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Inexpensive materials made of abundant natural resources such as Cu! complexes is essential to
DOI: 10.1039/X0XX00000X . . . . .
sustain development of organic light emitting diodes (OLEDs) technology for mass market
applications such as solid-state illumination. Cu' complexes, however, most are neither soluble
nor stable toward sublimation, which is a road block for the development of efficient Cu'

complex based OLEDs using traditional method of synthesis, sublimation and vacuum

www.rsc.org/

evaporation. In this work, two isoquinolyl carbazole (CIQ) compounds were synthesized to
codeposition with copper iodide (Cul) to form red emissive dimeric Cu' complex doped film in
situ, which could be utilized directly as the emissive layer (EML) in OLEDs. After a
systematically study of the two compounds and their codeposited Cul:CIQ films, as well as
optimizing Cul doping concentration, it is found that red OLEDs can be achieved, showing
maximum emission band, external quantum efficiency (EQE), luminance of 643 nm, 3.5%,

3290 ¢d m™ for DCIQ, and 635 nm, 3.6%, 853 cd m™ for DCDPIQ, respectively.

Introduction

Organic light emitting diodes (OLEDs) have been successfully
commercialized in niche market such as smart phone displays
and 3D curved televisions, and are now under intense research
for other applications such as solid-state lightings.'"!
Phosphorescent OLEDs (PHOLEDs), which promise an
internal quantum efficiency of up to 100%, have been
considered as the ultimate energy-saving technology.'®'*'* So
far the best performing PHOLEDs are based on noble transition
metal (i.e. iridium and platinum) complexes.'>'® Unfortunately,
iridium and platinum are low in natural abundance, which
presents a significant barrier to commercialization. Therefore,
there have been significant efforts devoted to developing more
cost-effective solutions to achieve high quantum efficiency in
OLEDs."

Cu' complexes are considered as a good alternative emitter
for OLEDs, considering their low cost and potential high
performance.'®?° The earliest Cu' complex applied in OLED is
a tetranuclear Cu' compound, [Cus(C = CPh),L,] [L = 1,8-
bis(diphenylphosphino)-3,6- dioxaoctane].>'  Although the
compound showed a green phosphorescence at 520 nm with
photoluminescence quantum yield (PLQY) of 42%, the
compound is non-volatile, and a solution processed OLED
showed external quantum efficiency (EQE) of only 0.1%. As
time goes on, the Cu' complex based OLEDs, especially the
green emissive ones, are moving forward step by step.”>>* For
example, researchers have fabricated OLEDs with heteroleptic
diimine/diphosphine complexes [Cu(N~N)(P~P)]". It has been
shown that they can be  profitably used as
electrophosphorescent emitters and provide EQE around
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3.6%.""" Recently, Peters et al. have obtained a sublimable
and highly emissive Cu' complex (PLQY = 57%) with tightly
bound chelate ligand that can create a rigid environment around
the copper center and hence fabricated an efficient green OLED
with maximum EQE of 16.1%.%® Osawa et al. have fabricated
even more efficient green OLED with a maximum EQE of
21.3%, by using a sublimable and simple three-coordinate Cu'
complex as the emitter.?’

Though great improvement has been made in green emissive
OLEDs, the development of the other two primary colours, red
and blue emissive Cu' complex based OLEDs are
rare.?*?7?83435 Considering that a long time has been passed
since the first example of Cu' complex based OLED
demonstrated in 1998, the development of Cu' complex based
OLEDs is very slow, especially comparing with iridium
complex based OLEDs. The main reason is that most Cu'
complexes are unstable during sublimation and hence not
amenable to the vacuum deposition methods typically used to
fabricate OLEDs.

By using a codeposition method, which involves
codeposition of copper iodide (Cul) and pyridine-coordinating
ligand/host compound to form a halogen-bridged dinuclear Cu'
complex Cu,(u-1),Ls; (L stands for pyridine-coordinating
ligand/host compound) doped emissive layer (EML) in situ,”
we have demonstrated a green emissive OLED with an EQE up
to 15.7% at 100 cd/m?, which is comparable to that of iridium
complex OLEDs.*® The codeposition method has been proved
to be useful to fabricate green emissive Cu' complex based
OLEDs, next comes the question of how to tune the emission
colour of the in situ synthesized Cu' complex to red or blue, the
other two primary colours and hence fabricate colourful
OLED:s.
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According to literatures,”>">® the electron density in the

highest occupied molecular orbitals (HOMOs) of a halogen-
bridged dinuclear Cu' complex Cu,(u-I),L, is distributed over
the copper and iodine atoms, while that in the lowest
unoccupied molecular orbitals (LUMOs) is localized on the
ligands. Thus, the emission colour of the in situ formed Cu'
complex could be tuned by varying the electronic structure of
the codeposited ligand. Moreover, the codeposited ligand in this
case serves a dual role as both a ligand for forming the emissive
complex and as a host matrix for the formed emitter, thus the
ligand should also be carefully designed to ensure that it is both
a good ligand for Cu' coordination and a good host matrix for
the in situ formed Cu' complex.

Following aforementioned considerations, two isoquinolyl
carbazole (CIQ) compounds 9-(8-(carbazol-9-yl)isoquinolin-5-
yl)-carbazole (DCIQ) and 9-(4-(5-(4-(carbazol-9-yl)
phenyl)isoquinolin-8-yl)phenyl)-carbazole (DCDPIQ) were
designed and synthesized. The isoquinolyl coordinating unit is
mainly designed to realize a red-shifted emission colour of the
in situ formed Cu' complex comparing to that of pyridinyl.**¢
The electrical properties of the two compounds were tuned by
varying the central arylene. After a systematically study of the
two compounds and their codeposited Cul:CIQ films, it is
found that the codeposited Cul:DCIQ and Cul:DCDPIQ films
showed red emission with maximum wavelength around 631
and 617 nm, respectively. By adopting the codeposited
Cul:DCIQ or Cul:DCDPIQ film as the EML, red OLEDs with
maximum emission band, EQE, luminance of 643 nm, 3.5%,
3290 cd m™, and 635 nm, 3.6%, 853 c¢d m™, respectively, were
obtained.

Results and discussion

Synthesis and characterization
Br
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Scheme 1. Synthetic routes to DCIQ and DCDPIQ.

The synthetic routes and chemical structures of DCIQ and
DCDPIQ are depicted in Scheme 1. The compound DCIQ was
synthesized through a Ullman coupling reaction of 5,8-
dibromoisoquinoline®® and carbazole, while the compound
DCDPIQ was synthesized through a Suzuki coupling reaction
of 5,8-dibromoisoquinoline and 4-(carbazol-9-yl)phenylboronic
acid*. After purified by flash column chromatography on silica
gel, the compound was subsequently underwent twice thermal
gradient sublimations. The characterization of the two
compounds was established on the basis of 'H and '*C NMR
spectroscopy, mass spectrometry, and elemental analysis.
Details are presented in the Experimental Section.

Photophysical properties

Fig. 1 shows the electronic absorption and fluorescence
spectra in CH,Cl, at 298K, and phosphorescence in 2-MeTHF
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at 77K of the compounds DCIQ and DCDPIQ. An absorption
peak at around 240 nm and a shoulder at 260 nm can be
attributed to m-m* and n-m* transitions of central arylene,
respectively. Absorption peaks around 290 and 340 nm can be
attributed to m-m* transitions of the carbazole chromophore.
Absorbance at wavelengths longer than 350 nm increases with
carbazole connected directly to the isoquinolyl. This can be
attributed to
intramolecular charge transfer formed between carbazole and

strong electron affinity of isoquinolyl and

isoquinolyl.
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Fig. 1. UV-vis absorption, fluorescence (FL), and phosphorescence (PL) spectra of
DCIQ and DCDPIQ.

The two compounds showed strong blue emission in CH,Cl,,
with maximum emission bands at 446 and 436 nm (Fig. 1,
Table 1), PLQY of 0.36 and 0.85, and the Commission
Internationale de L'Eclairage (CIE) coordinates of (0.15, 0.10)
and (0.15, 0.08) for DCIQ and DCDPIQ, respectively. Based on
density functional theory (DFT) calculation, the HOMOs of the
two compounds are mainly located at the carbazole unit. In
contrast, the LUMOs are mainly distributed on the central
arylene (Fig. S1, Table S1). Herein, the observed emission
could be attributed to an intramolecular charge transfer between
carbazole and isoquinolyl.

Besides serving as a ligand, the compound is also expected to
be a host matrix for the in situ formed Cu' complex. Therefore,
the triplet energy level (E1) difference between the compound
and its in situ synthesized Cu' complex is a very important
parameter to estimate the energy transfer status between them.
The Er data are deduced from the low temperature PL spectrum
for the compound, and of room temperature PL spectrum for
the Cu! complex, which will be discussed herein and hereafter,
respectively. Based on the low temperature PL spectra of DCIQ
and DCDPIQ in 2-MeTHF solution at 77 K (Fig. 1), the T,
energy levels for DCIQ and DCDPIQ are 521 nm (2.4 eV) and
545 nm (2.3 eV), respectively. It should be noted that a higher
Er of T, were also observed both for DCIQ and DCDPIQ,
having value of 415 nm (3.0 eV) and 411 nm (3.0 eV),
respectively. The data is consistent with our DFT studies on
DCIQ and DCDPIQ (Table S1) by calculating the difference of
their ground state (Sy) and triplet excited states (T, and T,)
energies at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p)
levels, respectively.

This journal is © The Royal Society of Chemistry 2012
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Solid state emission is essential for practical applications of
luminescent materials. Hence, we examined the emission of the
two compounds in the solid state at room temperature and 77 K
with a fluorescence and phosphorescence model, respectively
(Fig. S2). Similar to those observed in solutions, the two
compounds showed strong blue emission with maximum
emission bands at 442 and 438 nm, PLQY of 0.30 and 0.74, and
CIE coordinates of (0.17, 0.14) and (0.16, 0.11) for DCIQ and
DCDPIQ at room temperature, respectively. The maximum
emission wavelengths are similar to those observed in the
solution, indicating a weak intermolecular interaction. When
examined at 77 K with a phosphorescence model, both T, and
T, were found for the two compounds, which is consistent with
the phenomenon observed in solution.

Table 1. The photophysical, electrochemical, and thermal properties of DCIQ and
DCDPIQ.

Compd. E, Aem Aem Er HOMO/LUMO Ty T,
VY [om]”  [om]?  [ev]® [eV]? [°cy
DCIQ 3.1 446 442 2.4 6.0/2.9 118/405
DCDPIQ 3.3 436 438 2.3 5.8/2.5 144/511

Icalculated from the limit of absorption spectrum; YMeasured in CH,Cl, (10'5 M);

“Measured in solid state; Ypeduced from low temperature PL spectrum; “HOMO
was determined from the oxidation potential, LUMO was deduced from the
formula Eg = LUMO — HOMO; Determined by TGA and DSC measurements.

Thermal properties
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Fig. 2. DSC thermograms of (a) DCIQ and (b) DCDPIQ recorded at a heating rate
of 15 °C min™".

The thermal properties of the two compounds were
investigated by thermogravimetric analysis (TGA, Fig. S3) and

This journal is © The Royal Society of Chemistry 2012
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differential calorimetry (DSC, Fig. 2). TGA
measurement reveals their high sublimation temperatures (T,
corresponding to 5% weight loss) of 405 and 511 °C for DCIQ
and DCDPIQ, respectively, which are higher than 373 °C of
4,4'-N,N'-dicarbazole-biphenyl (CBP,
material in OLEDs). During the DSC measurement, it is found

scanning

a widely used host

that the glass-transition temperatures (T,) are 118 and 144°C
for DCIQ and DCDPIQ, respectively, which are significantly
higher than 62 °C of CBP*' and 95 °C of 1,4-bis[(1-
naphythylphenyl)amino]biphenyl (NPB)*. The high T, of our
compounds may guarantee the stability of the corresponding
OLEDs, since it has been reported that the surface temperature
at the site of the electrical short is as high as 86 °C and the
temperature inside actual OLEDs can be even higher.*

Electrochemical properties

Cyclic voltammetry was employed to investigate the
electrochemical properties of the two compounds and hence to
estimate their HOMO/LUMO energy levels. In particular, the
oxidation process was investigated in CH,Cl, solution with
ferrocene as an internal standard (Fig. 3). On the basis of the
cyclic voltammetry curves, the oxidation potentials were
observed to be 1.0 and 0.8 V, thus the HOMO energy levels
were roughly estimated to be 6.0 and 5.8 eV by using an
=—(1.4 £ 0.1) x (gVey) — (4.6 £
0.08) eV, where ¢ is the electron charge and Vv is the relative

empirical formula (Eygomo

oxidation potential).** The LUMO energy levels were deduced
from HOMO energy levels and optical band gaps (i.e. E,),
which are 2.9 and 2.5 eV for DCIQ and DCDPIQ, respectively
(Table 1). This implies that holes and electrons could be
injected into the two compounds with small obstruction from
CBP (Eyomo = 6.1 eV?®) and 1,3,5-tris(N-phenylbenzimidazole-
2-yl) benzene (TPBi, E;ymo = 2.8 eV>°), respectively.

= DCIQ
—o— DCDPIQ

Current (a.u.)

4 0.8V E
\ \

00 02 04 06 08 10 12 14 16
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Fig. 3. Cyclic voltammogram of DCIQ and DCDPIQ using ferrocene as an internal
standard.

Photophysical Properties of Codeposited films

Fig. 4 shows the PL spectra of CIQ neat films and Cul:CIQ
(CIQ = DCIQ and DCDPIQ) films made by codepositing Cul
and CIQ from two separate heating sources in a vacuum
chamber, where the Cul:CIQ molar ratio was 1:7. The CIQ

J. Name., 2012, 00, 1-3 | 3
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compound showed strong blue emission in thin film, with
maximum emission bands at 438 and 428 nm, PLQY of 0.54
and 0.46, and CIE coordinates of (0.16, 0.10) and (0.16, 0.10)
for DCIQ and DCDPIQ, respectively. While their codeposited
Cul:CIQ films have dominated red emission with maximum
emission bands at 631 and 617 nm, PLQY of 0.16 and 0.14, and
CIE coordinates of (0.55, 0.36) and (0.46, 0.33) for Cul:DCIQ
and Cul:DCDPIQ, respectively, which is differ markedly from
the neat CIQ film, implying the formation of Cu' complexes
and energy transfer between the un-complexed compound and
its in situ synthesized Cu' complex.***® By tuning the Cul:CIQ
molar ratio from 1:7 to 1:1, 1:3, 1:5 or 1:9, it is found that the
Cul:DCIQ film showed a PLQY in the range of 0.15-0.24,
while the Cul:DCDPIQ film showed a lower PLQY in the
range of 0.12-0.15 (Table S2). A redshift (14 nm) was found in
the maximum PL wavelength of the codeposited Cul:CIQ films
when the CIQ ligand was varied from DCDPIQ to DCIQ.
Theoretically, the electron density in the HOMOs of the
codeposited Cu' complex is distributed over the copper and
iodine atoms, which are almost the same in the two cases, while
that in the LUMOs is localized on the ligands.?**"*® Thus, the
difference in emission colour of the in situ formed Cu' complex
should be arisen mainly from the electronic structure of the
codeposited ligand.

T
109 —=—DCIQ
—o— Cul:DCIQ
0.8 —+*— DCDPIQ
= —#— Cul:DCDPIQ #
& 064
2
‘@
2
S 0.4
£
P
& 024
0.0{=="

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4. PL spectra of the neat CIQ (CIQ = DCIQ or DCDPIQ) films and codeposited
Cul:CIQ films with Cul:ClQ molar ratio of 1:7.

According to aforementioned low temperature PL study and
DFT calculation, the Et are around 2.4 and 2.3 eV for DCIQ
and DCDPIQ, respectively. While based on the PL spectra of
the codeposited Cul:CIQ films, the energy levels of the in situ
synthesized Cu' complexes are around 2.0 eV (631 nm) and 2.0
eV (617 nm) for Cul:DCIQ and Cul:DCDPIQ, respectively.
Since the triplet energies of the CIQ compounds are higher than
their in situ synthesized Cu' complexes, energy transfer from
the CIQ compound and its in sizu synthesized Cu' complex
could be guaranteed. As a result, both DCIQ and DCDPIQ may
serve as good host matrix for their in situ synthesized Cu'
complexes.

Chemical Structure in the Codeposited Film

To illustrate the possible chemical structure of the in situ
synthesized Cu' complex in film, a codeposited Cul:DCDPIQ
film (molar ratio = 1:5) was measured by X-ray absorption fine
structure (XAFS), including X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine

4| J. Name., 2012, 00, 1-3

structure (EXAFS). Fig. 5 shows the XANES spectrum of the
codeposited film, as well as those of Cu foil, Cu,0O, CuO and
CuBr, as references. The edge position of the film is shifted to
high energy as compared with that of the Cu foil, indicating a
Cu cation species. The pre-edge peak at about 8978 eV that
corresponding to the ls— 3d transition results from the &’
configuration of both CuO and CuBr,. In contrast, no pre-edge
peak was observed in both Cu,O and the codeposited film,
indicates a d'° configuration of Cu. Consequently, the presence

of only monovalent Cu could be deduced in the sample.*®*’
(a)
1.4 Cu foil

- Cu,O
S 124 2
S CuO
c 1.0 CuBr,
[}
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3 s
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Fig. 5. (a) Cu K-edge XANES spectra of codeposited Cul:DCDPIQ film (Cul:DCDPIQ
= 1:5) and Cu foil, Cu,0, CuO, CuBr, as references, insert: the magnification of
the pre-edges for these XANES spectra. (b) Fourier transform of the codeposited
Cul:DCDPIQ film (without phase shift corrected), data and fit waves are shown.
Inset: Chemical structure of Cu,(u-1)2(DCDPIQ),.

Table 2. Fit parameters for the codeposited Cul:DCDPIQ film (Cul:DCDPIQ = 1:5).

Path  CNY R A *x10° A% AEi(eV)? S,
Cu-N 2.0 1.94 £0.01 31+0.9 1.0 0.8
Cu-I 2.0 2.52+£0.02 8.1+1.2 0.2 0.6
Cu-Cu 1.0 2.51+£0.04 12.0+4.9 0.5 0.6

Acoordination number; “pistance between the Cu atom and surrounding N, |
and Cu atoms; “Mean square disorder; nner potential shift. Soz is the amplitude
decay factor.

Because the shape of XANES spectra is sensitive to the local
geometric structure of absorption atoms, the dominant local
geometric structure was determined by calculating the Cu K-
edge XANES spectra for different structural model using
FEFF8 code.*s The calculated spectra of Cu,I,N, is most
similar to experimental data of the codeposited Cul:DCDPIQ
film, indicating the dominant structure of Cu,l,L, dimer (Fig.

This journal is © The Royal Society of Chemistry 2012
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S4). The structural parameters are further obtained by fitting the
EXAFS data according to the structure of Cu,l,L4. The Fourier
transform of EXAFS fit parameters are listed in Fig. 5b and
Table 2. There are three kinds of coordination structure
including two Cu-N (1.94 + 0.01 A), two Cu-I (2.52 + 0.02 A),
and one Cu-Cu (2.51 + 0.04 A) paths around the Cu' center.
Thus, the Cu' species in the codeposited Cul:DCDPIQ films is
most likely a dimeric complex Cu,(u-1),(DCDPIQ), (Fig. 5b,
insert).

Electroluminescence Properties

To evaluate the codeposited Cul:CIQ films as EML, a series
of OLEDs with a structure of ITO/ MoO; (1 nm)/ CBP (35 nm)/
Cul:DCIQ or DCDPIQ (20 nm)/ TPBi (65 nm)/ LiF (1 nm)/ Al
have been fabricated. The energy level diagram is shown in Fig.
6. The combination of ITO/ MoO;/ CBP was used as the hole
injection media since the thin MoO; layer enables direct
injection of holes into CBP, as well as excellent hole transport
ability of CBP. The TPBi layer was used as the electron
transport layer because of its proper LUMO energy level and
good electron transport ability. Moreover, the triplet energies of
CBP and TPBi are around 2.6 eV>'*7 which is higher than those
of the in situ formed emitters Cul:DCIQ and Cul:DCDPIQ,
resulting in an exciton confinement structure that beneficial for
achieving high efficiency in OLEDs.*'

2.5eV

29eV

LiF/Al

ITO/ MoO,

CBP
6.1eV

5.8eV

6.0eVv

6.3eV

Fig. 6. The schematic device structure, chemical structure, and energy level
diagrams of the molecules used in OLEDs.

Table 3. Performance of OLEDs 1-8.

Device Vo, LY PE® CE? EQEY CIE?Y
[V] [edm?] [ImW'] [cd A" [%]
1 35 1632 1908 21/14 17/1.1 (0.17,0.16)
2 37 3290 3826 46/46 3.5/35 (0.59, 0.39)
3 37 2421 29/19  34/35 29129 (0.61, 0.39)
4 37 2350 27/1.8 3133 27129 (0.61, 0.38)
5 37 1743 1710  19/1.6  2.0/1.7 (0.17,0.13)
6 34 853 48/1.1 5221  3.6/14 (0.58, 0.40)
7 34 800 45/1.1 5021 35/14 (0.58, 0.40)
8 32 738 32/1.0  33/1.8 2513 (0.59, 0.40)

a'Vo" is the voltage required to reach a brightness of 1 cd m?; ®Luminance (L)
recorded at 15 V; 9Data for luminance at 1 and 100 cd m'z, respectively;
“Measured at a current of 50 mA.

To investigate the effect of Cul doping concentration on
device performance, eight OLEDs with Cul mass doping
concentrations of 0 wt% (devices 1 and 5), 1.0 wt% (devices 2
and 6), 2.0 wt% (devices 3 and 7), and 5.0 wt% (devices 4 and

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry C

8) were fabricated, where the ligand/host molecule for devices
1-4 is DCIQ, while that for devices 5-8 is DCDPIQ. Fig. 7 and
8 show the electroluminescence (EL) spectra, current density—
voltage (CD-V), luminance-voltage (L-V),
quantum efficiency-luminance (EQE-L) characteristics of these
devices. All key parameters are summarized in Table 3.
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Fig. 7. (a) EL spectra, (b) CD-V, (c) L-V, and (d) EQE-L characteristics of devices 1-4
with configuration of ITO/ MoOs3 (1 nm)/ CBP (35 nm)/ Cul:DCIQ (x wt%, 20 nm)/
TPBi (65 nm)/ LiF (1 nm)/ Al, where x = 0 (device 1), 1.0 (device 2), 2.0 (device 3),
and 5.0 (device 4), respectively.
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Fig. 8. (a) EL spectra, (b) CD-V, (c) L-V, and (d) EQE-L characteristics of devices 5-8
with configuration of ITO/ MoOs; (1 nm)/ CBP (35 nm)/ Cul:DCDPIQ (x wt%, 20
nm)/ TPBi (65 nm)/ LiF (1 nm)/ Al, where x = 0 (device 5), 1.0 (device 6), 2.0
(device 7), and 5.0 (device 8), respectively.

As shown in Fig. 7a and 8a, the devices 1 and 5 without Cul
showed blue emission with CIE of (0.17, 0.16) and (0.17, 0.13)
that arise from neat DCIQ and DCDPIQ film, respectively. The
devices 2-4 and 6-8 showed significantly different emission
from those of device 1 and 5, with maximum EL bands around
643 and 635 nm, indicating that the luminescence arise from a
Cul:DCIQ and Cul:DCDPIQ complex, respectively, which is in
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consistent with the aforementioned PL study. EL solely from
Cul:DCIQ and Cul:DCDPIQ were observed in devices 3-4 and
7-8 under all applied currents (Fig. S5). Devices 2 and 6, with
higher DCIQ and DCDPIQ concentrations (i.e. lower Cul
doping concentration and consequently lower Cu' complex
doping concentration), exhibited a very small emissive
contribution from DCIQ and DCDPIQ at high current densities,
respectively. This is expected as a higher Cu' complex doping
concentration would lead to a complete energy transfer from
CIQ to its in situ synthesized Cu' complex.

Due to high PLQYs in neat film, the blue devices 1 and 5
using DCIQ and DCDPIQ film as the EML showed good
performance. For example, the device 1 with DCIQ EML
showed a turn-on voltage (V,,) of 3.5 V, maximum luminance
(Lpax) of 1632 cd m? (15 V), maximum power efficiency
(PE ) and current efficiency (CE ) of 1.9 Im W and 2.1 cd
A, respectively, corresponding to a maximum EQE of 1.7 %.
The device 2 showed a Vg, Liax, PEjax, CEpax, and EQE, . of
34V, 1743 cd m? (15 V), 1.7 Im W', 1.9 cd A", and 2.0%,
respectively (Table 3). These results may provide insights into
the strategies of designing novel blue emitting compounds for
the fabrication of high efficiency OLEDs.

All the codeposited OLEDs showed device performance
scaling with Cul doping concentrations. For example, the best
performance was observed in the devices 2 and 6, for DCIQ
and DCDPIQ, respectively, with an optimal Cul doping
concentration of 1.0 wt%. It should be noted that the
Cul:DCDPIQ devices 6-8 drop quickly in EQE as compared to
the non-doped device 5 when increasing the luminance of the
devices (Fig. 8d). This may be attributed to an unbalanced
in the Cul-doped device at high
luminance (i.e. high current density), since the doping of Cul

charge recombination

changes not only the photophysical property of the emissive
layer, but also its electrical property. To further summarize the
performance of these OLEDs (Table 3), the best OLED was
obtained with a Cul:DCDPIQ EML, having peak PE, CE and
EQE of 4.8 Im W, 52 ¢cd A" and 3.6%, respectively. While
the most saturated red emissive OLED was achieved using
DCIQ as the ligand/host
concentration of 5 wt%, showing maximum PE, CE and EQE
of 27 Im W', 3.1 cd A"' and 2.7%, respectively. At a
brightness of 100 cd m?, a PE of 1.8 Im W with an EQE of
2.9% (CE = 3.3 cd A™") was obtained. To our best of knowledge,

the performance is among the best red emitting OLEDs that
24,28, 35

material and a Cul doping

using Cu' complex as the emitter.

Conclusions

In summary, two isoquinolyl carbazole (CIQ) compounds
were designed and synthesized to in situ codeposition with Cul
to form Cu' complex doped emissive films, which could be
used as EML in OLEDs. Since the compound serves a dual role
as both a ligand for forming the emissive complex and as a host
matrix for the formed emitter, a systematical study was
conducted both on these compounds and their codeposited
Cul:CIQ  films, properties,

including  photophysical

This journal is © The Royal Society of Chemistry 2012
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electrochemical properties, and thermostability. Furthermore,
the two compounds were evaluated in OLEDs with a device
structure of ITO/ MoOj; (1 nm)/ CBP (35 nm)/ Cul:DCIQ or
DCDPIQ (20 nm)/ TPBi (65 nm)/ LiF (I nm)/ Al. By
optimizing Cul doping concentration, the DCIQ based OLEDs
showed maximum emission band, EQE, and luminance of 643
nm, 3.5%, and 3290 cd m™ respectively, while the DCDPIQ
based OLEDs showed those of 635 nm, 3.6%, and 853 cd m™
the
emission color of the in situ synthesized Cu' complex can be

respectively. The results demonstrated here implies that

tuned as well as colorful OLEDs fabricated with inexpensive
and eco-friendly Cu' complexes.

Experimental

General information

'"H and "»C-NMR spectra were recorded on a Varian-400 and
Bruker-500 MHz spectrometer, respectively. Chemical shifts
were reported in ppm relative to the singlet of CDCl; at 7.26
and 77 ppm for 'H and '*C NMR, respectively. Mass spectra
were measured on a Bruker Apex IV FTMS. Elemental
analyses were performed on a VARIO EL analyzer (GmbH,
Hanau, Germany).

Photophysical Measurement

UV-vis absorption spectra were recorded on a Shimadzu UV-
3100 spectrometer. PL spectra at room temperature were
measured on an Edinburgh Analytical Instruments FLS920
spectrophotometer, while those at 77 K were measured on
Hitachi F-7000 with a
fluorescence and phosphorescence model. PLQYs were
measured on Quantaurus-QY C11347-11 absolute PLQYs
measurement system.

fluorescence spectrophotometer

Theoretical Calculations

For calculation of HOMO and LUMO energy levels, ground
and T,), DFT
calculations were performed for optimized molecular structures
the B3LYP/6-31G(d) and
B3LYP/6-311+G(d, p) levels, respectively, using a Gaussian

states (Sy) and triplet excited states (T,

and single-point energies at

suite of programs (Gaussian 03W).*®

Thermal Properties Measurements

Thermogravimetric analysis was undertaken with a Q100DSC
instrument. The thermal stability of the samples under a
nitrogen atmosphere was determined by measuring their weight
loss while heating at a rate of 15 °C min™' from 25 to 600 °C.
Differential
Q600SDT instrument unit at a heating rate of 15 °C min™' from

scanning calorimetry was performed on a

20 to 300 °C under nitrogen. The glass transition temperature
was determined from the second or the third heating scan.

Cyclic Voltammetry Measurements

Cyclic voltammetry was carried out in nitrogen-purged CH,Cl,
solution at room temperature with a CHI600C voltammetric

This journal is © The Royal Society of Chemistry 2012
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analyzer and tetrabutylammonium hexafluorophosphate
(TBAPFs) (0.1 M) as the The
conventional three-electrode configuration is consists of a

supporting electrolyte.

platinum working electrode, a platinum wire auxiliary

electrode, and an Ag/AgCl wire pseudo-reference electrode.

X-ray Absorption Fine-Structure Measurements

The X-ray absorption data at the Cu K-edge of codeposited
Cul:DCDPIQ film was measured at room temperature in
fluorescence mode with an SDD detector at beam line BL14W
of the Shanghai Synchrotron Radiation Facility (SSRF), China.

OLED Fabrication and Measurements

The hole
material MoO;, hole transporting material CBP, electron

indium-tin oxide (ITO)-coated glass, injection
transporting material TPBi, and electron injection material
LiF/Al were commercially available. In a general procedure,
ITO-coated glass substrate was deposited with MoO; (1 nm)
and then treated by ex situ UV ozone for 7 min. Then the
substrate was transferred to the deposition system. CBP (35
nm) was firstly deposited onto ITO/MoO; substrate, followed
by emissive layer (20 nm), and TPBi (65 nm). Finally, a
cathode composed of LiF (1 nm) and Al (100 nm) was
sequentially deposited onto the substrate in another vacuum
chamber (107 Pa). The luminance-current density-voltage (L-I-
V) was measured using a HP4140B picoammeter and Minolta
LS-110 luminance meter. The EL spectra were recorded using
an USB2000-UV-vis Miniature Fiber Optic Spectrometer. All
measurements were carried out in ambient atmosphere and at
room temperature.

Syntheses of DCIQ and DCDPIQ

5,8-dibromoisoquinoline (1)*>: To mechanically stirred
H,SO,4 (70 mL) at -25 °C was added isoquinoline (8.0 mL, 68
mmol). Then NBS (28.01 g, 157 mmol) was added slowly
while keeping the temperature between -25 to -20 °C. The
mixture was stirred at this temperature and room temperature
for 1 h, respectively. After that, the mixture was poured into
iced-water (350 mL) and the pH was adjusted to 8 by aqueous
NH;. The precipitate was filtered off, air-dried, and purified by
Further
methanol/CH,Cl, was obtained 13.10 g white powder (yield:
67%). '"H-NMR (400 MHz, CDCl;, 6): 9.70 (s, 1 H), 8.73 (d, J
=6.4 Hz, 1 H), 8.25 (d, J=6.0 Hz, 1 H), 7.99 (d, J= 8.4 Hz, 1
H), 7.86 (d, J = 8.0 Hz, 1 H); MS: expected m/z = 287.9, found
m/z =287.9.

4-(carbazol-9-yl)phenylboronic acid (2): To a solution of 9-
(4-bromophenyl)-carbazole (7.72 g, 24.0 mmol) in THF (150
mL) at -78 °C was added slowly n-BuLi (12 mL, 2.4 M in
hexane). After stirred for 1 h, trimethyl borate (4.8 mL, 36
mmol) was added. The mixture was then stirred for another 2 h

column  chromatography. recrystallization by

and allowed to warm to room temperature slowly and stirred
overnight, then 20 mL hydrochloric acid (2 M) was added to
adjust the pH = 5. After extraction and recrystallization in
CH,Cl,, 4.76 g (yield: 70%) white product was obtained. 'H-
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NMR (400 MHz, DMSO-ds, 9): 8.27 (m, 4 H), 7.68 (d, J= 6.4
Hz, 2 H), 7.44 (m, 4 H), 7.30 (t, /= 8.0 Hz, 2 H).
9-(8-(carbazol-9-yl)isoquinolin-5-yl)-carbazole = (DCIQ):
Compound 1 (1.75 g, 6.10 mmol), carbazole (2.27 g, 13.6
mmol), K,CO; (2.45 g, 17.7 mmol), and Cu (0.80 g, 12 mmol)
were added into nitrobenzene (27 mL). The mixture was
refluxed with N, protection for 24 h. After cooling to room
temperature, the reaction mixture was filtered and the residue
was washed with CH,Cl,. The solvent of the filtrate was
removed by distillation at a reduced pressure. The residue was
purified by column chromatography to obtain 1.54 g solid
(yield: 56%). Further
sublimation twice under a temperature gradient of 250 °C -180
°C -100 °C. 'H-NMR (400 MHz, CDCls, d): 9.03 (s, 1 H), 8.48
(s, 1 H), 8.26 (d, J = 7.2 Hz, 4 H), 8.20 (d, J = 8.0 Hz, 1 H),
8.04 (d, J=8.0 Hz, 1H), 7.43 (m, 9H), 7.15 (t, J = 8.0 Hz, 4H);
BC-NMR (500 MHz, CDCl;, 8): 149.70-148.68 (m), 142.19 (s),
141.83 (s), 136.05-135.68 (m), 135.36-135.10 (m), 134.09 (s),
131.97-131.09 (m), 128.24 (s), 126.46 (s), 126.37 (s), 123.80
(s), 123.71 (s), 120.77 (s), 120.71-120.42 (m), 109.95 (s),
109.92 (s); MS: expected m/z = 460.2, found m/z = 460.2; Anal.
Calcd. for C33H,N3: C, 86.25; H, 4.61; N, 9.14. Found: C,
86.11; H, 4.54; N, 9.12.
9-(4-(5-(4-(carbazol-9-yl)phenyl)isoquinolin-8-yl)phenyl)-
carbazole (DCDPIQ): Compounds 1 (0.75 g, 2.6 mmol), 2
(1.65 g, 5.75 mmol) and Pd(PPh;), (0.275 g, 0.238 mmol) were
added into a mixed solvent of 75 mL toluene, 35 mL ethanol
and 35 mL 2 M K,COj;. Under N, protection, the mixture was
refluxed at 90 °C for 24 h. After extraction with CH,Cl,, the
crude product was purified by column chromatography and

purification was conducted by

yielded 1.10 g product (yield: 69%). Further purification was
conducted by sublimation twice under a gradient temperature of
300 °C -220 °C -120 °C. 'H-NMR (400 MHz, CDCl;, 9): 9.59 (s,
1H), 8.65 (d, J = 6.0 Hz, 1 H), 8.20 (d, J = 7.6 Hz, 4 H), 8.08 (d,
J=6.0Hz, 1 H), 796 (d, J= 7.6 Hz, 1H), 7.83 (m, 9 H), 7.60
(d, J= 8.0 Hz, 4 H), 7.50 (t, J = 7.6 Hz, 4 H), 7.35 (t, J= 7.6
Hz, 4 H); *C-NMR (500 MHz, CDCl;, §): 151.78-150.58 (m),
144.38-142.54 (m), 140.84 (s), 140.33-139.50 (m), 138.15 (s),
137.99 (s), 137.81 (s), 137.65 (s), 137.62-137.57 (m), 134.72
(s), 131.64 (s), 131.44 (s), 130.80 (s), 128.06 (s), 127.20 (s),
127.18 (s), 127.01 (s), 126.12 (s), 126.09 (s), 123.62 (s), 120.45
(s), 120.43-120.41 (m), 120.23 (s), 118.67 (s), 109.86 (s),
109.83 (s); MS: expected m/z = 612.2, found m/z = 612.2; Anal.
Calcd. for C4sHyoN;3: C, 88.35; H, 4.78; N, 6.87. Found: C,
88.22; H, 4.80; N, 6.88.
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Red emissive Cu' complexes and their organic light-emitting diodes were prepared by
codeposition of Cul and isoquinoline based ligands.
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