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Two new platinum(II) porphyrins have been synthesized and their luminescent properties
have been studied. The platinum porphyrins exhibited strong phosphorescence in the red
with narrow line widths. When they were doped into aluminum(III) tris(8-hydroxyquinolate)
(AlQ3) in the electron-transporting and -emitting layer of an organic light-emitting device,
energy transfer occurred between the host AlQ3 and the platinum porphyrin. Bright saturated
red emission with high efficiency at low to moderate current density has been achieved. In
the high current regime, the electroluminescence efficiency decreased and the perceived
emission color blue shifted as a result of mixed emission from the platinum porphyrin and
AlQ3. This current dependence was due to the saturation of triplet emissive sites, because
of the long-lived phosphorescence state of the platinum porphyrin complex.

Introduction

Achieving saturated red emission with high quantum
and luminous efficiencies remains a challenge in the
field of organic electroluminescence. Red organic light
emitting diodes (OLEDs) are usually fabricated by
doping red dyes into a suitable host.1,2 The most
commonly used host for this purpose is aluminum(III)
tris(8-hydroxyquinolate) (AlQ3). Doping a small amount
(∼1%) of a red laser dye such as DCM or DCJ in AlQ3
gives high quantum efficiency (2.3%, photons/electrons),
although the emission color appears orange.3 Increasing
the doping concentration to 2% results in red emission
due to polarization effects,4 but the efficiency of the
devices decreases significantly due to enhanced self-
quenching. DCLJ, a sterically bulky derivative of DCJ,
has been synthesized to reduce the extent of self-
quenching at high level doping.5 The efficiency of the
based DCJT device is relatively high (∼2.5%); however,
the red color emission still suffered from a broad
bandwidth. Saturated red can also be achieved by
doping tetraphenylporphyrin (TPP) into AlQ3, but the

quantum efficiency remained low (∼0.1%).6 Another
approach is to use Eu(III) complexes as dopants.7,8

Vapor deposited devices with Eu(III) complexes such as
Eu(DBM)3(Phen)9 show a sharp emission band at 620
nm which is typical of the 5D0 f 7F2 transition of the
trivalent lanthanide ion.10 The chromaticity of Eu(III)
complex-doped devices is satisfactory, with a quantum
efficiency of 0.8%. The most promising candidate for red
color display to date is platinum(II) octaethylporphyrin
(PtOEP) which has shown exceptionally high efficiency
(∼7%) at low injection current.11,12 Devices with PtOEP
doped into AlQ3 showed narrow emission centered at
650 nm, resulting in a saturated red color. Efficiency
as high as 1.3% was achieved, at a luminance of 100
cd/m2, for AlQ3-doped OLEDs and 1.9%, in optimized
OLEDs.13 PtOEP has also been used as a phosphores-
cent dye in polymer LEDs to achieve saturated red
emission.14 Both Eu(III) and Pt(II) complexes are phos-
phorescent, unlike most other dyes used in OLEDs,
which are fluorescent.2 Using triplet-based emitting
centers in OLEDs eliminates the 25% maximum inter-
nal quantum efficiency, which is the expected singlet
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exciton fraction achieved by electrical injection.15,16 This
is a benefit of all phosphorescence-based OLEDs and
gives them the potential of having much higher quan-
tum efficiencies than fluorescence-based ones. The
energy of the photophysical transition for lanthanide
complexes is determined by the energetics of the metal
ion,17 while the emission in platinum(II) porphyrins is
largely ligand-based.18 Therefore, by chemical modifica-
tion of the porphyrin framework, the luminescent
properties of the Pt(II) complex can be fine-tuned. To
further explore the concept of using phosphorescent dyes
in OLEDs, two new platinum(II) porphyrins have been
synthesized and studied. We report here our work in
utilizing them as red phosphorescent dyes in OLEDs
with improved quantum and luminous efficiencies.

Experimental Section

Materials. All reagents and anhydrous solvents were
purchased from Aldrich and used without further purification.
AlQ3

19 and 4,4′-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (R-
NPD)20 were synthesized according to the literature procedures
and purified by vacuum sublimation. 5,15-Diphenylporphyrin
(abbreviated here as H2DPP) was synthesized from a conden-
sation-cyclization reaction with 2,2′-dipyrrolemethane and
benzaldehyde as described by Therien et al.21 2,2′-Dipyr-
rolemethane was synthesized by a three-step procedure start-
ing with pyrrole and thiophosgene.22 Etioporphyrin III (ab-
breviated here as H2OX) was synthesized by reducing the
commercially available protoporphyrin IX (isolated from ox
hematin) through a one-step hydrogenation-decarboxylation
reaction.23 The platinum complexes PtDPP and PtOX were
synthesized by refluxing the corresponding free base in de-
gassed benzonitrile with PtCl2. Typical procedures were as
follows: One gram of the free base and PtCl2 (2 equiv) were
suspended in 100 mL of anhydrous benzonitrile. The mixture
was then purged with N2 as it was slowly heated to 160 °C. It
was then brought to reflux under N2 until there was no free
base left as revealed by TLC. The mixture was then cooled to
room temperature and the solvent was removed by vacuum
distillation. The crude product left behind was then dried
completely and purified by sublimation at 300 °C at <10-4

Torr. Both Pt(II) complexes were characterized spectroscopi-
cally and by elemental analysis:

PtDPP. 1H NMR: δ 10.15 (s, 2H), 9.21 (dd, 4H, J1 ) 12 Hz,
J2 ) 7.5 Hz), 8.93 (dd, 4H, J1 ) 12 Hz, J2 ) 7.5 Hz), 8.18 (m,
4H), 7.77 (m, 6H). MS (EI): m/z (relative intensity) 655 (M+,
100), 577 (30), 326 (50), 288 (35). UV-vis (CH2Cl2): λmax (nm)
(log ε) 388 (5.33), 499 (4.15), 530 (4.04). Elemental analysis:
calculated C, 58.62; H, 3.07; N, 8.55; Pt, 29.76; found C, 58.35;
H, 3.08; N, 8.37. Pt, 29.90.

PtOX. 1H NMR: δ 9.98 (s, 4H), 3.99 (q, 8H, J ) 8 Hz), 3.55
(s, 12H), 1.84 (t, 12H, J ) 8 Hz), MS (EI): m/z (relative
intensity) 671 (M+, 100), 656 (90), 642 (50), 625 (35), 611 (28).
UV-vis (CH2Cl2): λmax (nm) (log ε) 380 (5.30), 500 (4.22), 535
(4.62). Elemental analysis: calculated C, 57.22; H, 5.40; N,
8.34; Pt, 29.04; found C, 57.15; H, 5.20; N, 8.18; Pt, 29.34.

Photoluminescence. Quantum efficiency measurements
were carried out at room temperature in a toluene-DMF
solution (degassed by a freeze-pump-thaw cycle, 20 times)
with excitation at 500 nm. All samples were adjusted to give
the same absorbance of 0.038 at 500 nm. Estimation was based
on ZnTPP in benzene as the reference with a 0.03 quantum
efficiency at 298 K.24 Quantum efficiency measurements were
obtained using an Aminco-Bowman Series 2 Luminescence
spectrometer. Steady-state emission experiments at room
temperature were performed on a PTI QuantaMaster Model
C-60 Spectrofluorometer. Phosphorescence lifetime measure-
ments were performed on the same fluorimeter equipped with
a microsecond Xe flash-lamp. There were three types of
samples studied and they were prepared as follows: First, the
degassed toluene/DMF solution sample was of the same
concentration as that used for the quantum yield measure-
ment. The second sample was prepared by doping the porphy-
rin into AlQ3 by vacuum vapor deposition on glass substrates
with rates adjusted to give the same doping level as in the
emitting layer of the OLED, i.e., 6 mol %. The third sample
was prepared by spin-coating a 0.5% porphyrin/polystyrene (w/
w) solution in anhydrous toluene on glass slides. The fluorim-
eter chamber was kept under nitrogen throughout the lifetime
measurement to prevent the complication of oxygen quenching.
The excitation was set at 390 nm for both porphyrins while
the decay was monitored at 648 and 628 nm for PtOX and
PtDPP, respectively.

Device Fabrication and Testing. Patterned anode con-
tacts were made from commercially available ITO-coated glass
(100 Ω/0) in our laboratory using a photolithographic tech-
nique to form circular anodes with 1 mm radii. In a vacuum
chamber at pressure <1.0 × 10-5 Torr, 400 Å of R-NPD as the
hole-transporting layer; 450 Å of dye-doped AlQ3 as the
electron-transporting and -emitting layer; 50 Å of AlQ3 as
electron-injection layer; and a cathode composed of 600 Å of
Mg-Ag (10:1) capped with 300 Å of Ag, were sequentially
deposited onto the substrate to give the device structure shown
in Scheme 1. The platinum porphyrin dye and AlQ3 were co-
deposited with rates of ∼0.1 and ∼1.1 Å/s, respectively, to give
a doping level of 6 mol % in the emitting layer. Device current-
voltage and light intensity characteristics were measured
using a Keithley 2400 SourceMeter/2000 Multimeter coupled
to a Newport 1835-C Optical Meter using the LabVIEW
program by National Instruments.

Result and Discussion

Photoluminescence. The room-temperature photo-
luminescence spectra of PtOX and PtDPP are shown in
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Scheme 1. OLED Device Structure and Chemicals
Structures of the Compounds Used
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Figure 1. A narrow emission peak (26 nm full width at
half-maximum intensity) centered at a wavelength of
648 nm was obtained for PtOX, similar to other oc-
taalkylporphyrins.18 A wider emission centered at 630
nm with a weak second band at 695 nm is observed for
PtDPP, characteristic of arylporphyrins.18 The emission
spectra are essentially the same when exciting at either
the Soret band (∼390 nm) or the Q-bands (500-540 nm).
The luminescence quantum efficiencies measured for
the deoxygenated toluene/DMF solutions at room tem-
perature were found to be 0.45, 0.44, and 0.16 for
PtOEP, PtOX, and PtDPP, respectively, with error bars
of roughly 20%. The quantum efficiency of PtOX is
essentially the same as PtOEP. This similarly is not
surprising since the only difference in the structures of
PtOEP and PtOX is in the alkyl groups at the â-posi-
tions of the porphyrin ring. These alkyl groups are not
conjugated to the porphyrin system and consequently
have little electronic communication to the π-system.
On the other hand, the quantum efficiency of PtDPP is
significantly lower. We attribute this to the effect of the
phenyl groups at the meso positions which are conju-
gated to the π-system. The rotational of the phenyl
groups presumably induces nonradiative decay path-
ways of the excited states that are not present in either
PtOX or PtOEP.25 Moreover, the beta and the meso
substitution patterns in porphyrins may have different
ground-state and excited-state symmetries,26 which
could also affect the radiative and nonradiative decay
rates.

Photoluminescence decay studies were carried out to
estimate the lifetimes of the excited states. The lifetimes
of the toluene/DMF solution samples at room temper-
ature were found to be 83, 76, and 34 µs for PtOEP,
PtOX, and PtDPP, respectively. The PtOEP and PtOX
lifetimes are the same within the error limits of the
measurement ((3 µs). The long lifetimes of the excited
states of these Pt porphyrins clearly indicate their
triplet nature. The trend observed in lifetimes is similar
to that observed for the quantum yields, suggesting that
the radiative rates for the three complexes are very
similar. Thin film samples were prepared by spin-

coating a solution of the porphyrin and polystyrene onto
glass slides. The solution was degassed by thoroughly
purging with nitrogen prior to spin-coating, and the
measurements were performed in a nitrogen flushed
chamber to minimize oxygen quenching. The porphyrin
concentration was kept under 1 wt % in the polystyrene
matrix to minimize concentration quenching. Lifetimes
of 92 and 95 µs were measured for PtOX and PtDPP,
respectively. The similarity of the lifetimes for PtOX and
PtDPP in polystyrene suggest that the quantum yields
for the two films are very similar, in direct contrast to
the quantum efficiencies and lifetimes measured in
solution. Phenyl group rotation may be responsible for
the nonradiative relaxation in PtDPP, which would be
active in solution, but may be frozen out in the solid
polystyrene thin film. The luminescent lifetimes of PtOX
and PtDPP doped into a solid film of AlQ3 were also
measured. The platinum porphyrins were doped into
AlQ3 at 6 mol %, and the films were kept under nitrogen
during the lifetime measurement. The measured life-
times for PtOX and PtDPP in AlQ3 are 39 and 21 µs,
respectively. The lifetime measured for PtOEP under
identical conditions was 37 µs.12

Electroluminescence. The OLED device structure
is a multilayer stack deposited on ITO glass, see Scheme
1. Similar to the previous study of PtOEP-doped de-
vices,12,13 significant residual AlQ3 emission could be
observed at low doping concentrations (<3%). Higher
platinum porphyrin concentrations (>10%) resulted in
a significant drop in quantum efficiency due to self-
quenching of the dye. Thus, 6% dye concentration was
shown to provide the most saturated color and higher
quantum efficiency.

The current-voltage (I-V) profiles in air at room
temperature are shown in Figure 2. The turn-on volt-
ages (VT, defined as the voltage at which the power law
dependence of I on V undergoes an abrupt change) for
PtOX- and PtDPP-doped devices are 3.3 and 4.5 V,
respectively. Bright red emission visible to the naked
eye was observable at V g VT. The brightness as a
function of current density is plotted in Figure 3. In the
low current density regime (0.1-10 mA/cm2), the lumi-
nance of both devices shows a linear increase with
current. In this regime the devices are also the most
efficient (Figure 3). For the PtOX device, QE is 1.5% at
3.2 mA/cm2, corresponding to a luminance of 23 cd/m2

and a luminous efficiency of 0.3 lm/W. At 100 cd/m2,
the QE drops to 1.1% with a luminous efficiency of 0.17
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Figure 1. Room-temperature photoluminescence spectra of
PtOX, PtDPP, and PtOEP in polystyrene matrix, excited at
390 nm.

Figure 2. Current-voltage profiles of the PtOX and PtDPP
OLEDs.
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lm/W which is comparable to the PtOEP device at the
same molar concentration of doping which showed QE
of 1.3% at 100 cd/m2 with a luminous efficiency of 0.15
lm/W.11 For the PtDPP device, the QE reaches a
maximum of 0.25% at 3.9 mA/cm2 with a luminance of
7 cd/m2 and a luminous efficiency of 0.05 lm/W. At 100
cd/m2, the QE ) 0.12% with a luminous efficiency of
0.02 lm/W. The relatively poor performance of PtDPP
compared to PtOX or PtOEP is primarily due to lower
photoluminescence yield of PtDPP.

The electroluminescent (EL) spectra of the PtOX and
PtDPP devices are shown in Figure 4. At low voltages
(or current densities), the emission is from the platinum-
(II) porphyrin, resulting in sharp emission peaks at λ
) 650 and 640 nm for PtOX and PtDPP, respectively.
The EL spectra are very similar to their corresponding
photoluminescence spectra, shown in Figure 1. No
emission from the AlQ3 host is observed, indicating
complete energy transfer from the host exciton to the
platinum porphyrin. The quality of emission spectra
with regard to color and saturation are typically defined
by their CIE chromaticity coordinates x,y (CIE ) Com-
mission Internationale de L’Eclairage).,2,27,28 Acceptable
red emitters have 0.55 e x e 0.74 and 0.25 e y e 0.35.
CIE coordinates for devices held at a current density of
2 mA/cm2 are (0.69, 0.30) and (0.67, 0.31) for PtOX and
PtDPP, respectively, as shown in the chromaticity chart
in Figure 5. The coordinates remain fairly unchanged
up to current densities of 10 mA/cm2.

At higher current densities (>10 mA/cm2), the lumi-
nances of both the PtOX and PtDPP devices increase
sublinearly, resulting in a concomitant gradual decrease
in QE (Figure 3). The emission color also changes from
saturated red to orange due to increased emission
between 450 and 610 nm. The EL spectra clearly
indicate the emergence of peaks other than the porphy-
rin emission. These phenomena, occurring at high
current densities, were also observed in PtOEP
devices.11-13 There are several factors contributing to
the current dependence of the EL spectra. The first
involves saturation of the emissive PtOX sites. There
is a large difference between the singlet lifetime of AlQ3
(10 ns)29 and phosphorescence lifetime of the platinum
porphyrins in AlQ3 (39 and 21 µs for PtOX and PtDPP,
respectively). The phosphorescent emissive sites near
the HTL/ETL interface become saturated at medium to
high current, i.e., most of the platinum porphyrins are
promoted to their triplet excited state, which have a very
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Figure 3. Quantum efficiency and luminance vs current
density of the PtOX (A) and PtDPP (B) OLEDs.

Figure 4. Electroluminescent spectra of the PtOX (A) and
PtDPP (B) devices at different current densities and the
corresponding driving voltages. The gradually increasing AlQ3

emission region of 450-600 nm has been blown up and off-
set for clarity. Also note the appearance of the sharp line at
550 nm is due to platinum porphyrin singlet emission.

Figure 5. CIE coordinates and the corresponding brightness
of the emission from the PtOX and PtDPP devices at low and
high current regimes. The inset is the full CIE diagram and
the RGB coordinates of a standard cathode ray tube display
(CRT).
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long lifetime relative to the rate of formation of excitons
near this interface. Once the platinum porphyrin dopants
are saturated, AlQ3 emission increases since there are
no platinum porphyrin molecules in their ground state
close enough to effectively transfer energy from the AlQ3
singlet excitons prior to their relaxation (Figure 4).
Increasing the platinum porphyrin doping level can
eliminate the likelihood of saturation of phosphorescent
sites. The residual emission from AlQ3 can be sup-
pressed in such a way, however, the trade off is the
sacrifice of device efficiency due to self-quenching at
high platinum porphyrin concentration.

It should be noted that the emission from AlQ3,
although weak compared to the major peak in the red,
has a dramatic effect on the CIE coordinates. Since the
coordinates are based on the human eye response, any
emission near the peak in the photopic response func-
tion (λmax ) 555 nm) will have a more pronounced effect
on the perceived color of the light source than emission
significantly to the blue or red side of the peak. For
example, for the PtOX device at 6 V and at 16 V (2 and
220 mA/cm2, respectively), the spectra only differ by the
comparatively weak emission between λ ) 450 nm and
λ ) 610 nm seen in the EL spectrum at 16 V. The
addition of this weak band leads to a pronounced shift
in the CIE coordinates from (0.69, 0.30) at 6 V to (0.55,
0.36) at 16 V. Figure 5 shows the CIE coordinates of
the electroluminescence at the low, medium, and high
current density regimes. The OLED at 6 V appears pure
red, while the device at 16 V appears orange to orange-
red.

A second factor that contributes to the color change
at high current densities is triplet-triplet annihilation
(T1 + T1 f S1 + S0)25 taking place at high currents. The
appearance and growth of the emission line centered
at 550 nm in the electroluminescent spectra as the
driving voltage increases (Figure 4) is indicative of this
triplet quenching process. This peak does not match the
well-studied emission of AlQ3, but instead coincides with
the weak singlet emission (i.e., fluorescence) of platinum
porphyrins.18 This 550-nm emission contributes to the
shift of the perceived color of the OLEDs to the orange,
as described above for the AlQ3 contribution. Since
triplet-triplet annihilation is a second-order process,
the amount of triplet quenching and the resulting PtOX
fluorescence are expected to increase significantly as the
current is increased. PtOX fluorescence does not come
from incomplete intersystem crossing (ISC) from the
PtOX singlet to the PtOX triplet. If incomplete ISC were
responsible for the 550-nm band, the ratio of the PtOX
fluorescence to AlQ3 emission should decrease as the
amount of AlQ3 fluorescence increases, since the ratio
of AlQ3 to total PtOX luminescence is increasing. The
PtOX singlet signal increases relative to AlQ3, however,
consistent with their origin being from triplet-triplet
annihilation.

Further evidence for triplet-triplet annihilation is
seen in the small increase in brightness of the PtOX
OLED as the current level was raised from 130 mA/
cm2 (red device) to 220 mA/cm2 (orange device). That
is, as the current was increased by 70%, the brightness
only increases by 13%. If the color shift on increasing
current were due only to saturation of the PtOX
molecules, the contribution from PtOX to the emission
intensity would be fairly constant and the AlQ3 emission
would grow in. The fluorescence from AlQ3 is in the
green to yellow part of the spectrum, where the contri-
bution to the luminance on a per-photon basis is roughly
5 times greater than for red photons. This would lead
to significantly enhanced luminescence, not a smaller
than expected increase. If the contribution of AlQ3 and
PtOX fluorescence (450-600 nm) is subtracted from the
spectra at 130 and 220 mA/cm2, the luminance levels
drop to 168 and 115 cd/m2, respectively, corresponding
to 64% and 39% of the total measured luminance values,
respectively. Note that even though the current has
been increased by a factor of 1.7 the amount light
coming out of the device from PtOX phosphorescence
has decreased by one-third. The fractional contribution
of PtOX phosphorescence to the measured luminance
decreased substantially as the current level is increased,
consistent with enhanced triplet-triplet annihilation at
the higher current level. A similar drop is observed in
the quantum efficiencies estimated for red light only.
If the contribution of the green/yellow part of the EL
spectra are removed the quantum efficiencies at 130 and
220 mA/cm2 drop to 0.39% and 0.24%, respectively.

The PtDPP OLED is not as efficient as the PtOX
device, and the contribution to the emission from AlQ3
has a stronger effect on the loss of the red color
saturation for PtDPP-based OLEDs. At 130 mA/cm2, the
PtDPP device has become yellow, consistent with a
greater AlQ3 emission mixed with the PtDPP emission.

In conclusion, we have demonstrated the use of two
new platinum porphyrins as efficient red phosphores-
cent dyes in small molecule-based OLEDs. Both dyes,
at 6% doping level into AlQ3, give saturated red emis-
sion at drive voltages < 10 V. Higher current densities
lead to saturation of phosphorescent emissive sites.
Triplet-triplet annihilation, producing platinum por-
phyrin singlet excitons, was also observed at high
current. PtOX-doped devices reach a quantum efficiency
of 1.1% at 100 cd/m2 with a luminous efficiency of 0.17
lm/W.
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