation of both mono- and dibromocarbazoles, (4) and (5) respec-
tively, which were not easily separable by column chromatography
(due to very close Rf values) or by recrystallization (due to quite
similar solubilities). In our method although the bromination of (1)
using 1:1 molar ratio of the reactant and NBS resulted into the
appearance of the 1,8-dibromocarbazole as a very small impurity
but the Rf values of the two bromocarbazoles with free ‘NH’ group
were much different to allow easy purification of (4) by column
chromatography. The dibromo intermediate (5) was prepared
following a reported method [33]. The mono- and dibrominated
intermediates (4) and (5) were converted to the final products
(DPACz1) and (DPACz2), respectively, by BuchwaldeHartwig cross-
coupling reaction with diphenylamine in toluene, using Pd2(dba)3
as catalyst and DPPF or tBu3P as co-catalyst, in good yields [38]. For
the synthesis of (DPACz3), the monobrominated carbazole (4) was
cross-coupled with 4,40-diphenylbenzidine under the above
mentioned BuchwaldeHartwig reaction conditions.

All the compounds were purified by column chromatography
and/or recrystallization from appropriate solvents and were ob-
tained as white solids. The chemical structures of the final com-
pounds were confirmed by 1H NMR (Figs. S1eS3), 13C NMR
(Figs. S4eS6) and high resolution mass spectrometry. All the three
final compounds were highly soluble in common organic solvents,
such as toluene, chlorobenzene, chloroform, dichloromethane,
acetone, tetrahydrofuran etc.
z1, DPACz2 and DPACz3.
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2.2. Physical properties

Absorption and photoluminescence spectra of the three carba-
zole derivatives in dichloromethane (DCM) solution, and as spin
coated films, at room temperature are shown in Fig. 1a and b,
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Fig. 1. (a) UVevis and PL spectra of dil. solutions of DPACz1, DPACz2 and DPACz3 in
DCM, (b) UVevis and PL spectra DPACz1, DPACz2 and DPACz3 thin films on quarts
substrates, (c) Phosphorescent spectra of DPACz1, DPACz2 and DPACz3 at 77 K.
respectively; and the photophysical data including thewavelengths
of the lowest absorption maxima along with the PL emission
maxima is presented in Table 1. Both the solution and thin film
spectra are nearly identical. The absorption pattern of the three
compounds is mutually similar as shown by the spectra, having
similarity with the 1,8-fluorenyl substituted carbazoles [31];
particularly, the absorption spectra of DPACz1 and DPACz2 are
similar showing there is no particular change in the absorption
with the increase in the no. of diphenylamine unit at positions 1
and 8 of carbazole. The absorption spectral pattern of DPACz3,
although similar to the other two compounds, is however, having a
prominent increase in the absorption coefficient of the lowest en-
ergy bandwhich is due to increased conjugation length through the
benzidine system present in this molecule (analogous to TPD)
[43e45]. Compared to the 3-, 6- substituted carbazoles, though the
lmax of the lowest energy band is almost not affected by changing
the position of diphenylamino functionality from 3-position of
carbazole to 1-position but the absorption edge is blue shifted
increasing the band gap from 3.04 [30] to 3.28 eV (3.25 as thin film)
in case of DPACz1. The tert-butyl groupsmay also have played a role
due to its bulkiness thereby decreasing the pep interactions be-
tween the carbazole systems (investigation on the effect of tert-
butyl group on the band gap properties of carbazole systems is in
progress). The emission spectra of the target compounds in thin
film are narrower as compared to those in dilute solution, specially
in the shorter wavelength regions of the PL spectra. This effect may
be attributed to the bulky tert-butyl groups which inhibit pep
interactions between the adjacent small molecules. But in case of
the thin film PL spectrum of DPACz2, an insignificant shouldering
occurs towards the longer wavelength region. As it is required for
an efficient PhOLED that the triplet energy of the host material
should be significantly higher than that of the emitter guest, so that
the triplet excitons from the host could easily transfer down the
energy gradient to the emitter molecules to be radiatively de-
excited to the ground states. Triplet energy levels of the host ma-
terials were determined from the highest energy emission peaks of
the phosphorescent spectra of their solutions in methyltetrahy-
drofuran at 77 K (Fig. 1c). The triplet energy levels of the three host
materials are also summarized in Table 1. As shown in the table, the
triplet energy levels of the three host materials are in range of
2.45e2.68, higher than that of the common green phosphorescent
emitter, Ir(mppy)3 i.e. 2.4 eV, so, these materials, particularly
DPACz1 and DPACz2, are suitable as hosts for green OLEDs.

Thermal properties of the new materials were analyzed by dif-
ferential thermal calorimetry (DSC). DSC curves for the three host
materials are shown in Fig. S7, and data are also summarized in
Table 1. The Tg values of the three materials were estimated from
the respective DSC curves of the second heating scans. Tg values for
DPACz1 andDPACz2were found, respectively, to be 65 �C and 92 �C
whereas Tg of DPACz3 was 165 �C. Here, it is obvious that Tg values
increase with the increasing molecular weights (Mr: 474, 642 and
947, respectively) of these materials [46], however the Tg value for
Table 1
Physical data of host materials DPACz1, DPACz2 and DPACz3.

Compound lmax, abs (nm) lmax, em (nm) Eg a (eV) ET b (eV) Tg c (�C)

Soln. Film Soln. Film

DPACz1 360 362 396 391 3.25 2.68 65
DPACz2 360 362 386 416 3.26 2.60 92
DPACz3 348 348 420 414 3.14 2.45 165

a Calculated from the absorption edge of the film UVevis spectra.
b Determined from low temperature PL spectra in frozen 2-

methyltetrahydrofuran.
c Determined from the second heating scan of DSC.



Table 2
Electrochemical data of the host materials DPACz1, DPACz2 and DPACz3.

Compound Eox,1/2 (mV) HOMO (eV) LUMOa (eV)

DPACz1 425 �5.56 �2.31
DPACz2 378 �5.51 �2.25
DPACz3 279 �5.41 �2.27

a Calculated by adding up the respective optical band gaps and the HOMO values.
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DPACz3 is comparatively too high due to higher molecular weight
and more expanded structure of DPACz3. Although the Tg value of
DPACz1 is not too high but even then this is comparable to the
commercially available common host materials with the similar
range of molecular weights such as CBP (Mr, 484; Tg, 62 �C) andmCP
(Mr, 408; Tg, 55 �C) [16].

In addition to the optical and thermal properties of the new
materials, the film-forming from spin-coating and the surface
morphologies were also investigated by atomic force microscopy
(AFM). The topographic images of the spin-coated films of each of
thematerials are shown in Fig. S8. All of the threematerials showed
negligible differences in surface roughness and showed smooth
enough surfaces. The RMS (root mean square) roughness values of
the spin-coated films of DPACz1, DPAZc2 and DPACz3 were
0.254 nm, 0.266 nm and 0.251 nm, respectively. This result implies
the applicability of our new materials for solution-processing.
2.3. Electrochemical properties

The electrochemical properties of the materials were studied
through cyclic voltammetry (CV) of the dilute solutions in methy-
lene chloride using tetrabutylammonium hexafluorophosphate as a
supporting electrolyte. CV of TPD (Full name necessary) was also
measured to compare and estimate the HOMO energy levels of our
new materials. The CV graphs of the target compounds are shown
in Fig. 2. All the three compounds showed reversible oxidation
behaviour which suggested the electrochemical stability of the
compounds while used in an OLED. DPACz3 showed a typical TPD
like behaviour in CV.

The first oxidation potentials of DPACz1, DPACz2 and DPACz3
were observed at 425, 378 and 279 mV, respectively, versus
ferrocene/ferroceneþwhile the first oxidation potentials of TPDwas
265mV. Considering�5.4 eV of HOMO energy level of TPD [47], the
translated HOMO energy levels of DPACz1, DPACz2 and DPACz3
were �5.56, �5.51 and �5.41 eV, respectively. The LUMO energy
levels were calculated by adding the optical band gaps to the HOMO
energy levels. The electrochemical data is presented in Table 2.

FromDPACz1 toDPACz2, the HOMO energy level ofDPACz2was
slightly increased due to bis-substitution of diphenylamine sub-
stituents. DPACz3 showed the highest HOMO energy level among
the three series of materials, which can be attributed to the
increased p-conjugation through benzidine structure. It is also
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Fig. 2. Cyclic voltammograms of TPD and the host materials DPACz1, DPACz2 and
DPACz3.
noteworthy that the difference of LUMO energy levels of the three
compounds is relatively small, which means that arylamine sub-
stitution and benzidine structure of carbazole influence mainly the
HOMO energy levels.

2.4. Quantum chemical calculations

In order to understand the relationship between the geomet-
rical structures of the host materials and the distribution of elec-
tron densities over the molecules and hence the electronic
properties, DFT calculations at B3LYP and 6-31G (d) levels were
performed. The calculation results are shown in Fig. 3. It is obvious
that the HOMO levels of these materials are located mainly on the
more electron rich diphenylamino moieties and LUMO are located
on the carbazole nucleus. As all the three molecules are completely
conjugated structures and are non-polar in nature, so, the HOMO
and LUMO levels are not well separated rather these are intermixed
that may give rise to intramolecular charge transfer.

2.5. Device fabrication and measurement

To investigate the potential of our materials as phosphorescent
host materials, we first fabricated simple solution-processed green
phosphorescent OLEDs adopting the three host materials, DPACz1,
DPACz2, and DPACz3. The device configuration was [ITO/
PEDOT:PSS (35 nm)/Emitting layer (40 nm)/TPBi (57 nm)/CsF
(1 nm)/Al (80 nm)]. The emitting layer was composed of 93 wt% of
each of the host materials and 7 wt% of green emitting dopant,
Ir(mppy)3. Here PEDOT:PSS, TPBI and LiF served as hole-injecting,
electron transporting/hole blocking and electron-injecting layers,
respectively. The energy levels diagram for the devices is shown in
Fig. 4. The OLED devices containing each of the three host materials,
DPACz1, DPACz2, and DPACz3, are denominated as Device 1, De-
vice 2, and Device 3, respectively. In addition to the aforemen-
tioned three devices, we also fabricated a reference device (Device
4) which contains 26DCzPPy as a host to estimate the relative level
of our device results.

Fig. 5 shows the resultant device characteristics and the values
are summarized in Table 3. As is clearly seen from the JeVeL curves
(Fig. 5a), the turn-on voltage (Von, recorded at the luminance of
10 cd m�2) significantly decreased from 4.6 (Device 1) through
3.7 V (Device 2) to 3.1 V (Device 3). This tendency can be attributed
to the reduction of the hole-injection barrier from the ITO/
PEDOT:PSS anode to the emitting layer as HOMO levels of each of
the host materials in these devices increase from DPACz1 to
DPACz3, respectively. The maximum achieved luminance for these
devices increased in the order from Device 3 (4936 cd m�2)
through Device 2 (6632 cd m�2) to Device 1 (8050 cd m�2). But
even Device 1 could not show comparable maximum luminance to
Device 4, that is to say the maximum luminance of Device 1 was
about a half of Device 4.

Although the maximum luminance values of our new materials
were relatively lower than that of the reference, 26DCzPPy, we
could find out an improvement in the device efficiencies, especially
in cases of DPACz1 and DPACz2. Fig. 5b shows the luminous
efficiency-luminance curves of the four devices. The maximum



Fig. 3. Optimized Geometrical structures and HOMO & LUMO distributions of DPACz1, DPACz2 and DPACz3.
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luminous efficiencies of Device 1 (24.5 cd A�1) and Device 2
(25.0 cd A�1) are similar, while that of Device 3 (11.2 cd A�1) is
relatively quite low. If we compare these devices with the reference
device (Device 4) employing the conventional bipolar host mate-
rial, 26DCzPPy, we see that the Devices 1 and 2 perform again
better as compared to the reference device, Device 4, though the
efficiency roll-off is relatively prominent at higher luminance. The
origin of the relatively low luminance and prominent efficiency
roll-off can be the unipolar hole-transporting characteristics of our
DPACz materials. Because they do not contain any electron trans-
porting moiety in the molecules, the charge imbalance within the
emissive layer can become more and more serious as current
Fig. 4. Energy level diagram of the devices.
density and luminance increases, which results in passage of cur-
rent without efficient exciton formation in the emissive layer.

Another point we can find out from the results of these three
series of materials, DPACz1eDPACz3, is the relative importance of
HOMO energy level and triplet energy level of the hostmaterials. As
can be easily seen, the luminous efficiency of Device 3 was the
lowest while it had an advantage of the driving voltage. While the
HOMO energy levels influence the driving voltage, the triplet en-
ergy levels influence the overall device efficiency. This is because
the dopant triplet excitons produced during device operation can
be transferred back to host in case of the lower triplet energy level
of the host than the dopant, which results into non-emissive
exciton quenching within the host. Considering the ET of DPACz3
(2.45 eV) that is still higher than that of Ir(mppy)3 (~2.4 eV) this
result gives an experimental guideline of ET of host materials, i.e., in
order to achieve good performances host should possess ET of at
least 0.2 eV higher than that of the dopant.

Along with the luminous efficiencies, Fig. 5c shows the power
efficiencyevoltage curves of the four devices. Because the power
efficiency of an OLED is closely related to the applied voltage, and
our DPACz series showed gradual change of operating voltages
when applied to OLED devices, the resultant trend among the
materials is different from the previous luminous efficiency trend.
The maximum power efficiency was obviously the highest for De-
vice 2 (17.9 lm W�1), although the luminous efficiency was similar
between Device 1 and Device 2. And even Device 3 also showed
comparable power efficiency value, 10.1 lmW�1, with the reference
device (Device 4), 10.9 lm W�1. Therefore DPACz2 which contains
two diphenylamino substituents at 1- and 8-position of carbazole
has shown the potential of itself as a good solution-processable
host material, considering the results presented so far.

In addition to the aforementioned four OLED devices, we further
fabricated and investigated three more devices Device 11, Device
22 and Device 33 in which the emitting layers consisted of 83 wt%
of our new host materials, DPACz1, DPACz2 and DPACz3, respec-
tively, 10 wt% of a common electron-transporting material 2-(4-
biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD) to adjust
the charge balance, and 7wt% of the emitting dopant, Ir(mppy)3. All
the other fabrication process is the same as the previous experi-
ment. The OLED device characteristics are shown in Fig. 6 and
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summarized in Table 3. The plotted range of horizontal and vertical
axes of each of the graphs in both Figs. 5 and 6 are intentionally set
as the same to ease comparison.

The first thing we can easily notice about those PBD-containing
mixed host devices is the reduction of the driving voltage (Fig. 6a).
In particular, the operating voltage at 1000 cd m�2 is reduced from
7.2 (Device 1) to 6.0 (Device 11), from 6.0 (Device 2) to 5.6 (Device
22) and from 5.0 (Device 3) to 4.9 V (Device 33). All of these values
being less than the reference device (Device 44) using the con-
ventional bipolar host material, 26DCzPPy that operated at 7.1 V.
The degree of reduction of the operating voltage increases from
DPACz3 to DPACz1. As the hole-injection barrier increases from
Device 3 to Device 1, the charge imbalance of the device can
consequently become more and more serious, and this causes an
increase of the operating voltage. So, if PBD is added into the
emitting layer, the charge imbalance problem could be overcome to
a large extent, and this positive effect of PBD is the most prominent
in case of theDevice 1where the injection barrier is the largest. The
maximum achieved luminance for these PBD-containing mixed
host devices were also improved too much as compared to the
simple devices, the values being 18,550 (Device 11), 15,530 (Device
22) and 9090 cdm�2 (Device 33), respectively. It is noteworthy here
that incorporation of the PBD as electron transportingmoiety in the
emitting layer resulted into increasing the luminance by 130%
(Device 11), 134% (Device 22) and 84% (Device 33) the values for
devices without PBD (Devices 1e3), more possibly because of the
more balanced charge transport within the emissive layer.

Along with the operating voltage and the luminance, the
improvement of the device efficiencies and the lowering of effi-
ciency roll-off are also distinct (Fig. 6b and c). All of the three de-
vices showed increased luminous efficiencies after PBD addition.
The maximum luminous efficiencies of each of the devices were
26.7 cd A�1 (Device 11), 25.3 cd A�1 (Device 22) and 14.2 cd A�1

(Device 33), respectively, while the corresponding values for the
reference device (Device 4) were 17.8 cd A�1. But what is more
important about the luminous efficiencies is the lowering of the
efficiency roll-off for all the three devices. Comparison between
Figs. 5b and 6b clearly shows that the luminance point where the
maximum efficiency was achieved shifted to the higher luminance
as a result of PBD addition. In other words, the efficiencies dropped
off rapidly under DPACz-host-only conditions (Device 1 to Device
3), because the injected charges could not be utilized efficiently to
produce excitons, especially at high luminance with high current
density. But in case of improved charge balance with PBD (Device
11 to Device 33), the excitons could be produced more efficiently at
high luminance, and the efficiencies could be maintained well [48].

Moreover, the power efficiency results of PBD addition are also
interesting. In the case of DPACz host only devices, the Device 2
containing DPACz2 showed the dominant result, but the power
efficiency of Device 11 containing DPACz1 could almost reach that
of Device 22 after PBD addition. As has been stated in the previous
paragraph, the degree of reduction of the operating voltage is the
highest in case of DPACz1, therefore a gain in power efficiency can
be more than that of DPACz2, which results in similar level of po-
wer efficiencies between them.

Electroluminescent (EL) spectra of all of the devices are shown
in Fig. 7. As shown in the figure, all devices emit typical green light.
The devices incorporating only the new host materials (Devices
1e3) show an additional very weak band in the EL spectra near
407 nm that shows a little incomplete transfer of excitons from
hosts to the phosphorescent guest. This, most probably, is due to
charge imbalance [49] as in the case of the devices incorporating
additional PBD, this band was almost overcome. Another important
feature of the EL spectra is the narrowing of the spectrum of the
devices containing the new host materials as compared to the
26DCzPPy device. This is an advantageous phenomenon with
respect to the colour purity and will be further investigated.

3. Experimental

3.1. Materials

Carbazole, tetrabutylammonium bromide (TBAB), bromoethane,
anhydrous zinc chloride (ZnCl2), N-bromosuccinimide (NBS),
diphenylamine, sodium tert-butoxide (tBuONa), and tris(dibenzy-
lideneacetone) dipalladium (0) [Pd2(dba)3] were purchased from



Table 3
Electroluminescence data of the Devices 1e4 and 11e33.

Devices Von [V]
(10 nit)

V [V]
(1000 nit)

hc [cd A�1]
(1000 nit)

hp [lm W�1]
(1000 nit)

hext [%]
(1000 nit)

hc,max [cd A�1] hp,max [lm W�1] hext,max [%] Lmax [cd m�2] CIE coordinates

Device 1 4.6 7.2 22.1 10.7 7.2 24.5 14.1 8.0 8,050 (0.290, 0.602)
Device 2 3.7 6.0 22.5 13.1 7.3 25.0 17.9 8.2 6,632 (0.289, 0.606)
Device 3 3.1 5.0 10.7 7.4 3.5 11.2 10.1 3.6 4,936 (0.293, 0.605)
Device 4 4.6 7.1 15.9 7.8 5.0 17.8 10.9 5.6 15,720 (0.318, 0.611)
Device 11 4.3 6.0 26.6 15.4 8.5 26.7 16.5 8.5 18,550 (0.297, 0.609)
Device 22 4.0 5.6 24.9 15.5 8.0 25.3 16.9 8.1 15,530 (0.295, 0.607)
Device 33 3.1 4.9 13.4 9.6 4.3 14.2 12.5 4.6 9,090 (0.296, 0.608)
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Fig. 6. Device characteristics of Devices 11e33, (a) JeVeL characteristics, (b) luminous
efficiency � luminance characteristics, (c) power efficiency � voltage characteristics.

S. Ameen et al. / Dyes and Pigments 124 (2016) 35e44 41
SigmaeAldrich Co. tert-Butylchloride (tBuCl) was purchased from
Wako Pure Chemical Industries Ltd. N4,N40-diphenylbenzidine was
purchased from TCI Co., Ltd. and tri-tert-butylphosphine (P(tBu)3)
was purchased from Kanto Chemical Co., Inc. All the reagents were
used as received without further purification.

3.2. Instrumentation

1H and 13C NMR spectra were measured using Bruker DPX-300
NMR spectrometers. Differential scanning calorimetry (DSC) was
conducted using a DSC Q1000 TA Instrument Inc. (V9.9 Build 303).
UVevis. absorption spectra were obtained using SHIMADZU UV-
2550 spectrophotometer and room temperature & low tempera-
ture photoluminescence spectra were obtained using Perkin Elmer
LS55 luminescence spectrometer. Atomic force microscopy (AFM)
measurements were conducted on Bruker MultiMode8 by tapping
mode. Cyclic voltammetry was performed with BAS 100B electro-
chemical analyzer. The electrical characteristics of the devices were
characterized by Kiethley 2400 source measurement unit. The
luminance and emission spectrum of OLED devices were charac-
terized by Konica-Minolta CS-100A luminance meter and CS-1000
spectroradiometer, respectively. All measurements of the fabri-
cated devices were carried out at room temperature under ambient
conditions.

3.3. Syntheses

3.3.1. Synthesis of 3,6-di-tert-butyl-9H-carbazole (1)
Carbazole (16.7 g, 100 mmol), 200 mL of nitromethane, and

ZnCl2 (40.5 g, 300 mmol) were added to a two-neck flask under a
nitrogen atmosphere. 2-Chloro-2-methylpropane (32.5 mL,
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Fig. 7. EL spectra of Devices 1e4 and 11e33.
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300 mmol) was added drop-wise under stirring. The mixture was
stirred at room temperature for 5 h followed by hydrolysis with
500 mL of water. The product was extracted with CH2Cl2
(3� 200mL). The organic layer waswashedwith H2O (2� 300mL),
dried over MgSO4, and evaporated under vacuum to yield 25.4 g
(91%) of a light green solid which was recrystallized from absolute
ethanol to get an off-white solid.

1H NMR (300 MHz, CDCl3, ppm): d ¼ 8.07 (s, 2H), 7.85 (s, 1H),
7.47 (m, 2H), 7.33 (d, J ¼ 8.4 Hz, 2H), 1.45 (s, 18H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 142.20, 138.00, 123.49,
123.29, 116.15, 109.98, 34.68, 32.03.
3.3.2. Synthesis of 1-bromo-3,6-di-tert-butyl-9H-carbazole (2)
To a solution of (1) (10.5 g, 37.5 mmol) in DMF (100 mL), a so-

lution of N-bromosuccinimide (6.66 g, 37.5 mmol) in DMF (10 mL)
was added drop-wise, under light protection, over 10 min, and the
mixture was stirred at room temperature for 3 h. Water (300 mL)
was added and the resulting mixture was extracted with CH2Cl2
(50 mL � 3). The combined organic phase was washed with water
(150 mL � 2), dried over anhydrous MgSO4, and evaporated in
vacuo where upon an off white sticky liquid was obtained which
was subjected to silica gel column chromatography (hexane/
dichloromethane, 4/1) to get a colourless oil. This oil was dissolved
in methanol followed by evaporation of the solvent to get a white
glassy solid (11.5 g, 85.4%).

1H NMR (300MHz, CDCl3, ppm): 8.05 (m, 3H), 7.59 (d, J¼ 1.5 Hz,
1H), 7.52 (m, 1H), 7.39 (m, 1H), 1.45 (s, 9H), 1.44 (s, 9H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 144.00, 142.89, 137.73,
136.69, 125.72, 124.61, 124.34, 123.62, 116.62, 115.45, 110.51, 103.66,
34.86, 34.73, 31.97, 30.90.
3.3.3. Synthesis of 3,6-di-tert-butyl-9-ethyl-9H-carbazole (3)
To a stirred solution of 3,6-di-tert-butyl-9H-carbazole (5.59 g,

20 mmol) and tetrabutylammonium bromide (TBAB) (0.32 g,
1 mmol) in acetone (30 mL) was added, drop-wise, bromoethane
(3.0 g, 27.5 mmol). After stirring for 5 min, powdered NaOH (1.1 g,
27.5 mmol) was added in three portions and the reaction mixture
was heated under reflux until the reaction was complete (1 h).
Water (100 mL) was added and the product was extracted with
ethyl acetate (50 mL). The organic layer was separated, washed
with water, dried over MgSO4 and concentrated. Pure product
(5.7 g, 92.7%) was obtained as white solid was obtained upon
recrystallization from ethanol.

1H NMR (300 MHz, CDCl3, ppm): d ¼ 8.10 (d, J¼ 1.5 Hz, 2H), 7.51
(dd, J ¼ 6.9, 1.8 Hz, 2H), 7.32 (d, J ¼ 8.7 Hz, 2H), 4.35 (q, J ¼ 6.9 Hz,
2H), 1.46 (s, 18H), 1.44 (t, J ¼ 7.2 Hz, 3H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 141.47, 138.49, 123.24,
122.79, 116.37, 107.81, 37.55, 34.69, 32.11, 13.99.
3.3.4. Synthesis of 1-bromo-3,6-di-tert-butyl-9-ethyl-9H-carbazole
(4)

Compound (4) was prepared using the same procedure as for (3)
using (2) (7.17 g, 20 mmol), the other reagents being in the same
amounts as in case of (3). Pure product 7.1 g (92.2%) as a white
crystalline solid was obtained by recrystallization from absolute
ethanol. 1H NMR (300MHz, CDCl3, ppm): d¼ 8.05 (d, J¼ 1.5 Hz,1H),
8.02 (d, J ¼ 1.5 Hz, 1H), 7.60 (d, J ¼ 1.8 Hz, 1H), 7.55 (dd, J ¼ 1.8,
8.7 Hz, 1H), 7.34 (d, J ¼ 8.7 Hz, 1H), 4.75 (q, J ¼ 7.2 Hz, 2H), 1.45 (s,
9H), 1.43 (s, 9H), 1.42 (t, J ¼ 7.2 Hz, 3H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 143.19, 142.47, 139.60,
135.00, 128.66, 126.25, 124.22, 122.31, 116.07, 115.52, 108.46, 102.33,
38.78, 34.70, 34.56, 32.00, 31.87, 15.61.
3.3.5. Synthesis of 1,8-dibromo-3,6-di-tert-butyl-9-ethyl-9H-
carbazole (5)

Compound (5) was prepared following the method used for the
preparation of (2) using (3) (3.07 g, 10 mmol), DMF (30 mL), and
NBS (3.56 g, 20 mmol). Pure product (4.1 g, 88.4%) was obtained as
white crystals upon recrystallization from absolute ethanol.

1H NMR (300 MHz, CDCl3, ppm): d¼ 7.96 (d, J¼ 1.5 Hz, 1H), 7.65
(d, J ¼ 1.8 Hz, 1H), 5.22 (q, J ¼ 7.2 Hz, 2H), 1.43 (s, 18H), 1.39 (t,
J ¼ 6.9 Hz, 3H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 144.16, 136.09, 130.27,
126.20, 115.30, 103.04, 39.30, 34.57, 31.77, 17.12.

3.3.6. General procedure for BuchwaldeHartwig coupling
A mixture of the bromocompound (1 mol. eq. w.r.t. Br), diaryl-

amine (1 mol. eq. w.r.t. NH), Pd2(dba)3 (5 mol.% eq.), tBu3P
(20 mol.%), and tBuONa (3 mol. eq.) in toluene was heated under N2
atmosphere at reflux temperature for 10e20 h. The reaction
mixture was then filtered. The filtrate was evaporated under vac-
uum and the residue was subjected to column chromatography on
silica gel.

3.3.7. Synthesis of 3,6-di-tert-butyl-9-ethyl-N,N-diphenyl-9H-
carbazol-1-amine (DPACz1)

Compound (5) was prepared by employing the general Pd-
catalyzed coupling procedure using (3) (0.966 g, 2.5 mmol),
diphenylenediamine (0.457 g, 2.7 mmol), Pd2(dba)3 (0.116 g,
0.127 mmol), tBu3P (0.104 g, 0.507 mmol), and tBuONa (0.72 g,
7.5 mmol) in toluene (10 mL). (5) was obtained as a white solid
(0.99 g, 83.9%) by column chromatography (n-Hexane/DCM, 2:1).

1HNMR(400MHz,CDCl3, ppm): d¼8.10 (d, J¼1.2Hz,1H), 8.03 (d,
J ¼ 2.0 Hz, 1H), 7.50 (dd, J ¼ 8.8, 2.0 Hz, 1H), 7.24 (d, J ¼ 8.8 Hz, 1H),
7.20e7.16 (m, 5H), 7.08 (d, 8.0 Hz, 4H), 6.90 (t, J¼ 7.2 Hz, 2H), 4.36 (q,
J ¼ 6.8 Hz, 2H), 1.45 (s, 9H), 1.36 (s, 9H), 0.87 (t, J ¼ 6.8 Hz, 3H).

13C NMR (75 MHz, CDCl3, ppm): d ¼ 147.72, 143.20, 142.03,
139.10, 135.02, 129.33, 129.01, 126.86, 125.69, 123.64, 122.94, 121.28,
120.97, 115.90, 114.72, 108.67, 39.04, 34.66, 34.54, 32.04, 31.88,
14.39.

HRMS (EIþ): calculated for C34H38N2, 474.3035; found,
474.3026.

3.3.8. Synthesis of 3,6-di-tert-butyl-9-ethyl-N1,N1,N8,N8-
tetraphenyl-9H-carbazole-1,8-diamine (DPACz2)

Compound (6) was prepared by employing the general Pd-
catalyzed coupling procedure using (4) (0.233 g, 0.5 mmol),
diphenylenediamine (0.22 g, 1.3 mmol), Pd2(dba)3 (0.046 g,
0.05 mmol), tBu3P (0.041 g, 0.20 mmol), and tBuONa (0.144 g,
1.5 mmol) in toluene (5mL). Compound (6) was obtained as awhite
solid (0.20 g, 62.3%) upon column chromatography (n-Hexane/
DCM, 2:1).

1H NMR (400 MHz, CDCl3, ppm): d ¼ 7.99 (d, J ¼ 1.6 Hz, 2H), 7.19
(d, J¼ 2.0 Hz, 2H), 7.12 (d, J¼ 8.4 Hz, 4H), 7.10 (d, J¼ 7.2 Hz, 4H), 6.97
(d, 8.0 Hz, 8H), 6.87 (t, J¼ 7.2 Hz, 4H), 4.26 (q, J¼ 6.8 Hz, 2H), 1.35 (s,
18H), 0.65 (t, J ¼ 6.8 Hz, 3H).

13C NMR (75 MHz, CDCl3, ppm): d ¼ 147.50, 143.99, 135.83,
130.82, 128.87, 126.91, 126.84, 121.49, 121.22, 113.94, 39.89, 34.56,
31.81, 15.24.

HRMS (EIþ): calculated for C34H38N2, 641.3770; found, 641.3766.

3.3.9. Synthesis of N4,N40-bis(3,6-di-tert-butyl-9-ethyl-9H-
carbazol-1-yl)-N4,N40-diphenyl-[1,10-biphenyl]-4,40-diamine
(DPACz3)

Compound (7) was prepared by employing the general Pd-
catalyzed coupling procedure using (3) (0.772 g, 2 mmol), N4,N40-
diphenylbenzidine (0.336 g, 1 mmol), Pd2(dba)3 (0.092 g,
0.1 mmol), tBu3P (0.081 g, 0.4 mmol), and tBuONa (0.577 g,
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6.0 mmol) in toluene (10mL). Pure product was obtained as awhite
solid (0.66 g, 69.8%) upon column chromatography (n-Hexane/
DCM, 2:1).

1H NMR (400MHz, CDCl3, ppm): d¼ 8.10 (d, J¼ 1.6 Hz, 2H), 8.04
(d, J ¼ 1.6 Hz, 2H), 7.50 (dd, J ¼ 8.4, 1.6 Hz, 2H), 7.39 (d, J ¼ 8.4 Hz,
4H), 7.25e7.17 (m, 7H), 7.10 (d, 8.8 Hz, 7H), 6.91 (t, J ¼ 7.2 Hz, 2H),
4.36 (m, 2H), 1.45 (s, 18H), 1.37 (s, 18H), 0.90 (t, J ¼ 7.2 Hz, 3H).

13C NMR (100 MHz, CDCl3, ppm): d ¼ 147.58, 146.50, 143.24,
142.06, 139.12, 135.01, 133.42, 129.19, 129.05, 126.91, 126.78, 125.76,
123.68, 122.95, 121.33, 121.16, 120.98, 115.91, 114.81, 108.69, 39.07,
34.65, 34.56, 32.03, 31.89, 14.47.

HRMS (EIþ): calculated for C34H38N2, 946.5913; found,
946.5875.

3.4. Device fabrication and measurements

Commercially available hole-injection material poly-(3,4-
ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS),
hole/exciton-blocking/electron-transporting material 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBI) were used. Commercial
indium tin oxide (ITO) coated glass with sheet resistance of 10 U per
square was used as the starting substrates. The substrates were pre-
cleaned carefully and treated by oxygen plasma for 2 min before de-
vice fabrication followed by spin-coating PEDOT:PSS (35 nm) which
was dried then at 120 �C for 30minunder vacuum. Then the emissive
layer (40 nm) of host materials doped with 7 wt% green emitting
dopant, Ir(mppy)3was spin-coated fromchlorobenzene solutiononto
the PEDOT:PSS layer and dried at 80 �C for 30min to remove residual
solvent followed by thermal deposition of electron transport layer
(ETL)ofTPBI (57nm),andacathodecomposedof cesiumfluoride (CsF,
1 nm) and aluminium (Al, 80 nm) successively at 10�6 Torr.

4. Conclusions

We report three novel diphenylaminocarbazole materials,
DPACz1, DPACz2 and DPACz3, making use of the less explored 1-
and 8-positions of carbazole. The structures of the final products
were confirmed by 1H NMR, 13C NMR and HRMS measurements.
The compounds have high triplet energy levels as determined from
the phosphorescence spectra at low temperature. High triplet en-
ergies along with shallow HOMO levels suggested the use of the
materials as suitable host materials for green PhOLEDs. Solution
processed bilayer devices with configuration, [ITO/PEDOT:PSS/
Emitting layer/TPBi/CsF/Al], fabricated by using the new materials
as hosts show high luminous and power efficiencies as well as low
turn-on voltages. All devices emitted typical green light with high
luminance and have low turn-on voltages. Improvement in the
efficiencies and suppression of efficiency roll-off was further ach-
ieved by using the common electron transporting material PBD as a
co-host in the emissive layer.
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