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ABSTRACT The new metalloporphyrin Pt(tptnp), where tptnp = tetraphenyltetranaphtho[2,3]porphyrin, has been prepared and
subjected to photophysical and electrooptical device studies. In degassed toluene solution at room temperature Pt(tptnp) features
efficient phosphorescence emission with Ama.x 883 nm with a quantum efficiency of 0.22. The complex has been used as the active
phosphor in polymer and organic light-emitting diodes. Polymer light-emitting diodes based on a spin-coated emissive layer consisting
of a blend of Pt(tptnp) doped in poly(9-vinylcarbazole) and 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole exhibit near-IR
emission with A 896 nm, with a maximum external quantum efficiency (EQE) of 0.4 % and a maximum radiant emittance of 100
uW/cm?. Organic light-emitting diodes prepared via vapor deposition of all layers and that feature an optimized multilayer hole injection
and electron blocking layer heterostructure with an emissive layer consisting of 4,4'-bis(carbazol-9-yl)biphenyl (CBP) doped with
Pt(tptnp) exhibit a maximum EQE of 3.8 % and a maximum radiant emittance of 1.8 mW/cm?. The polymer and organic light-emitting

diodes characterized in this study exhibit record high efficiency for devices that emit in the near-IR at 4 >800 nm.
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INTRODUCTION

ear-infrared (near-IR) polymer and organic light-
emitting devices (PLED and OLED, respectively) are

of interest due to their possible applications in a
number of areas, including infrared signaling and displays,
telecommunications, and wound healing (1—4). The most
common approach that has been taken to develop near-IR
emitting devices is to employ metal-organic complexes that
feature lanthanides (Yb, Nd, Er, etc.) as the near-IR light-
emitting centers (5—10). Lanthanide-containing materials
have the advantage of giving rise to narrow-bandwidth
emission at a number of specific wavelengths across the
near-IR band (800—1600 nm), depending upon the specific
lanthanide used. However, due to the low intrinsic photo-
luminescence (PL) quantum efficiency of the metal-centered
F states, light-emitting devices based on lanthanide com-
plexes suffer from low overall quantum efficiency, with
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record quantum yields in the 0.1—0.5% range (5—10). We
recently reported near-IR emitting OLEDs based on low-
bandgap, fluorescent conjugated oligomers that operate with
external quantum efficiencies (EQE) up to 1.6% (11). How-
ever, while these systems are clearly of interest, their
emission is relatively broad, and the quantum efficiency of
devices based on materials that emit beyond 1000 nm is low
(12).

High-efficiency, visible electrophosphorescent devices
have been fabricated on the basis of metal-organic and
organometallic complexes that display efficient phospho-
rescence. One of the first examples demonstrating the
concept of using phosphorescent emitters in LEDs was based
on Pt(oep) (oep = octaethylporphyrin) (13). When this
complex is incorporated into an optimized multilayer OLED,
the device gives rise to efficient red electroluminescence at
650 nm with an EQE of ~4 % . Recently, Thompson and co-
workers have extended the concept of using phosphorescent
metalloporphyrin emitters in the near-IR by using Pt(tptbp)
(tptbp = tetraphenyltetrabenzoporphyrin) to develop a high-
efficiency OLED that emits at 772 nm with an EQE of ~6.3 %
(14, 15). This work demonstrates the feasibility of making
high-efficiency, near-IR electrophosphorescent OLEDs; how-
ever, additional work is needed to extend the emission
wavelength further into the near-IR spectral region.
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FIGURE 1. Absorption (black dashed line) and photoluminescence
(red solid line) of Pt(tptnp) in toluene. The molecular structure is
shown in the inset.

Herein, we report the fabrication of high-efficiency PLED
and OLED devices that emit in the near-IR at ~900 nm.
These devices feature emissive layers (EMLs) that contain
Pt(tptnp) (tptnp = tetraphenyltetranaphtho([2,3]porphyrin)
as the phosphor (see Figure 1 inset for chemical structure).
The near-IR emitting devices described in this report are the
highest efficiency reported to date for emissions at wave-
lengths beyond 800 nm. In particular, a solution-processed
PLED that features Pt(tptnp) in a blend of poly(9-vinylcar-
bazole) (PVK) and (2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole) (PBD) exhibits a maximum EQE of ~0.4 %,
with a maximum radiant emittance of 100 gW/cm?. Further,
an optimized multilayer vapor deposited OLED that contains
an emissive layer consisting of a host of 4,4'-bis(carbazol-
9-ylbipheny! (CBP) doped with Pt(tptnp) exhibits a maxi-
mum EQE of ~3.8% and a maximum radiant emittance of
1.8 mW/cm?,

RESULTS AND DISCUSSION
The complex that is the basis of this work, Pt(tptnp), was

prepared for the first time by metalation of the free base
tptnp, which was prepared in several synthetic steps accord-
ing to a literature procedure (16, 17). Metalation was carried
out by treating tptnp with platinum(ll) acetate in refluxing
benzonitrile solution. The reaction was monitored using
absorption spectroscopy, as the Q band, which appears at
Amax 724 nm for tptnp, blue-shifts to 689 nm for the Pt(Il)
complex. After purification, the structure of Pt(tptnp) was
confirmed by 'H and '°C NMR and high-resolution mass
Spectroscopy.

The absorption and PL spectra of Pt(tptnp) in toluene are
shown in Figure 1. The complex exhibits Soret absorption
at Amax 436 nm and a single Q band at 689 nm. In argon-
degassed toluene solution, the PL of the complex is domi-
nated by a single phosphorescence band with Amax 883 nm
and a weak vibronic shoulder at A ~1000 nm. The phos-
phorescence quantum yield for Pt(tptnp) is ¢, = 0.22 in
toluene, and the triplet-state lifetime was determined by
transient absorption spectroscopy (see Figure S1 in the
Supporting Information) to be T = 8.5 us. The phosphores-

www.acsami.org

VOL. 1 e NO. 2« 274-278 « 2009

cence yield and lifetime of Pt(tptnp) are less than that of
Pt(tptbp), which are reported to be ¢, = 0.7 and 7 = 53 us,
respectively (15). The lower ¢, and t values for Pt(tptnp)
compared to those for Pt(tptbp) are in accord with the energy
gap law, which indicates that the rate of nonradiative decay
increases with decreasing (triplet) excited-state energy
(18, 19). Despite the fact that the phosphorescence quantum
yield is lower for the near-IR-emitting porphyrin, this room-
temperature phosphorescence yield is the highest that has
ever been reported for a compound that emits beyond 800
nm, making the phosphor an excellent choice for incorpora-
tion into near-IR light-emitting devices.

Thin films with varying concentrations of Pt(tptnp) blended
into a PVK:PBD (60:40) host were deposited by spin coating
on glass substrates which had been coated with a layer of
the conducting polymer poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), and photolumines-
cence (PL) measurements were carried out to study energy
transfer from the host to the Pt(tptnp) dopant. At low dopant
concentration (<2 wt % Pt(tptnp)), the PL of the films is
dominated by the fluorescence from the PVK:PBD host, with
strong emission observed with Ama ~430 nm (excitation at
345 nm). As the Pt(tptnp) concentration in the blend is
increased, the host fluorescence is quenched, and although
phosphorescence from Pt(tptnp) is observed at 886 nm, the
intensity does not increase substantially. For a blend con-
taining 8 wt % of Pt(tptnp) the fluorescence from the host
is still observed with approximately 15% intensity relative
to the phosphorescence from the Pt(tptnp) dopant. These
experiments illustrate that the host is able to sensitize PL
from the Pt(tptnp) dopant, presumably via dipole—dipole
energy transfer. However, the quenching of the host fluo-
rescence is incomplete even when Pt(tptnp) is present at 8
wt %, suggesting that there may be some degree of aggrega-
tion of the Pt(tptnp) dopant creating PVK:PBD rich regions
wherein energy transfer is inefficient.

PLEDs with the structure glass/ITO/PEDOT:PSS/Pt(tptnp):
PVK:PBD/LiF/Ca/Al were fabricated by spin-coating the ac-
tive layer on top of a PEDOT:PSS layer, followed by evapo-
ration of the metal electrode materials. Light emission from
the PLEDs turns on at an applied voltage of ~6 V, and for
blends containing Pt(tptnp) at =2 wt % the emission is
observed exclusively in the near-IR (Figure 2) at Amax 896 nm.
This result suggests that emission from the dopant is ob-
tained through a charge-trapping mechanism, as opposed
to the dipole—dipole energy transfer as observed in the thin
film PL. In particular, it is likely that holes are selectively
trapped on the Pt(tptnp) dopant, and consequently charge
carrier recombination occurs selectively on the phosphor,
producing near-IR emission. Devices that contain PVK:PBD
blends with 4 wt % Pt(tptnp) display the highest external
quantum efficiencies with solely Pt(tptnp) emission. Figure
3 shows the radiant emittance—current density—voltage
(R—J—V) characteristics and the current density dependence
of the external quantum and power efficiencies of two
optimized near-IR emitting PLEDs having active layers of
thickness 85 and 130 nm. Both sets exhibit maximum
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FIGURE 2. Electroluminescence spectra for 85 nm active layer PLED
(black solid line) and an OLED with a nominally undoped electron
transport layer (red dashed line). The drive voltage is 20 V for PLED
and 6 V for OLED (corresponding to a current density of 1 mA/cm?).
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FIGURE 3. Device characteristics for PLEDs: (a) current density, J,
and the radiant emittance in the forward viewing directions, R,
as functions of the voltage, V, for emissive layers of 85 nm
(triangles) and 130 nm thickness (squares); (b) external quantum
efficiency, 17gqe, and power efficiency, 7y, of these two devices as
functions of J.

0.0

radiant emittance of approximately 100 yW/cm?; however,
the device with the thicker emitting layer features noticeably
higher external quantum efficiency (0.4 %) and power ef-
ficiency (0.22 mW/W). The devices operate at relatively high
voltages due to the thickness of the emissive layer and the
high electron and hole injection barriers at the electrodes.

OLEDs based on the Pt(tptnp) phosphor were fabricated
via vacuum thermal evaporation. The emissive layer (EML),
consisting of CBP doped with 8 wt % Pt(tptnp), was sand-
wiched between a hole transport layer (HTL) of bis[N-(1-
naphthyl)-N-phenylamino]biphenyl (a-NPD) and an electron
transport layer (ETL) of 4,7-diphenyl-1,10-phenanthroline
(BPhen). In one device (specified as the “undoped device”),
the entire 100 nm ETL layer is nominally undoped. In
another device (specified as the “n-doped device”), Cs was
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FIGURE 4. Device characteristics for OLEDs: (a) current density, J,
and the radiant emittance in the forward viewing directions, R, as
functions of the voltage, V, for the undoped and n-doped devices;
(b) external quantum efficiency, 77gqe, and power efficiency, 7, of
these two devices as functions of J.

used to n-dope BPhen (BPhen:Cs = 1:0.2, molar ratio) except
in the 15 nm layer adjacent to the EML. Cs has been shown
to serve as an effective n-type dopant in BPhen to increase
the conductivity of the ETL and improve the efficiency of
electron injection from the cathode (20).

Light emission from the vacuum-deposited Pt(tptnp)-
based OLEDs turns on at low voltage (~2 V), and the
emission occurs exclusively in the near-IR at 900 nm (Figure
2). The R—J—V characteristics of the doped and undoped
OLEDs are compared in Figure 4a. At V> 2.5V, the current
density was approximately 2 orders of magnitude higher in
the n-doped device, due to the significantly enhanced con-
ductivity in the n-doped ETL compared with that in the
nominally undoped ETL (20). The undoped device features
a turn-on voltage of approximately 2.2 V, even though the
BPhen ETL is rather thick (100 nm), while the turn-on voltage
is further reduced to 2.0 V for the n-doped device. Maximum
radiant emittances of R & 1.8 mW/cm? are obtained (at V =
17 V in the undoped device and V = 12 V in the n-doped
device), which are similar to those obtained from our previ-
ously reported fluorescent near-IR OLEDs that emit at
shorter wavelengths (peak emission at 700—815 nm) (11).
Figure 4b shows the current density dependencies of the
EQE and power efficiencies of these two OLEDs. For the
undoped device, the EQE is relatively constant at low current
densities and reaches a maximum of 7goe = 3.8 £ 0.3 % at
J ~ 0.1 mA/lcm?; however, at /] > 1 mA/cm?, it decreases
significantly with the increase of the current density to 7gge
=2.0% at]J= 10 mA/cm? and 5zoz = 0.6 % atJ = 100 mA/
cm?. The significant rolloff in efficiency at higher current
densities is likely due to the triplet—triplet exciton annihila-
tion process that commonly occurs in phosphorescent OLE-
Ds (21). The maximum power efficiency of the undoped
device is 7p = 19 £ 3 mW/W, achieved at low current
densities (/ &~ 107> mA/cm?). Such efficiency is approxi-
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mately 3—10 times higher than the maximum #p of the near-
IR fluorescent OLEDs we reported earlier (11). In compari-
son with the undoped device, the n-doped device has slightly
lower quantum efficiencies with a maximum of 7goe =
3.3 % . The maximum #p value of the n-doped device is n7p =
17 mW/W, also slightly lower than for the undoped device;
however, the lower drive voltage resulting from the in-
creased conductivity of the n-doped ETL leads to higher
power efficiencies at J > 1072 mA/cm? for the n-doped
device. For example, at /] = | mA/cm?, p = 12 mW/W for
the n-doped device, which is more than 40 % higher than
that of the undoped device (8.4 mW/W).

The efficiencies of the vacuum-deposited OLED devices
are significantly higher than those of the solution-processed
PLED devices. These higher efficiencies can be attributed to
the multilayer structure of the OLED devices, which helps
to confine charge carriers to the emissive layer as well as to
minimize aggregation quenching effects occurring in the
PLEDs. Preliminary atomic force microscopy and transmis-
sion electron microscopy studies of the Pt(tptnp)-doped PVK:
PBD films confirms the presence of aggregates. A systematic
study of the effect of concentration and porphyrin structure
is the subject of ongoing work and will be reported in a
forthcoming full paper.

In summary, we report the synthesis and photophysical
characterization of Pt(tptnp), which emits phosphorescence
at 883 nm with a quantum yield in solution of 0.22. This is
the most efficient phosphorescent emitter that has ever been
reported that emits at 4 >800 nm. By using Pt(tptnp) as the
phosphor, we have fabricated near-IR polymer and organic
light-emitting devices that display electrophosphorescence
at A ~900 nm, with a bandwidth of ~100 nm. The PLEDs
and OLEDs exhibit record high-efficiency electrophospho-
rescence for devices that emit at 4 >800 nm.

EXPERIMENTAL SECTION

Synthesis of Platinum Tetraphenyltetranaphtho[2,3]-
porphyrin. The starting materials platinum(ll) acetate and tetra-
phenyltetranaphtho[2,3]porphyrin (tptnp) were synthesized as
previously reported in the literature (16, 17, 22). A 50 mL
Schlenk flask was charged with 0.112 g of tptnp and 0.150 g of
platinum(l) acetate dissolved in 25 mL of benzonitrile. The
solution was deoxygenated with argon for 45 min prior to
heating. The reaction mixture was kept under an argon atmo-
sphere and refluxed in an oil bath at 190 °C for 12 h. The
reaction mixture was cooled to room temperature and the
solvent removed by vacuum distillation. The crude material was
passed through a 4 in. length x 2 in. diameter column of neutral
silica with a dichloromethane/tetrahydrofuran solvent mixture
(9:1 viv) as eluent. The first dark green band was collected, and
the solvent was evaporated under reduced pressure. The prod-
uct was further purified by reprecipitation by dissolution in
warm dichloromethane followed by dropwise addition to excess
acetonitrile and storage overnight in a refrigerator. The precipi-
tate was collected on a fine fritted funnel and washed repeatedly
with cold methanol, affording 70 mg of Pt(tptnp) as a dark green
powder; yield 53 %.

Spectral Data. The 'H and gHMBC spectra of compound
Pt(tptnp) were taken on a Varian Inova 500 NMR spectrometer,
equipped with a 5 mm indirect detection probe and z-axis
gradients and operating at 500 MHz for 'H and 125 MHz for
'3C. The chemical shifts were referenced to the residual solvent
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signals: 7.22 ppmin 'H and 123.9 in '3C. Because of the limited
solubility of Pt(tptnp) in the NMR solvent, '*C chemical shifts
were measured by indirect detection, in a gHMBC spectrum.
"H NMR (pyridine-ds): 0 8.47—8.44 (m, 8H), 8.22—8.14 (m, 4H),
8.10—8.03 (m, 8H), 7.93 (s, 8H), 7.90—7.84 (m, 8H), 7.61 (8H,
overlap with solvent). '>C NMR (pyridine-ds): 6 142.4, 135.9,
134.2, 131.6, 130.5, 130.0, 129.7, 126.7, 124.1, 117.9. ESI-
TOF mlz 1206.3188, calcd 1206.3157.

Optical Characterization. Absorption spectra were mea-
sured using a PerkinElmer Lambda 25 UV—vis spectrometer.
The PL spectra were obtained by excitation at the Soret band
absorption maximum and recorded with an ISA SPEX Triax 180
spectrograph coupled to a Spectrum-1 liquid nitrogen cooled
silicon charge coupled device detector. This spectrometer has
a relatively flat spectral response to 900 nm, although there is
some loss in efficiency due to the grating, which is blazed in
the visible region. The solution phosphorescence quantum yield
was calculated relative to ZnTPP in CH,Cl, (¢ = 0.033) (23)
according to a previously described method (24). The sample
and actinometer solutions had matched optical density at the
excitation wavelength, and the emission spectra were corrected
for the spectrometer response prior to being used to compute
the quantum yield. Time-resolved transient absorption spectra
of Pt(tptnp) in toluene were collected by using previously
described laser systems for the visible and near-IR regions (25).
PL measurements of Pt(tptnp):PVK:PBD blends spin-coated
from chlorobenzene solution were performed on the apparatus
described above, and samples were excited at 345 nm to
maximize host polymer absorption.

Device Fabrication and Characterization. PLEDs were fab-
ricated on prepatterned indium tin oxide (ITO) coated glass
substrates with a sheet resistance of ~20 Q/0. The ITO sub-
strates were cleaned sequentially with a sodium dodecyl sulfate
solution, acetone, and isopropyl alcohol followed by exposure
to an oxygen plasma. A layer of PEDOT:PSS (Baytron P VP
Al4083) was spin-coated on the ITO immediately following
oxygen plasma exposure and then annealed at 120 °C under
vacuum for 2 h. The active layer solutions consisting of varying
weight percentages of Pt(tptnp) in PVK:PBD (60:40) were
prepared and spin-coated from chlorobenzene in an MBraun
glovebox with <0.1 ppm oxygen and water. The cathode
consisting of LiF (I nm), Ca (10 nm), and Al (80 nm) was
deposited in a thermal evaporator under a vacuum of 107 Torr.
Radiant emittance (R)—voltage (V) measurements were carried
out using a calibrated UDT Instruments silicon detector. Current
density ())—voltage (V) measurements were made using a
Keithley 2400 sourcemeter. The electroluminescence (EL) spec-
tra were collected using the ISA SPEX Triax 180 spectrograph
with the device driven using the Keithley sourcemeter. Each 2.5
x 2.5 cm substrate features eight independently addressable
pixels with area 0.07 cm?, and the results presented in Figure
3 represent measurements averaged over three pixels.

The near-IR OLEDs were fabricated on glass substrates
commercially coated with an ITO anode with a sheet resistance
of ~20 Q/0. The substrates were cleaned in ultrasonic baths of
deionized water, acetone, and isopropyl alcohol consecutively
for 15 min each and then exposed to an ultraviolet ozone
environment for 15 min immediately before loading into a high-
vacuum chamber (base pressure ~1077 Torr). All the layers,
including the cathode, were deposited using vacuum thermal
evaporation following procedures published previously (26). The
thicknesses of the HTL and EML were 40 and 20 nm, respec-
tively, whereas the ETL layer thickness was 100 nm, optimized
to achieve the highest device efficiencies. A 1 nm layer of LiF
followed by a 100 nm Al layer was then deposited as the
cathode. Radiant emittance (R)—current density (/)—voltage (V)
characteristics were measured under ambient conditions using
an Agilent 4155C semiconductor parameter analyzer and a
calibrated Newport silicon detector. The EL spectra were col-
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lected as described above, with the devices driven at a constant
current. The radiant emittance for both OLEDs and PLEDs was
calibrated assuming Lambertian emission, and the EQE (17gqg)
and electrical-to-optical power efficiency values () were de-
rived on the basis of the recommended methods (27). Each 2.5
x 2.5 cm substrate features four independently addressable
pixels with area 4 mm?, and the results presented in Figure 4
represent measurements averaged over at least eight pixels.
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Supporting Information Available: A figure giving tran-
sient absorption difference spectra of Pt(tptnp). This material
is available free of charge via the Internet at http://pubs.acs.

org.
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