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Synthesis and 0.88 mm near-infrared electroluminescence
properties of a soluble chloroindium phthalocyanine
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Abstract

A chloroindium phthalocyanine bearing phenoxyl substituents was synthesized and characterized by MS, 1H NMR and elemental analysis,
which were consistent with the proposed structure; UVevis absorption and photoluminescence (PL) spectra were also investigated. Near-infra-
red (NIR) organic light-emitting devices (OLEDs) were fabricated employing tris-(8-hydroxyquinoline) aluminum (Alq3) and poly(vinylcarba-
zole) (PVK) which had been doped with chloroindium phthalocyanine. Room-temperature electroluminescence (EL) was observed near 0.88 mm
due to transitions from the first excited singlet state to the ground state (S1eS0). As phthalocyanine possesses excellent solubility in common
organic solvents, the light-emitting layer can be prepared by spin coating to simplify the fabrication process and so lower the manufacturing
costs. The emission processes of this chloroindium phthalocyanine in the doped devices are discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the initial discovery of OLEDs in 1987 [1], the de-
vices have attracted extensive research from both academic
and technological viewpoints for full-color flat-panel displays
with high brightness and rapid response. Majority of the re-
search has focused on devices that emit light in the wavelength
range from the blue-violet to visible light. Recently, near-
infrared (NIR) OLEDs have received attention due to their
potential application in optical communications [2]. However,
the emission efficiency of NIR OLEDs is generally low
because of near-field deactivation by the host associated
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with coupling of the optically excited state to the vibrations
of the organic molecule or polymer [3]. The materials used
in NIR OLEDs have been limited in number, most of them be-
ing organic complexes containing trivalent rare earth ions,
such as Er3þ, Nd3þ, Tm3þ and Yb3þ [3e6]; only a few or-
ganic materials [7] containing no rare earth ions display elec-
troluminescence in the NIR region.

Phthalocyanine (Pc) is a prominent class of organic molec-
ular material which characteristically possesses high chemical
and thermal stability. In particular, phthalocyanines and their
derivatives can be used remarkably as functional materials
and enjoy applications in a wide range of high technical fields
such as nonlinear optics, liquid crystals, LangmuireBlodgett
films, photovoltaic cells, chemical sensors, laser recording ma-
terials, organic field effect transistors and even biomedical ap-
plications [8e11]. Recently, several Pcs have been used as the
hole-transport layer [12], the contact modification layer and
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the light-emitting layer [13] in OLEDs. We have reported
a NIR OLED emitting near 1.1 mm based on 4, 40-N,N0-dicar-
bazole-biphenyl (CBP) doped with copper phthalocyanine
(CuPc) [14]. OLEDs based on a mixture of host polymer
and small guest molecules have attracted much attention as
a promising inexpensive technology for large-area and flexible
devices because the light-emitting layer of OLEDs can be pre-
pared using a wet process, such as spin coating or ink-jet print-
ing [5,6]. However, as with most small molecular size
materials, Pcs are insoluble and difficult to process. Efforts
to solubilize these materials have included the incorporation
of side chains, such as the addition of alkyl groups, aryl groups
or heterocyclic groups [15,16].

In this paper, a soluble chloroindium 1,8(11),15(18),
22(25)-tetra-( p-tert-butylphenoxy) phthalocyanine (ClInPc)
was synthesized and characterized by MS, 1H NMR, elemental
analysis, UVevis and PL. For the purpose of testing its EL
properties, single-layer OLEDs with the structure ITO/
ClInPc/Al were prepared; however, these devices did not
show any measurable EL and so the EL properties of the
new compound were also studied in ITO/NPB/Alq3:ClInPc/
Alq3/Al devices with different ClInPc concentrations. Room-
temperature EL was observed near 0.88 mm that effectively
covered the first optical communication window near
0.85 mm. OLEDs were fabricated employing this ClInPc dis-
persed in PVK as the emitting layer by spin coating;
0.88 mm NIR EL was observed for these ITO/PVK:ClInPc/
BCP/Alq3/Al devices.

2. Experimental

2.1. Materials and equipments

Solvents were purified according to standard procedures.
All other materials were obtained commercially and used
without further purification.

MS spectra were obtained using an LDI-1700-TOF mass
spectrometer (Linear Scientific Inc., USA). High-resolution
1H NMR spectra were recorded on a Bruker AV 500 spectrom-
eter. Elemental analysis was performed on a Flash A1112 El-
emental Analyzer (ThermoQuest, Italy). UVevis spectra were
taken on a UV-3100 UVeVISeNIR Recording Spectropho-
tometer (Shimadzu, Japan). Current (I ) versus voltage (V)
measurements were obtained using a Keithley 2400 currente
voltage source. NIR PL spectra were obtained on a PL9000
Photoluminescence System (Bio-Rad Micromeasurements
Ltd, UK); the NIR EL signals were focused into a monochro-
mator and detected with a liquid-nitrogen-cooled Ge detector,
using standard lock-in techniques.

2.2. Synthesis of chloroindium 1,8(11),15(18),22(25)-
tetra-( p-tert-butylphenoxy) phthalocyanine

Treatment of 3-nitrophthalonitrile (1, 1.73 g, 10 mmol) and
p-tert-butylphenol (2, 1.50 g, 10 mmol) in the presence of
LiOH$H2O (1.05 g, 25 mmol) and anhydrous DMSO
(30 mL) at room temperature for 48 h afforded the expected
3-( p-tert-butylphenoxy) phthalonitrile (3) (Fig. 1) in good
yield (78%), which was purified by column chromatography
on silica gel with petroleum etherediethyl ether as eluent
[17,18]. 3-( p-tert-Butylphenoxy) phthalonitrile (3, 1.16 g,
4.2 mmol) and InCl3$4H2O (0.308 g, 1.05 mmol) were added
to quinoline (8 mL) with stirring in the presence of DBU,
which was heated at 200 �C under N2 for 12 h (Fig. 1). After
cooling to room temperature the reaction mixture was poured
into 100 mL of a mixture of methanol and deionized water
(4:1) and the precipitate was collected and extracted with an-
hydrous methanol in a Soxhlet extractor. The solvent was re-
moved under reduced pressure and the ensuing solid was
purified using column chromatography on silica gel with di-
ethyl etherepetroleum ether (1:3) as the eluent. After evapora-
tion of the eluent, the blue-green ClInPc (4) was obtained in
good yield (49%, 645 mg) [17,18] which was purified three
times by vacuum sublimation using a three-zone furnace be-
fore device fabrication. 1H NMR (CDCl3): d¼ 7.376e7.503
(m, 12H, ArH), 7.124e7.260 (m, 16H, ArH), 1.368e1.437
Fig. 1. The synthetic route of a soluble ClInPc.
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(m, 36H, 12CH3). MS: m/z¼ 1255.2 [MþHþ] (calcd.
1255.4). Anal. calcd. for C72H64N8O4ClIn: C, 68.87; H,
5.14; N, 8.92. Found: C, 68.65; H, 5.17; N, 8.86.

2.3. Fabrication of EL devices

Indium tin oxide (ITO) coated glass substrates with a sheet
resistance of w20 U/, and transmittance of w90% near
0.88 mm were sequentially cleaned with acetone, ethanol and
deionized water for 15 min in an ultrasonic cleaning bath. Sin-
gle-layer OLEDs were fabricated by vacuum evaporating
ClInPc onto the pre-cleaned substrates, varying the ClInPc
layer thickness from 30 to 100 nm. OLEDs with the structure:
ITO/NPB/Alq3:ClInPc/Alq3/Al were fabricated by successive
vacuum (<1� 10�3 Pa) deposition of the organic materials
onto the clean substrates at a deposition rate of 20e
40 Å min�1. A 30-nm-thick film of N,N0-di-1-naphthyl-N,N0-
diphenylbenzidine (NPB) served as the hole-transport layer
(HTL). A 30-nm-thick ClInPc-doped Alq3 (0e75 wt%) layer
was deposited as the light-emitting layer by simultaneous
evaporation from two separate sources. After that, another
10-nm-thick Alq3 was used to transport and inject electrons.
To fabricate the ITO/PVK:ClInPc/BCP/Alq3/Al devices,
a 40-nm-thick ClInPc-doped PVK (0e80 wt%) layer was
spin-coated onto the ITO surface at 3000 rpm from a chloro-
form solution (6 mg/mL) and subsequently cured in a vacuum
oven at 120 �C for 2 h. The thickness of the spin-coated film
was verified using an ellipsometer. An 18-nm-thick layer of
2,9-dimethyl-4,7diphenyl-1,10-phenanthroline (BCP) was de-
posited as the hole-blocking layer and a 15-nm-thick Alq3

layer was used to transport and inject electrons. Finally
a shadow mask comprising 3 mm� 3 mm openings was
used to define the 120-nm-thick Al cathode for all three types
of device. The chemical structures of Alq3, PVK, NPB, BCP
and the device configurations used in this work are shown in
Fig. 2.
3. Results and discussion

3.1. Synthesis and characterization

A commonly used synthetic route to realise soluble tetra-
substituted Pcs involves the aromatic nucleophilic substitution
reaction between 3-nitrophthalonitrile or 4-nitrophthalonitrile
and a suitable oxygen, nitrogen or sulfur nucleophile followed
by cyclotetramerization of the resultant phthalonitrile deriva-
tives, e.g. 4-(cumylphenoxy) phthalonitrile [19] and 4-(neo-
pentoxy) phthalonitrile [20]. This particular approach was
employed in the synthesis of the soluble ClInPc and its precur-
sor in this work.

In DMSO, the anion of p-tert-butylphenol displaced the
nitro group of 3-nitrophthalonitrile in the presence of
LiOH$H2O as the alkali to generate the corresponding phtha-
lonitrile derivative in good yield. ClInPc was characterized by
elemental analysis and spectroscopic methods including 1H
NMR and TOF-MS, which were consistent with the proposed
structure. The 1H NMR spectra (500 MHz, CDCl3) of the pre-
cursor and ClInPc did not display signals of impurities. The
preparation of metal Pcs by cyclotetramerisation of phthaloni-
trile derivatives, catalysed by DBU, in quinoline is preferable
due to its easier purification and higher yield. ClInPc has ex-
cellent solubility in common organic solvents, such as
CHCl3, CH2Cl2, THF and benzene, which is advantageous in
the establishment of molecular order systems and helpful in
the investigation of physical and chemical properties of molec-
ular order systems.

3.2. Optical properties

Fig. 3 shows the UVevis absorption spectra of ClInPc in
chloroform solution and in vacuum sublimed films on quartz
substrates. The UVevis absorption spectra exhibited the char-
acteristic B- and Q-bands of Pcs, which can be assigned to be
Fig. 2. The chemical structures of other materials used in OLEDs: (a) Alq3, (b) PVK, (c) NPB and (d) BCP. The device configurations of OLEDs used in this work:

(e) ITO/ClInPc/Al, (f) ITO/NPB/Alq3:ClInPc/Alq3/Al and (g) ITO/PVK:ClInPc/BCP/Alq3/Al.
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pep* transition of the conjugated system. The absorption
peaks at 354 nm in chloroform solution and 361 nm in the sub-
limed films corresponded to the B band, whereas those at
725 nm in chloroform solution and 743 nm in the sublimed
films correspond to the Q band.

A small band appearing at 651 nm in chloroform solution
cannot be attributed to the dimer because no broadening of
the Q band [21] was observed with increasing concentration
increasing upto 10�4 mol/L; hence, the small band can be at-
tributed to electronic vibration. Aggregation of Pcs in solution
is easily detected using optical absorption studies in terms of
a decrease in the maximum extinction coefficient and a blue
shift of the Q band [15]. When the UVevis spectrum of
ClInPc was measured in CHCl3 at a concentration as high as
1.2� 10�4 M, the observed band shape changed slightly and
the peak corresponding to the monomer at 725 nm was still ev-
ident. Thus, the absorption of ClInPc in solution was governed
by monomer-absorption. Similar absorption spectra have been
observed in vacuum sublimed films of ClInPc [22]. The

Fig. 3. Left: Normalized UVevis absorption spectrum of ClInPc in chloroform

solution and in vacuum sublimed films; Right: Normalized PL spectra of

ClInPc films (excited at 488 nm), Alq3 films and PVK films (excited at

325 nm).
absorption spectrum of the sublimed film was broader, as ex-
pected, and included a wing beyond 800 nm, but the position
of the Q band was only slightly shifted in the sublimed films
compared with the chloroform solution. This was consistent
with the relatively weak aggregation of this ClInPc.

The UVevis spectra show the weakly aggregative nature of
ClInPc, which may arise from steric hinderance of the bulky
peripheral groups [16] and the axial substituents [22e24] hin-
dering pep* interaction among the ClInPc molecules. This
weak aggregation behaviour could have important advantages
not only for studying intermolecular processes in the com-
pound but also for the application of this compound in photo-
dynamic therapy.

Fig. 3 also shows the PL spectrum of ClInPc vacuum sub-
limed film on quartz substrate excited using a 488 nm line
from an Arþ laser. The sublimed films emitted a somewhat
broadened peak centered at 877 nm, which can be assumed
to be molecular fluorescence due to transitions from the first
excited singlet state to the ground state (S1eS0). In compari-
son to the absorption spectrum of sublimed films, the emission
spectrum was shifted by approximately 130 nm towards the
long wavelength side.

3.3. EL properties

To investigate the EL properties of ClInPc, single-layer de-
vice with the structure: ITO/ClInPc/Al and multi-layer devices
with the structures: ITO/NPB/Alq3:ClInPc/Alq3/Al and ITO/
PVK:ClInPc/BCP/Alq3/Al were fabricated as described
earlier.

The single-layer device consisting of ClInPc between ITO
and Al electrodes did not show any measurable EL, which
may be due to unbalanced charge injection and unbalanced
charge transport in the ClInPc layer. A three-layer doped struc-
ture: ITO/NPB/Alq3:ClInPc/Alq3/Al was used to raise the
emission level. Fig. 4(a) shows the NIR EL spectra of the de-
vices with different doping concentrations of ClInPc in Alq3 at
10 mA at room temperature. The emission near 0.88 mm coin-
cided with the PL spectrum in the sublimed films of ClInPc
Fig. 4. (a) The NIR EL spectra of devices with the structure of ITO/NPB/Alq3:ClInPc/Alq3/Al with different ClInPc doping concentrations. (b) The UVevis EL

spectra of devices with the structure of ITO/NPB/Alq3:ClInPc/Alq3/Al with different ClInPc doping concentrations. The sensitivity of 10% doped devices is 1024

times that of undoped devices.
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(Fig. 3). When the concentration of ClInPc was higher than
50% by mass, the intensity of the NIR emission decreased
with increasing dope concentration. This may be due to fluo-
rescence quenching becoming significant at high concentra-
tion. The optimum concentration was 50% by mass, which
implied a weak, aggregation-induced quenching of ClInPc in
the solid films because of restrained face-to-face intermolecu-
lar coupling owing to the presence of the four bulky phenoxyl
substituents and axial substitution. It is well known that func-
tional groups hamper aggregation and increase the quantum-
efficiency for EL in the case of small organic molecules as
for conjugated polymers [25,26]. Previously published work
[16] supports the results found herein, in which Pcs bearing
extremely bulky polyoxyethylene substituents display strong
red fluorescence in the absence of aggregation-induced
quenching.

Fig. 4(b) shows the UVevis EL spectra of devices with the
structure: ITO/NPB/Alq3:ClInPc/Alq3/Al in which different
doping concentrations of ClInPc in Alq3 were used, at
10 mA at room temperature. The green emission of the doped
devices and undoped devices near 510 nm came from Alq3.
There existed no emission of NPB near 455 nm in these de-
vices. The Alq3 emission decreased in intensity with increas-
ing dope concentration and the emission became difficult to
measure at a dope level >10% by mass.

There are two possible ways for electrically exciting the
guest (ClInPc) in the doped OLEDs, namely energy transfer
from the host excited state or sequential electron and hole cap-
ture by the guest (ClInPc). In energy-transfer processes, the
electrons and holes are initially injected into the organic
host transport materials, producing either a singlet or triplet
exciton and the excitation is then transferred to the guest
(ClInPc) by means of a Förster [27] or Dexter [28] process,
respectively. In the charge trapping process [29,30], the guest
(ClInPc) functions as a recombination center for holes and
electrons injected from the ITO electrode through the organic
functional layers, and the Al electrode, respectively, leading to
the formation of the guest (ClInPc) in an electronically excited
state, from which excitation transition to the ground state
occurs to give the (NIR) EL. The Förster energy transfer can
be easily evaluated from the overlapping of the absorption
and emission spectra, and the electron and hole trapping mech-
anism is most favorable if the highest occupied molecular or-
bital (HOMO) of the guest is above that of the host, and if the
lowest unoccupied molecular orbital (LUMO) is below that of
the host [31].

In terms of the results obtained for the ClInPc-doped Alq3-
based OLEDs, as shown in Fig. 3, there was only a small over-
lap between the PL spectrum of Alq3 and the B band of the
ClInPc, which suggests that Förster energy transfer plays a mi-
nor role in these devices [14,30,31]. Fig. 5(a) shows the energy
band diagram of the ClInPc-doped Alq3-based OLEDs. The
ClInPc energy levels were extracted from electrochemical
measurements in THF. The HOMO and LUMO of ClInPc
are �5.05 and �3.50 eV, respectively, just falling within the
band gap of the Alq3; hence, the ClInPc could function as
both a hole trap and an electron trap [14,31,32]. The results
imply that direct charge trapping seems to be the dominant
mechanism in these devices and so it can be proposed that
the formation of the excited state occurred directly on ClInPc
by trapping holes injected from NPB and electrons injected
from Alq3, and the Alq3 green emission intensity decreased
with increasing dope concentration. Fig. 5(b) shows the cur-
rent densityevoltage characteristics of ClInPc-doped Alq3-
based OLEDs with different ClInPc concentrations in Alq3.
In the case of low dope concentration (10%) the driving volt-
ages of doped devices were higher than those of the undoped
devices, which supports the proposal that a direct charge trap-
ping process occurs. When the dope concentration was >10%
direct hole injection from NPB into ClInPc and direct electron
injection from Alq3 into ClInPc may lead to lower driving
voltages. These results also suggest that the dominant mecha-
nism is direct charge trapping in these ClInPc-doped Alq3-
based OLEDs and therefore, that Förster and Dexter energy
transfers play a minor role. Additionally, the NIR OLEDs
were stable during operations at these driving voltages.

As polymer based OLEDs are very attractive for large-area
and flexible devices because they can be fabricated by process-
ing the active materials from solution at room temperature, de-
vices with the structure: ITO/PVK:ClInPc/BCP/Alq3/Al were
Fig. 5. (a) Schematic description of energy band diagram of ClInPc-doped Alq3-based OLEDs. (b) The current densityevoltage characteristics of ClInPc-doped

Alq3-based OLEDs with different ClInPc concentrations.
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Fig. 6. (a) The NIR EL spectra of devices with the structure of ITO/PVK:ClInPc/BCP/Alq3/Al with different ClInPc concentrations. (b) The UVevis EL spectra of

devices with the structure of ITO/PVK:ClInPc/BCP/Alq3/Al with different ClInPc concentrations. The profile of the doped devices has been multiplied by 5.
also fabricated. Fig. 6(a) shows the NIR EL spectra of devices
with different concentrations of ClInPc in PVK measured at
10 mA at room temperature. The EL spectra that appeared at
about 0.88 mm resembled those of the ClInPc-doped Alq3-
based OLEDs shown in Fig. 4, which implies that the EL orig-
inated from the ClInPc and that the shape of the EL spectra
should be independent of the host materials. When the concen-
tration of ClInPc was >40%, the intensity of the NIR emission
decreased with increasing dope concentration. This finding
may be due to fluorescence quenching becoming very promi-
nent at high concentration. The optimum concentration was
40%, which was the same as that in the doped Alq3-based
OLEDs.

Fig. 6(b) shows the UVevis EL spectra of devices with the
structure: ITO/PVK:ClInPc/BCP/Alq3/Al that comprised dif-
ferent concentrations of ClInPc in PVK at 10 mA at room tem-
perature. The green emission of the doped devices near
510 nm was from Alq3, whereas the blue emission of the un-
doped devices near 458 nm came from PVK. The results may
be explained as follows. In the undoped devices, hole injection
from the PVK HOMO into BCP HOMO was energetically un-
favorable due to the large energy difference between the
HOMO levels of PVK and BCP (w0.6 eV) and so the
458 nm emission of the undoped devices came from PVK.
In the doped devices, there existed an emission of Alq3 near
510 nm but no emission of PVK near 458 nm which means
that efficient energy transfer from PVK to ClInPc existed in
these devices. As a hole-transport material, ClInPc enhanced
the hole transfer capability of the ClInPc:PVK mixed layer
and there was, therefore, emission of Alq3 near 510 nm, which
decreased in intensity with increasing dope concentration be-
cause of the recombination of most of the carriers in the
ClInPc:PVK mixed layer.

In terms of the electrically exciting process of ClInPc in
doped PVK-based OLEDs, an overlap was observed between
the PL spectrum of PVK and the B band of the ClInPc
(Fig. 3), which indicated that the PVK (host) doped with
ClInPc (guest) system may meet the requirements for efficient
Förster energy transfer [14,30,31]. Fig. 7(a) shows that the
HOMO and LUMO of ClInPc fall within the band gap of
the PVK, so the ClInPc could function as both a hole trap
and an electron trap [14,31,32]. This shows that charge trap-
ping also plays an important role in these ClInPc-doped
PVK-based EL devices. Fig. 7(b) shows the current den-
sityevoltage characteristics of ClInPc-doped PVK-based
OLEDs with different ClInPc concentrations in PVK. The
Fig. 7. (a) Schematic description of energy band diagram of ClInPc-doped PVK-based OLEDs. (b) The current densityevoltage characteristics of ClInPc-doped

PVK-based OLEDs with different ClInPc concentrations.
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NIR OLEDs were stable during operation at these driving volt-
ages. The driving voltages decreased with increasing dope
concentration which was induced by direct hole injection
from ITO into ClInPc and direct electron injection from
BCP into ClInPc at high dope concentrations. It seems that
both Förster energy transfer and direct charge trapping may
play important roles in these doped PVK-based devices.

4. Conclusions

A soluble NIR EL small molecule, chloroindium
1,8(11),15(18),22(25)-tetra-( p-tert-butylphenoxy) phthalocya-
nine, was synthesized successfully and characterized by MS,
1H NMR, elemental analysis, UVevis and PL. OLEDs
with the structures: ITO/ClInPc/Al, ITO/NPB/Alq3:ClInPc/
Alq3/Al and ITO/PVK:ClInPc/BCP/Alq3/Al were fabricated.
The single-layer device (ITO/ClInPc/Al) did not show any
measurable EL due to unbalanced charge injection and unbal-
anced charge transport. The NIR EL spectra of ClInPc-doped
Alq3-based OLEDs and ClInPc-doped PVK-based OLEDs
displayed the characteristic spectrum of ClInPc with a band
near 0.88 mm, which coincided with its PL spectrum in the
sublimed films. In doped Alq3-based OLEDs, Förster and
Dexter energy transfers play a minor role and the dominant
mechanism was direct charge trapping. However, both Förster
energy transfer and direct charge trapping may play important
roles in doped PVK-based devices.
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