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Two novel durene-containing molecules, 1,4-bis-[4-(9-carbazolyl)-phenyl]-durene (CPD) and 1,4-bis-

{4-[9-(3,6-(di-tert-butyl)carbazoyl)]-phenyl}-durene (t-BuCPD), which are derived from 4,40-bis(9-
carbazolyl)biphenyl (CBP) by inserting durene in its biphenyl core, are designed and synthesized for use

as host materials for blue phosphors in organic light-emitting diodes (OLEDs). Inserting durene in

biphenyl causes a right-angle torsion between the durene and the adjacent phenyl groups due to the

strong steric hindrance effect of the durene group, confining the effective p-conjugation on only one

carbazole and one phenyl and increasing the triplet energies of CPD and t-BuCPD to over 3.0 eV. These

durene-decorated molecules show higher thermal stabilities than many other CBP derivatives. Blue

phosphorescent OLEDs were fabricated using CPD and t-BuCPD as triplet hosts and traditional

iridium(III)bis(4,6-(difluorophenyl)pyridinato-N,C20)picolinate (Firpic) as a dopant and excellent

performances were achieved. In particular, peak efficiencies of 26.2 cd A�1 and 14.8 lm W�1 were

realized when CPD was used as both a host and exciton-blocking material. This is the first report using

durene to tune the triplet energy levels of phosphorescent host materials.
1. Introduction

There has been rapid growing interest in IrIII-based phospho-

rescent organic light-emitting diodes (PhOLEDs) because phos-

phorescent emitters can harvest both singlet and triplet excitons

and achieve, in theory, 100% internal quantum efficiency.1,2

However, since phosphorescence emitters generally have rela-

tively long excited-state lifetimes, which could induce self-

quenching at high concentrations, they are usually doped into a

host.3,4 In a host–dopant system, the dopant molecules usually

get excited through two typical mechanisms: direct charge trap-

ping and energy transfer from the host.5,6 Direct charge trapping

by the dopant only occurs when the lowest unoccupied molecular

orbital (LUMO) of the dopant is lower than that of the host, and/

or the highest occupied molecular orbital (HOMO) of the dopant

is higher than that of the host.7–9 For large band-gap blue-

emitting phosphors, it is not as easy as green or red emitters to

directly trap holes or electrons due to its relatively high LUMO

level and low HOMO level.10,11 Therefore, a significantly high

triplet energy level of the host for blue phosphors is more

important than for green and red emitters in order to guarantee

efficient exothermic energy transfer from the excited host
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molecules to the ground-state dopant ones.12,13 At the same time,

a significantly high triplet energy of the host is also necessary to

prevent backward energy transfer from the dopant to the host

and to effectively confine excitons on the dopant.14 The ideal

triplet energy (ET) between the singlet ground state (S0) and the

triplet excited state (T1) for blue host materials should be at least

2.75 eV providing that the blue phosphor has a phosphorescence

peak at 450 nm.15

Up to now, many attempts have been made to develop

substances that have high triplet energies and are suitable host

materials for blue phosphors in PhOLEDs.16–19 The most

successful blue hosts are the carbazole-based molecules due to

the high intrinsic triplet energy of 3.0 eV for carbazole and their

efficient hole transporting ability. One traditional example is

polyvinylcarbazole (PVK), which has an ET of 3.0 eV.
20 Based on

the polymeric nature and high triplet energy, PVK is widely used

as a universal host for solution-processed blue, green and red

PhOLEDs.21 However, PVK has a relatively low HOMO level

(�5.8 eV). As a result, PVK-containing OLEDs usually have

relatively high driving voltages due to a large hole injection

barrier in the anode–PVK interface.22 N,N0-Dicarbazolyl-

3,5-benzene (mCP) is one small molecular blue host material that

is widely used in vacuum deposited PhOLEDs.6 The meta-

linkage of the two carbazoles over the phenyl ring in mCP

confines the effective conjugation of the whole molecule on only

one carbazole and one phenyl, resulting in a high ET of 2.9 eV. A

maximum external electroluminescent quantum efficiency of

7.5% and a luminous power efficiency of 8.9 lm W�1 were
This journal is ª The Royal Society of Chemistry 2012
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obtained for devices based on mCP and Firpic. However, the low

molecular weight of mCP results in a low glass transition

temperature (Tg) of 60 �C and high crystallinity, which are

definitely not favorable for OLED stability. In addition to PVK

and mCP, the derivatives of 4,40-bis(9-carbazolyl)-biphenyl
(CBP) are another typical series of blue phosphorescent host

materials.5 In CBP, the molecular structure allows for extended

conjugation of the carbazole units over the biphenyl core leading

to a decrease of ET to around 2.56 eV.5 Although CBP has

sometimes been used as a host for blue phosphors, e.g. iridiu-

m(III)bis(4,6-(difluorophenyl)pyridinato-N,C20)picolinate (Firpic),

the device performance has been limited due to the endothermic

forward energy transfer from the CBP host to the blue phosphor

and an unavoidable reverse energy transfer from the dopant to

the host. Therefore, structural modification of CBP has been

intensively performed with the aim of increasing the triplet

energy to afford a blue host. One typical CBP derivative, which

has been used as a blue host, is 4,40-bis(9-carbazolyl)-2,20-dime-

thylbiphenyl (CDBP),23 in which the biphenyl is forced into a

tilted conformation due to the steric effect of two methyl groups

and, consequently, the triplet energy is increased to 3.0 eV due to

reduced molecular conjugation. The OLED based on CDBP and

Firpic exhibited a current efficiency of 20.5 cd A�1 and a power

efficiency of 10.5 lm W�1. In a similar way, a trifluoromethyl

substituent was also introduced into the 2,20-positions of the

biphenyl ring to design blue host materials with high ET

values.24,25 The other type of CBP-based blue host incorporates

non-conjugated units, such as aliphatic cyclobutyl ring,26 an

oxygen bridge,27 or a diphenylsilane linker28 inserted within the

biphenyl core. The presence of these non-conjugated units

confines the effective conjugation to only a half length of CBP,

resulting in high ET values. Another group of CBP derivatives is

the CBP isomers, which are obtained by varying the linkage of

two carbazoles at the meta- or ortho-positions of the central

biphenyl core to form m-CBP or o-CBP, instead of the para-

linkage in CBP.29 In this way, the conjugation of each carbazole

is spread over only the phenyl ring that it is directly bound to,

rather than to the biphenyl core or the whole molecule. There-

fore, the ET of these two CBP isomers are tuned to 3.0 eV for

o-CBP and 2.84 eV form-CBP. Excellent performances with high

efficiencies of 29.9 cd A�1 and 14.4 lm W�1 were obtained for

blue PhOLEDs using these CBP isomers as phosphorescent

hosts, which represented the highest efficiency so far for Firpic-

based blue OLEDs using CBP derivatives as phosphorescent

hosts. It is clear that the reason for the increase in the ET values

for all the aforementioned strategies, such as using a short

linking bridge in PVK and mCP, varying the linkage topology in

m-CBP and o-CBP, incorporating bulky groups with steric

hindrance in CDBP and introducing non-conjugated units, is to

minimize the effective conjugation length of carbazoles with

unsaturated moieties.

In this work, we report the design and synthesis of two novel

CBP derivatives, 1,4-bis-[4-(9-carbazolyl)-phenyl]-durene (CPD)

and 1,4-bis-{4-[9-(3,6-(di-tert-butyl)carbazoyl)]-phenyl}-durene

(t-BuCPD) (Scheme 1), for use as host materials for blue phos-

phors in OLEDs. Durene was selected as the key building block

and was inserted in between the biphenyl group of CBP with the

expectation that the multiple methyl groups on durene may cause

strong steric hindrance and interrupt the conjugation of the
This journal is ª The Royal Society of Chemistry 2012
whole molecule. Therefore, high triplet energies may be possible

for these novel CBP derivatives. CPD and t-BuCPD designed in

this way possess excellent thermal stabilities (Td ¼ 463 �C and

450 �C) (better than most other CBP derivatives) and high ET

values of over 3.0 eV. Blue phosphorescent OLEDs containing

CPD and t-BuCPD as hosts and Firpic as a dopant exhibited

excellent performance. In particular, peak efficiencies of 26.2 cd

A�1 and 14.8 lmW�1 were realized when CPDwas used as both a

host and an exciton-blocking material. As far as we know, this is

the first report using durene to tune the triplet energy levels of

phosphorescent host materials.
2. Results and discussion

2.1 Synthesis and thermal properties

The chemical structures and detailed synthetic protocol of CPD

and t-BuCPD are shown in Scheme 1. Both of them are

synthesized through a Suzuki cross-coupling reaction between

1,4-diiododurene and the corresponding carbazole-containing

boronic acid.30 The common intermediate, 1,4-diiododurene,

was prepared by the oxidative iodination of durene with 3-

[bis(trifluoroacetoxy)iodo]benzoic acid at a high isolation yield

of 80%.31 The corresponding carbazole-containing boronic acid

intermediates were prepared following the procedure described

in Scheme 1.32 First, the 4-(9-carbazolyl)-1-bromo-benzene was

prepared by selective coupling of carbazole with 1-bromo-4-

iodobenzene in the presence of cuprous iodide under the Ull-

mann condensation conditions. The corresponding 4-(9-carba-

zolyl)-1-phenylboronic acid was then easily obtained by

treatment of 4-(9-carbazolyl)-1-bromo-benzene with n-butyl

lithium at a low temperature, followed by reaction with trimethyl

borate at room temperature and subsequently acid hydrolysis.

The palladium-catalyzed Suzuki cross-coupling of excess 4-

(9-carbazolyl)-1-phenylboronic acid or 4-[9-(3,6-(di-tert-butyl)

carbazoyl)]-1-phenylboronic acid with 1,4-diiododurene gener-

ated the desired product, CPD, in a high yield of 85% or t-

BuCPD in a yield of 80%. All the intermediates and target

products were soluble and adequately stable in common organic

solvents, such as dichloromethane, making it possible to purify

them by silica-gel column chromatography. All of them were

fully characterized by 1H and 13C NMR, mass spectrometry, and

elemental analysis.

The thermal properties of the CPD and t-BuCPD were

examined by thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC) in a nitrogen atmosphere at a

scanning rate of 10 Kmin�1. All related data are listed in Table 1.

As shown in Fig. 1, both materials show high thermal stabilities

with an onset of weight loss (TD) at 463
�C and 450 �C, which are

far above those of CBP (365 �C), CDBP (310 �C), o-CBP

(317 �C) and m-CBP (411 �C). The high thermal stabilities of

these two molecules may result from the presence of the durene

moiety. When a CPD powder was heated for the DSC

measurement, only an endothermic transition at 374 �C was

detected, which was assigned to the melting of CPD. Other phase

transitions, including the glass transition were not observed

under the present conditions even after the melted sample was

rapidly cooled and reheated for a second run. For t-BuCPD,

melting was not observed. However, a melting point of 374 �C
J. Mater. Chem., 2012, 22, 19700–19708 | 19701
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Scheme 1 Synthetic route to CPD and t-BuCPD.
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for CPD is still higher than those of CBP and other CBP deriv-

atives, also implying the improved thermal stability that is caused

by the durene group.
Fig. 1 TGA thermograms of CPD and t-BuCPD. Inset: the DSC trace

of CPD.
2.2 Optical and electrochemical properties

The UV–vis absorption and photoluminescence (PL) spectra of

CPD and t-BuCPD were measured in CH2Cl2. The spectra are

shown in Fig. 2a and all pertinent data are summarized in Table

1. For comparison, the spectra of CBP was measured under

identical conditions and is provided in Fig. 2a as well.

Compounds CPD and t-BuCPD show very similar absorption

profiles that contain two major absorption bands. For CPD, the

absorption at 293 nm can be assigned to the p–p* absorption of

the carbazole-centered units, which is identical to that of CBP.

Whereas the weak absorption in the range of 320 nm to 350 nm

can be attributed to p–p* transitions of the conjugated structure

between the carbazole unit and its adjacent phenyl unit in the

molecule. This assignment can be confirmed by the fact that the

intensity of this band is significantly reduced in comparison with

that of CBP, which could be ascribed to the decreased p-conju-

gation in CDP due to the introduction of the bulky durene group.

However, the additional tert-butyl substituents on the 3,6-posi-

tions of the carbazole ring cause a bathochromic shift in the
Table 1 Physical data of CPD, t-BuCPD and CBP

Compound TD
a [�C] Tm

b [�C] labs [nm] in CH2Cl2 lem [nm] in

CPD 463 374 293, 328, 342 351, 364(s)h

t-BuCPD 450 No.g 297, 334, 348 360, 372(s)h

CBP 365 283 293, 319 379

a TD is the thermal decomposition temperature in a thermogravimetric experim
melting temperature. c The optical band gap estimated from the absorption edg
calomel electrode (SCE). e HOMO (eV) ¼ �e(4.4 + Eonset

ox ), LUMO (eV) ¼ H
vibronic sub-band of the phosphorescence spectra. g No. ¼ Not obtained. h

19702 | J. Mater. Chem., 2012, 22, 19700–19708
absorption spectrum by 4–6 nm for t-BuCPD in comparison with

CPD. Upon photoexcitation, CPD emits violet fluorescence with

a peak at 351 nm and a shoulder at 364 nm. For compound t-

BuCPD, the same fluorescence spectral profile was obtained and

a similar bathochromic shift of 9 nm was observed in its fluo-

rescence spectrum as in the absorption spectrum in comparison

with CPD. There have been similar reports that decoration of

carbazole rings at the 3,6-positions with methyl substituents for
CH2Cl2 Eg
c [eV] Eonset

ox
d [V] HOMO/LUMO e [eV] ET

f [eV]

3.52 1.23 �5.63/�2.11 3.02
3.47 1.08 �5.48/�2.01 3.00
3.42 1.29 �5.69/�2.27 2.67

ent at a heating rate of 10 K min�1 in a nitrogen atmosphere. b Tm is the
e (ledge) of a solid film by the equation:Eg¼ 1240/ledge.

d vs. the saturated
OMO + Eg.

f ET, the triplet energy, estimated from the highest energy
s ¼ Shoulder.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a) UV–vis absorption and PL spectra of CPD, t-BuCPD and

CBP in dilute CH2Cl2 at 293 K and (b) phosphorescence spectra of these

compounds at 77 K in 2-Me–THF. The arrows indicate the inferred

triplet level positions.

Fig. 3 Cyclic voltammograms of CPD and t-BuCPD.
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other CBP derivatives results in a bathochromic shift of both the

absorption and fluorescence spectra.24 In contrast to the fine

vibronic structure of CPD and t-BuCPD, CBP exhibits a struc-

tureless fluorescence spectrum under identical conditions with an

emission peak at 379 nm. It is obvious that inserting durene in

between the biphenyl core of the CBP molecule causes a large

blue shift of the fluorescence by 28 nm for CPD, which could be

ascribed to the decreased p-conjugation in CDP due to the

strong steric hindrance of the durene group.

As a prerequisite for host materials, the triplet energy should be

higher than that of the phosphorescent emitter. The phospho-

rescence spectra of CPD, t-BuCPD and CBP were measured in

frozen 2-Me–THF solutions at a low temperature and illustrated

in Fig. 2b and their triplet energies were determined from the

highest energy peak of the phosphorescence spectra. CPD and t-

BuCPD reach triplet energies of ca. 3.02 and 3.0 eV, respectively,

being much higher than 2.67 eV for CBP. Apparently, the inser-

tion of durene in biphenyl causes a hypsochromic shift of the
Table 2 EL performance data of the blue OLEDs with CPD, t-BuCPD and

Device Host Von [V] Lmax
a [cd m�2] hL

a [cd A�1]

A CPD 5.0 16 580 (12) 18.5 (8)
B t-BuCPD 9.0 3760 (20) 5.8 (11)
C mCP 6.8 14 860 (14) 14.5 (8)
D CPD 5.0 11 130 (12) 26.2 (6)
E t-BuCPD 7.0 6693 (15) 18.0 (8)

a The maximum values of the devices. The data in parentheses are the voltag

This journal is ª The Royal Society of Chemistry 2012
phosphorescence, generating a high triplet energy of over 3.0 eV

and assuring that these durene-decorated CBP derivatives are

suitable host materials for blue phosphorescent emitters.

The electrochemical properties of CPD and t-BuCPD were

measured by cyclic voltammetry in deoxygenated CH2Cl2 con-

taining 0.1 M tetra(n-butyl)ammonium hexafluorophosphate (n-

Bu4NPF6) as a supporting electrolyte. The cyclic voltammo-

grams are shown in Fig. 3. During the anodic scan, CPD exhibits

the irreversible oxidation wave with an onset potential (Eonset
ox ) at

1.23 V vs. saturated calomel electrode (SCE), which can be

assigned to the oxidation of the carbazole units. It should be

noted that one additional sharp peak was observed at about

0.8 V in the reduction process. This additional reduction peak

has been frequently observed for other non-protected carbazole

derivatives29 and was attributed to the instability of the radical

cations of the carbazole moiety.24 In contrast to CPD, with the

introduction of tert-butyl groups at the 3,6-positions of the

carbazoles, t-BuCPD exhibits a reversible oxidation wave.

The absence of the additional sharp peak for t-BuCPD confirms

that the electrochemical stability of the carbazole moiety was

improved by adding protecting groups at its 3,6-positions.

Moreover, the electron-donating tert-butyl groups24,33 shift the

oxidation of t-BuCPD to a slightly more positive potential than

CPD, with Eonset
ox at 1.08 V vs. SCE. The HOMO levels for CPD

and t-BuCPD are calculated as 5.63 and 5.48 eV, respectively,

accordingly to the equation EHOMO ¼ �e(Eox
onset + 4.4). The

LUMO levels are determined as 2.10 eV and 2.02 eV, respec-

tively, according to ELUMO ¼ EHOMO + Eg (where Eg is the

optical energy gap obtained from the absorption threshold of

film samples).34,35 In comparison with parent CBP, both the

HOMO and LUMO of CPD and t-BuCPD are slightly increased

to higher levels. However, the larger rise of the LUMO with

regards to the HOMO resulted in an increased HOMO–LUMO
mCP as hosts

hL
b [cd A�1] hp

a [lm W�1] hexe, (%)a CIE (x, y) at 10 V

12.0 8.3 (7) 8.7 (0.18, 0.43)
7.2 1.7 (11) 2.4 (0.17, 0.39)
8.7 5.7 (8) 6.7 (0.18, 0.41)
9.0 14.8 (5) 10.0 (0.19, 0.45)
6.6 8.0 (7) 7.5 (0.18, 0.41)

es (V) at which these data were obtained. b At 100 mA cm�2.

J. Mater. Chem., 2012, 22, 19700–19708 | 19703
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energy gap for these derivatives, which is consistent with their

higher triplet energies in comparison to CBP.
Fig. 5 Contour plots of the frontier molecular orbitals of CPD, t-

BuCPD and CBP in the ground state.
2.3 Theoretical calculations

In order to understand how the inserted durene affects the

molecular configuration and the excited state energies, density

functional theory (DFT) calculations were performed for CPD

and t-BuCPD using B3LYP hybrid functional theory with

Gaussian 03.36 The structure of CBP was also optimized under

identical conditions for comparison. Fig. 4 illustrates the geom-

etry optimized structures of CPD, t-BuCPD and CBP. For CBP,

the two phenyl rings align with each other by a small torsion

angle of 36�. With insertion of durene in between these two

phenyl rings in CPD, a large torsion angle of 90� was formed

between each phenyl and the durene ring owing to the steric

hindrance effect of durene. This indicates that the electron clouds

of each phenyl ring almost have no interaction with those of the

neighbouring durene ring, due to the right-angle torsion of these

six-member rings, and the presence of durene completely breaks

the p-electron conjugation of the molecule. In a similar way, the

presence of durene causes a large torsion angle of 87� between the

phenyl and the durene ring in t-BuCPD. However, the spatial

alignment of the peripheral carbazoles with their adjacent phenyl

rings does not show obvious variation in these molecules, with

torsion angles ranging from 52� to 55�. Evidently, the right-angle
torsion between durene and the adjacent phenyl rings and the

subsequent broken p-conjugation fully account for the increased

HOMO–LUMO energy gaps and the higher triplet energies for

these durene-containing molecules.

The HOMO and LUMO distribution for CPD, t-BuCPD and

CBP are shown in Fig. 5. For CBP, the HOMO is distributed

over the whole molecule, including the central biphenyl and the

external carbazole rings, while the LUMO is localized on the

biphenyl moiety. With insertion of durene in the biphenyl,

the HOMOs of both CPD and t-BuCPD spread mainly onto the

external carbazole rings, with tiny contribution from the phenyl

rings. At the same time, the LUMOs of both CPD and t-BuCPD

shift completely to the carbazole rings from the original biphenyl

core of CBP. Notably, the durene moiety does not contribute to

either the HOMO or LUMO for both molecules since it has no

effective conjugation with any adjacent groups, which are

responsible for the high triplet energies of these durene-based

molecules.
Fig. 4 Geometry optimized structures of CBP, CPD and t-BuCPD. The

torsion angles are indicated in the figure.

19704 | J. Mater. Chem., 2012, 22, 19700–19708
2.4 Phosphorescent OLEDs

In order to evaluate the electroluminescent properties of these

novel durene-based CBP derivatives, blue phosphorescent

OLEDs were fabricated by the vacuum evaporation technique

using Firpic as a dopant and CPD or t-BuCPD as the host in the

emitting layer. These OLEDs have the configuration of ITO/

PEDOT : PSS (40 nm)/NPB (20 nm)/host : Firpic (10 wt%,

30 nm)/TPBI (40 nm)/LiF (1 nm)/Al (150 nm) (host ¼ CPD:

device A; host ¼ t-BuCPD: device B), in which PEDOT : PSS is

poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate) and

acts as a hole-injecting layer, NPB is N,N0-bis(naphthalene-1-ly)-
2,20-dimethylbiphenyl and acts as hole-transporting layer, TPBI

is 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole)

and acts as electron-transporting and hole-blocking layer. For

comparison, traditional mCP was also used as a host to fabricate

the control device C, which has an identical configuration to

devices A and B. mCP was selected as the host of the control

device mainly because it is the most widely used host material for

blue phosphorescent OLEDs to date. Since our durene-based

CPD and t-BuCPD and the dimethyl-based CDBP are all based

on the same strategy of disturbing conjugation to increase the

triplet energy, we also fabricated another control device (F) with

an identical configuration to device A but with CDBP as the host.

A comparison of the performance for the CDBP and CPD

devices is provided in Fig. S1 of the ESI.† At a doping concen-

tration of 10 wt%, all these devices exhibited blue electrolumi-

nescence from the Firpic molecules without residual emission

from the hosts or the adjacent layers. This is likely to be due to

the significant high triplet energy of CPD and t-BuCPD, which

guarantees efficient forward energy transfer from the host to the

dopant and effectively confines triplet excitons on the dopant

molecules.

Fig. 6a shows the current density–voltage characteristics of

these OLEDs. It is obvious that the CPD-based device A has a

much lower driving voltage than t-BuCPD-based device B and

mCP-based device C. For example, at a given voltage of 10 V,

devices A, B and C exhibit current densities of 46, 0.13 and 5 mA

cm�2, respectively. The much lower driving voltage of CPD-

based device A in comparison with mCP-based device C may be

ascribed to the more efficient hole injection in device A. As

illustrated by the energy level diagram in Fig. 7, the electron

injection barrier at the host–TPBI interface is 0.59, 0.69 and 0.4

eV for devices A, B and C, respectively, all of which are much

higher than the negative electron injection barrier (�0.3 eV) from

TPBI to the Firpic dopant. Therefore, direct electron trapping by
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The current density–voltage (J–V) curves (a) and the luminance–

voltage (L–V) characteristics (b) of OLEDs A, B, C and D.

Fig. 7 Energy level alignment of all active materials used in the OLEDs

of the present study.

Fig. 8 The current density–voltage (J–V) curves for the hole-only

devices (ITO/NPB (30 nm)/CPD or t-BuCPD (30 nm)/Al (150 nm)).

Inset: the J–V curves for electron-only devices (ITO/TPBI (30 nm)/CPD

or t-BuCPD (30 nm)/TPBI (30 nm)/LiF (1 nm)/Al (150 nm)).
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the Firpic molecules will dominate the major electron injection

process at the TPBI–host interface and the electron injection

process will be very efficient in all these three devices regardless of

the different LUMO levels of these three hosts. However, the

hole injection efficiency at the NPB–host interface is determined

by the HOMO levels of the hosts. The hole injection fromNPB to

the host is the major factor to determine the hole injection since

direct hole trapping by the Firpic dopant is impossible due to its

too low HOMO (�5.7 eV). The hole injection barrier from NPB

to CPD and to mCP are 0.33 and 0.5 eV, respectively, implying

that hole injection in CPD-based device A is more efficient than

in mCP-based device C. Evidently, the relatively high HOMO
This journal is ª The Royal Society of Chemistry 2012
level of CPD and, thus, the easier hole injection, accounts for the

lower driving voltage of CPD-based device A in comparison to

mCP-based device C. On the other hand, t-BuCPD has a similar

HOMO level to CPD, while the t-BuCPD-based device B has

higher driving voltages than device A. This may be because t-

BuCPD probably possesses lower hole drift mobility than CPD

due to the presence of saturated tert-butyl groups. This deduc-

tion can be manifested by the higher current density in the single

carrier devices of CPD in comparison with t-BuCPD. As depic-

ted in Fig. 8, both the hole-only devices, ITO/NPB (30 nm)/CPD

or t-BuCPD (30 nm)/Al (150 nm), and the electron-only devices,

ITO/TPBI (30 nm)/CPD or t-BuCPD (30 nm)/TPBI (30 nm)/LiF

(1 nm)/Al (150 nm, of CPD exhibit significantly higher currents

than those of t-BuCPD, indicating that the presence of the tert-

butyl groups in t-BuCPD is not favorable for both hole and

electron transportation. This is reasonable since the saturated

tert-butyl groups are not only redox non-active, but also prevent

the orderly stacking of the molecules and the efficient charge

carrier transportations. The bulk mobility-depending feature of

device B can be further confirmed by the less oblique J–V curve

of device B at a higher electrical field region with regards to

device A.

In line with the J–V characteristics, the luminance–voltage (L–

V) curves of devices A, B and C follow a similar order in terms of

their driving voltage, as shown in Fig. 6b. CPD-based device A

exhibited good performance with a maximum brightness of

16 580 cd m�2 at 12 V, which is much higher than that of mCP-

based device C (14 860 cd m�2 at 14 V). A peak luminance

efficiency of 18.5 cd A�1 (Fig. 9), corresponding to a power

efficiency of 8.3 lmW�1, was obtained for device A, which is also

slightly higher than that of device C (14.5 cd A�1, corresponding

to 5.7 lm W�1). The detailed performance data of these devices

are compared in Table 2. Apparently, the durene-containing

CPD exhibited better performance than traditional mCP when

used as a blue phosphorescent host material in OLEDs. As

shown in Fig. S1 of the ESI†, under an identical device config-

uration, CPD-based device A also exhibited a better performance

in comparison to the CDBP-based control device F, with a

decreased driving voltage and slightly enhanced brightness and

efficiency.
J. Mater. Chem., 2012, 22, 19700–19708 | 19705
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Fig. 9 Plots of the current efficiency versus the current density for

devices A, C and D.
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It should be noted that in devices A, B and C, it is still possible

for the electrogenerated triplet excitons of the Firpic molecules to

be quenched by NPB in the neighbouring layer, which has lower

a triplet energy (2.4 eV), although the high triplet energy of the

host can prevent backward energy transfer to the host molecules.

A similar exciton quenching behaviour of dopant molecules by

low-energy materials in the adjacent layer has been reported for

other systems.14,37 Therefore, in order to optimize the device

performance of device A, a thin layer (10 nm) of neat CPD was

inserted in between NPB and the emitting layer to act as an

exciton blocking layer owing to its high triplet energy to form

device D. The structure of device D is ITO/PEDOT : PSS (40

nm)/NPB (20 nm)/CPD (10 nm)/CPD : Firpic (10 wt%, 30 nm)/

TPBI (40 nm)/LiF (1 nm)/Al (150 nm). The current density and

luminance of device D are shown in Fig. 6a and b, respectively. It

is clear that the presence of this additional 10 nm CPD layer did

not bring obvious changes to the current density and brightness

of device D in comparison to device A. However, the efficiency of

device D is significantly increased to 26.2 cd A�1 (Fig. 9), which is

much higher than the maximum value of 18.2 cd A�1 for device

A. The remarkably enhanced efficiency of device D, especially in

the low-driving voltage range, fully confirms the exciton blocking

function of the CPD layer.

For optimization of t-BuCPD-based device B, device E was

fabricated by introducing 4,40,40 0-tris-(N-carbazolyl)-triphenyl-

amine (TCTA) as an exciton blocking layer. The structure of

device E is ITO/PEDOT : PSS (40 nm)/NPB (20 nm)/TCTA

(10 nm)/t-BuCPD : Firpic (10 wt%, 30 nm)/TPBI (40 nm)/LiF

(1 nm)/Al (150 nm). TCTA was selected as the exciton blocking

layer rather than t-BuCPD itself, because of its good hole-

transporting ability along with its high triplet energy. As expec-

ted, the performance of device E was much improved in

comparison to B, with a maximum brightness of 6693 cd m�2 at

15 V, a maximum luminance efficiency of 18.0 cd A�1 and a peak

power efficiency of 8.0 lm W�1. The performance of all above

devices are summarized in Table 2. The enhanced performance of

devices D and E proved that it is essential to confine the triplet

excitons in the emitting layer to improve the device efficiency.

3. Conclusions

In conclusion, two novel durene-based CBP derivatives, CPD

and t-BuCPD, have been developed for use as host materials in
19706 | J. Mater. Chem., 2012, 22, 19700–19708
phosphorescent OLEDs. We have demonstrated that inserting

durene between the two phenyl rings of CBP greatly increases the

triplet energy of the molecules to over 3.0 eV since the steric

hindrance effect of durene causes right-angle torsion, which

results in a break of the conjugation. As a result, the traditional

green and red phosphorescent CBP host was successfully trans-

formed into a blue phosphorescent host. In addition, this design

strategy endows these materials with high thermal stability.

Excellent performance was achieved when these CBP derivatives

were used as hosts for blue-emitting phosphors in OLEDs. A

high efficiency of 26.2 cd A�1 (14.8 lm W�1) was realized when

CPD was employed as both the host and an exciton-blocking

material. It was also observed that the presence of saturated tert-

butyl groups in the t-BuCPDmolecule is not favorable for charge

transportation. Considering the easy synthesis and performance

advantages, these durene-based CBP derivatives, especially

CPD, are promising host materials for applications in highly

efficient and stable blue phosphorescent OLEDs.

4. Experimental

General information

1H NMR and 13C NMR spectra were recorded on a 400 MHz

and 100 MHz Varian Unity Inova spectrophotometer. Mass

spectra were taken on MALDI micro MX and HP1100LC/MSD

MS spectrometers. The photoluminescence and UV–vis

absorption spectral measurements were performed on a Perkin–

Elmer LS55 spectrometer and a Perkin–Elmer Lambda 35

spectrophotometer, respectively. Phosphorescence spectra were

measured on an Edinburgh FLS920 spectrometer at 77 K in 2-

Me–THF.

The electrochemical measurements of CPD and t-BuCPDwere

carried out by using a conventional three-electrode configuration

and an electrochemical workstation (BAS100B, USA) at a scan

rate of 100 mV s�1. A glass carbon working electrode, a Pt-wire

counter electrode and a saturated calomel electrode (SCE)

reference were used. All measurements were made at room

temperature on samples dissolved in dichloromethane, deoxy-

genated with argon, and with 0.1 M [Bu4N]PF6 as the electrolyte.

Density functional theory (DFT) calculations using B3LYP

functional were performed. The basis set used for the C, H, N

atoms was 6-31 G. There are no imaginary frequencies for the

optimized structures. All these calculations were performed with

the Gaussian 03 package.36

OLED fabrication and measurements

Pre-cleaned ITO glass substrates with a sheet resistance of 30 U

,�1 were treated with UV–ozone for 20 min. A 40 nm thick

PEDOT : PSS film was first deposited on the ITO glass

substrates and baked at 120 �C for 30 min in air. Then, a 20 nm

thick NPB was vacuum deposited on the PEDOT : PSS film. The

subsequent organic layers were deposited sequentially under a

base pressure less than 10�6 torr in a vacuum chamber. For all

the OLEDs, the emitting layers were deposited by co-evapora-

tion of Firpic and the corresponding host. The emitting area of

each pixel was determined by the overlap of two electrodes as 9

mm2. The EL spectra, CIE coordinates and L–V–J curves of the

devices were measured with a PR705 photometer and a
This journal is ª The Royal Society of Chemistry 2012
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source-measure-unit Keithley 236 under ambient conditions at

room temperature.

Syntheses of compounds

All reagents and solvents were obtained from Aldrich, Acros or

the Energy Chemical Co. and the solvents were treated as

required prior to use. Commercially available reagents were used

without further purification unless otherwise stated. All reactions

were performed under a nitrogen atmosphere. The important

intermediates, including 4-(9-carbazolyl)-1-phenylboronic acid,

4-[9-(3,6-(di-tert-butyl)carbazolyl)]-1-phenylboronic acid,32 1,4-

diiododurene31 and the reference compound CDBP,23 were

synthesized and characterized according to the literature

methods.

General procedure for the preparation of 1,4-bis-[4-(9-carba-

zolyl)-phenyl]-durene (CPD) and 1,4-bis-{4-[9-(3,6-(di-tert-

butyl)carbazoyl)]-phenyl}-durene (t-BuCPD): a mixture of

1,4-diiododurene (385.9 mg, 1 mmol), 4-(9-carbazolyl)-1-phe-

nylboronic acid or 4-[9-(3,6-(di-tert-butyl)carbazolyl)]-1-phenyl-

boronic acid (2.5 mmol), tetrakis(triphenylphosphine)

palladium(0) (69.3 mg, 0.06 mmol), 2 M potassium carbonate

(2 mL), toluene (20 mL) and ethanol (4 mL) was stirred under an

atmosphere of nitrogen at 80 �C for 6 h. After cooling to room

temperature, the reaction mixture was poured into cool water

and extracted with dichloromethane (3 � 50 mL). The combined

organic layers were dried over anhydrous sodium sulfate, filtered

and evaporated to dryness. The crude product was then

purified by silica gel column chromatography with light petro-

leum : dichloromethane ¼ 10 : 1 as an eluent to afford the pure

product as a white solid.

CPD: Yield 85%. 1H NMR (400 MHz, CDCl3) d (ppm): 2.13

(s, 12H, CH3), 7.31–7.35(t, 4H, Ar), 7.45–7.49 (t, 8H, Ar), 7.54–

7.56 (d, 4H, Ar), 7.66–7.68 (d, 4H, Ar), 8.18–8.20 (d, 4H, Ar). 13C

NMR (100 MHz, CDCl3): 142.0, 141.0, 140.7, 136.0, 132.2,

130.9, 127.0, 125.9, 123.4, 120.3, 119.9, 109.8, 18.37. MALDI-

TOF-MS (m/z): 616.1 [M]+. Anal. Calcd. For C46H36N2: C,

89.58; H, 5.88; N, 4.54%. Found: C, 89.46; H, 5.92; N, 4.58%.

t-BuCPD: Yield 80%. 1H NMR (400 MHz, CDCl3) d (ppm):

1.49 (s, 36H, CH3), 2.11 (s, 12H, CH3), 7.41–7.43(d, 4H, Ar),

7.48–7.53 (m, 8H, Ar), 7.64–7.66 (d, 4H, Ar), 8.18 (s, 4H, Ar).
13C NMR (100 MHz, CDCl3): 142.8, 141.4, 140.7, 139.2, 136.4,

132.1, 130.8, 126.5, 123.6, 123.3, 116.2, 109.3, 34.7, 32.0, 18.3.

MALDI-TOF-MS (m/z): 840.5 [M]+. Anal. Calcd. For

C62H68N2: C, 88.52; H, 8.15; N, 3.33%. Found: C, 88.47; H, 8.20;

N, 3.39%.
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