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Light-emitting diodes (LEDs) based on conjugated poly-
mers offer significant potential advantages over other com-
peting technologies, as they can be fabricated cheaply and
easily by solution-based processing techniques. The opera-
tional lifetime and power efficiency of such devices have
now reached a point where commercial products can be ex-
pected soon.[1] Initial applications are likely to be in mono-
chrome back-lights for liquid crystal displays in mobile
phones followed by monochrome pixellated displays in the
same devices. Full-color red±green±blue (RGB) displays
based on organic materials are a very attractive prospect,
and a number of routes to fabricate such devices have been
suggested.[2±6] One of the most exciting prospects is the use
of ink-jet printing technology to allow direct patterning of
conjugated-polymer LED pixels.[6] The first report de-
scribed the use of a single polymer in a monochrome dis-
play but full-color prototypes have also been recently re-
ported.[7]

In general, the emission spectra of conjugated polymers
have a large full width at half maximum, FWHM » 50 to

100 nm. This is due to both inhomogeneous broadening
and the presence of a vibronic progression. For RGB dis-
plays, however, saturated colors are needed to achieve a
full color palette. We report here on the development of a
saturated-red-emitting system suitable for use in LED dis-
plays. Our approach is to dope the fluorescent red dye tet-
raphenylporphyrin (TPP) into the blue light-emitting con-
jugated polymer poly(9,9-dioctylfluorene), PFO. This and
other polyfluorenes are under intense investigation for
application in state-of-the-art LEDs.[7±11] In our system one
can combine the inherent advantages of ease of device fab-
rication for a solution-based conjugated polymer with the
narrow emission linewidth and red spectral characteristics
of the TPP dye. The resulting demonstration of efficient
single-step Förster transfer from blue to red uses the speci-
fic properties of porphyrins, namely their possession of a
high oscillator strength Soret band absorption in the blue,
which is efficiently coupled to the strongly spectrally dis-
placed Q-band red emission. The use of dopants, including
TPP,[12] to change emission wavelength is well documented
and has been exploited in LEDs based on sublimed molec-
ular materials. Similar approaches have also been used, but
to a substantially lesser extent, for conjugated-polymer
LEDs. For example, Tasch et al.[13] have used combinations
of the blue-emitting ladder polymer poly(p-phenylene) as
host with polymers containing a perylene moiety as guest.
In these devices, orange-red emission occurred from the
guest material but the linewidth was still broad. Thus, whilst
other groups have previously used a variety of dopants to
energy-shift emission via Förster transfer, we demonstrate
here an exceptionally large shift using a single-step transfer
to obtain a saturated red emission. This is potentially im-
portant for applications since it allows a single material to
be used as a blue light emitter, as a host for green emission
dyes, and as a host for a red emission dye. This may simplify
processing of full-color display pixels, especially via ink-jet
and other printing schemes, where the existence of a com-
mon component should assist ink formulation.

Figure 1a shows the absorption and photoluminescence
(PL) emission spectra of TPP (the chemical structure of
which is also shown). The porphyrin ªSoretº band appears
as a strong narrow absorption that peaks at 418 nm. The
two weaker absorptions with peaks at 512 nm and 550 nm
are the Q-bands, also typical of porphyrins. The PL spec-
trum shows two sharp transitions at 653 nm and 714 nm.
Figure 1b shows the corresponding data for PFO. The PL
emission from PFO extends from 400 nm to 600 nm with
clear vibronic peaks at 423 nm (0±0) and 441 nm (0±1) and
a shoulder at 468 nm (0±2). There is a strong overlap of the
PFO 0±0 emission peak with the Soret band absorption of
TPP such that efficient Förster transfer can be antici-
pated.[14] Direct emission from the TPP Soret band is very
weak but efficient internal conversion to the Q-band re-
sults in the characteristic red emission. Förster transfer can
also take place between the long-wavelength tail of the
PFO emission (resulting from interchain interactions[15])
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and the Q-band absorption, although in this case the nor-
malized overlap is quite small. Blending the red-emitting
TPP into the blue-emitting PFO should thus red-shift the
emission from a peak at 441 nm to a peak at 653 nm. More-
over, since the human eye has very little sensitivity beyond
700 nm,[16] the TPP vibronic replica at 714 nm is not seen.
The emission spectrum thus changes from a broad-band
whitish blue (Commission Internationale de l'Eclairage
(CIE) (1931) coordinates X = 0.20, Y = 0.15) to a narrow
red peak (X = 0.65, Y = 0.29).

Figure 2 shows the l = 354 nm excited PL emission from
PFO/TPP blend films with TPP concentrations (by weight)
of 0.08 %, 0.15 %, and 1 %. At the lowest TPP concentra-
tions, the blue PFO emission (peaking at 447 nm) domi-
nates the PL spectrum. As the TPP concentration is in-
creased, its characteristic red emission grows at the
expense of the PFO emission. At 1 %, virtually no emission
is observed from the PFO, and the TPP emission compo-
nent completely dominates. If we compare the optical ab-
sorption at 354 nm for a PFO film with that of a 1 % TPP/

PFO blend film, we find that the absorption coefficient of
the blend film is approximately 1 % greater than that of the
control. This indicates that, for the blend at this concentra-
tion, at least 99 % of the photons are absorbed by the PFO.
The emission is, however, dominated by the TPP, a result
that confirms efficient Förster transfer from the PFO.

We have determined the PL quantum efficiency of PFO
and TPP using our calibrated integrating sphere. For the
thin films of PFO (following direct excitation at 354 nm)
used here we find a PL quantum efficiency of (46 ± 4) %.
To measure the PL quantum efficiency of TPP by direct ex-
citation at 354 nm, it is necessary to create films with a
relatively large optical absorption coefficient at the excita-
tion wavelength. This minimizes systematic errors in the
measurement that otherwise cause underestimates of the
PL efficiency. TPP samples were prepared by dispersing
TPP in an inert poly(methylmethacrylate) (PMMA) matrix
at a concentration of 5 wt.-%. Relatively thick (~350 nm)
films of TPP/PMMA were cast from solution and had an
absorption of approximately 30 % at 354 nm. With these
samples, we determine the quantum efficiency for TPP to
be (10 ± 1) %. For a 1 % TPP/PFO blend film (where more
than 99 % of the excitation photons are absorbed by the
PFO) we determine a total quantum efficiency of 9.5 %.
This indicates that at least 95 % of the excitons photogener-
ated in PFO are Förster-transferred to the TPP.

Figure 3 shows the PL quantum yields for the TPP and
PFO emission components of the spectra as a function of

TPP concentration in the blend film. These were calculated
by integrating the emission over the range 400±600 nm for
PFO and the range 620±760 nm for TPP. On the upper
x-axis the effective distance (d) between TPP molecules is
given. This distance was calculated assuming that the TPP
molecules are uniformly dispersed throughout the blend
film, with each molecule occupying a volume of (4/3)pd3.
Below a 1 wt.-% concentration the TPP quantum yield de-
creases, reaching a value of 1.5 % at a 0.06 wt.-% concen-
tration. The reduction in emission from the TPP is due to
an increase in the effective average distance between an
exciton located on a PFO chain segment and a TPP mol-
ecule. This leads to a reduction in the dipole±dipole cou-
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Fig. 1. a) The absorption and PL emission spectra from a film of TPP doped
into a PMMA host matrix at 5 wt.-% concentration. The chemical structure
of TPP is also shown. b) The absorption and PL emission spectra from a thin
film of poly(9,9-dioctylfluorene) (PFO). The chemical structure of PFO is
also shown.

Fig. 2. The PL emission from TPP/PFO blend films at different TPP concen-
trations (by weight) following optical excitation at 354 nm.

Fig. 3. The PL quantum yield [%] of the TPP red emission (empty circles)
and of the PFO blue emission (filled circles) for different concentrations (by
weight) of TPP in the blend. The upper x-axis scale shows the average TPP
intermolecular distance.
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pling between the donor and acceptor, increasing the effec-
tive probability that the exciton will radiatively decay on a
PFO chain segment rather than transfer to a TPP molecule.
Above a 0.4 wt.-% concentration, the TPP PL quantum
yield is approximately constant at (9 ± 1) % until, at con-
centrations greater than 5 %, the quantum yield again re-
duces, reaching a value of 6.5 % at a TPP weight concentra-
tion of 11 %. The reduction of quantum yield at high
dopant concentrations is believed to be due to intermolecu-
lar interactions between the TPP molecules, leading to new
non-radiative decay channels possibly involving molecular
excimers.[17]

The concentration dependence has been analyzed in
terms of a dipole±dipole Förster transfer from the PFO to
TPP. The Förster radius (R0) is defined as the distance be-
tween the donor and the acceptor at which the probability
of intermolecular energy transfer equals that for relaxation
of the donor by fluorescence. This effectively means that
an exciton is as likely to decay (either radiatively or non-
radiatively) on a TPP molecule as it is to decay on a PFO
molecule. However, as the quantum yield of fluorescence
for PFO is approximately 4.6 times greater than for TPP,
the Förster transfer radius is identified as the average inter-
molecular distance at which the fluorescence quantum
yield from PFO is ~4.6 times greater than that of TPP. This
condition occurs at a TPP intermolecular distance of
5.4 nm (corresponding to a weight concentration of
0.107 %). Here, the quantum efficiency of emission from
PFO is 22.7 %, and from TPP it is 4.8 %.

R0 can also be calculated from the relative overlap of the
donor emission and acceptor absorption spectra.[12] The ex-
pected relation is

�R0�6 �
0:5291K2

NAn4
T (1)

where K2 is an orientation factor (2/3 for random orienta-
tion), NA is Avogadro's number, and n is the refractive in-
dex of the host. T is the overlap integral between the ab-
sorption spectrum of the acceptor and the fluorescence
spectrum of the donor and is defined by

T � R1
0

Fm�v±�eQ�v±�
dv
v±4 (2)

where Fm is the normalized fluorescence spectrum of the do-
nor, and eQ is the molar decadic extinction coefficient of the
acceptor, both expressed as a function of energy in
wavenumbers (v). For our TPP/PFO system, we calculate a
value of R0 = 4.8 nm. Using the same method, Shoustikov et
al.[12] have previously determined a Förster radius for energy
transfer from an Alq3 (tris(8-hydroxyquinoline) aluminum)
donor to a TPP acceptor of 3.3 nm. The difference between
these values occurs because the overlap between the emis-
sion spectrum of PFO and the absorption spectrum of TPP is
9 times greater than that for Alq3 as donor. The larger value
of T is reflected in an increase in the Förster transfer radius
by a factor of 91/6 = 1.44. The increase in Förster transfer ra-

dius translates to a lower loading of the dye being required.
High dye concentrations often lead to problems with phase
separation and crystallization but they are not needed here.
This behavior can be explained as a consequence of our utili-
zation of the very high extinction coefficient TPP Soret band
transition. For Alq3 the spectral overlap of the emission is
with the weaker Q-band transitions.

The fact that we determine a Förster radius from our
quantum yield measurements that is larger (5.4 nm) than
expected from a simple consideration of the overlap of ab-
sorption and emission spectra (4.8 nm) suggests the need
for further consideration of the processes involved in di-
pole±dipole transfer between extended polymer chain seg-
ments and localized dye molecules. In particular the wave-
function of an exciton located upon a conjugated polymer
chain can be delocalized over a number of monomer units
and thus has a greater spatial extent than an exciton lo-
cated upon a dye molecule. Moreover, an exciton on a con-
jugated polymer chain is able to diffuse along the chain,
and also hop between chains. It has been estimated that in
the polymer poly(p-phenylene vinylene)[18] this distance
can be up to 8 nm. Thus the value of R0 calculated by a
simple dipole±dipole coupling between two localized states
would always be expected to underestimate the transfer ra-
dius of the composite system.[19]

Figure 4 shows a plot of the current density as a function
of applied device bias for an ITO/BFA/(TPP/PFO)/Ca

LED, where ITO is indium tin oxide and BFA is a copoly-
mer (see Fig. 5 and the Experimental section) . The device
turns on at 20 V (arbitrarily defined as the bias required to
give a measurable luminance of 1 cd m±2) with a corre-
sponding current density of J = 2.5 A m±2. At an applied
voltage of 33 V (J = 600 A m±2), we measure a luminance
of 90 cd m±2. The EL emission from the device is identical

Fig. 4. Current density J (as a function of applied device bias) for a PFO
LED (filled circles) and for an LED otherwise identical to the emissive
PFO device but doped with 2.5 wt.-% TPP (solid line).

Fig. 5. The chemical structure of the hole transport polymer BFA.



to the PL emission from the TPP (see Fig. 1a) and has CIE
(1931) coordinates X = 0.65 and Y = 0.29, i.e., a good
red.[16] We calculate an external EL quantum efficiency at
33 V of 0.9 %, corresponding to 0.18 cd/A. This is a large
value for a red emission material. Equivalent, optimized
PFO LEDs without the TPP have an EL quantum effi-
ciency of 0.2 % (0.25 cd/A).[9] Although the EL quantum
yield of the TPP-doped LED is nearly five times higher
than that with PFO alone, the luminance efficiency of the
TPP-doped device in candela per amp is reduced. This is
simply a consequence of the reduced sensitivity of the eye
to red light compared to blue.[16]

Simple arguments based on the generation rate of singlet
excitons[20] within an organic LED suggest that

FEL � FPL�g (3)

where FEL is the EL quantum efficiency, FPL is the PL
quantum efficiency, Z is the spin factor for singlet exciton
generation, and g is a charge balance factor determining
the overall exciton generation rate. Hence the observed re-
duction in the PL quantum yield of the TPP/PFO blend
film (»10 %) compared to PFO on its own (»50 %) might
have been expected (with all other factors remaining con-
stant) to reduce the EL quantum yield by a factor of at
least five. However, the PFO/TPP blend device has an EL
quantum yield which is five times higher than for the un-
doped PFO device. There is thus a discrepancy in the ex-
pected EL quantum yield by a factor of 25. We propose
that the charge balance factor g increases in the doped de-
vices, with the result of an increased exciton generation
rate. As the TPP molecules have a HOMO±LUMO energy
separation that is smaller than that of PFO, they could act
as efficient charge traps. It has been shown that PFO de-
vices are injection limited[21] and that the current flowing
through such devices is dominated by holes, which have a
high mobility.[8] The introduction of hole traps would allow
the formation of a positive space charge, which could lead
to a reduction in the hole current and an enhanced electron
injection. The charge balance factor g would then increase.
Time-of-flight mobility measurements for hole transport do
indeed show a large drop in mobility for the TPP-doped
PFO in comparison to undoped PFO.[22] An increased bar-
rier to the injection of majority hole carriers into the LED
is also indicated by an increase in the turn-on voltage of
the TPP-doped devices compared to the pure PFO devices
(see Fig. 4). As a consequence of such hole trapping, it is
likely that direct recombination of electrons and holes can
occur on individual TPP molecules. This could clearly also
contribute to the increase in EL quantum yield. Similar ob-
servations of an increase in LED efficiency following dop-
ing have been reported by Tasch et al.[13] for a polymer/
polymer blend system.

The EL quantum efficiency of the TPP/PFO LEDs is
comparable to, and in many cases larger than, that re-
ported for other red LEDs. For example Burrows et al.[3]

reported a TPP-doped Alq3 LED with an efficiency of
0.07 %. Values of 0.5 % were obtained by Hu et al.[23] for
a dye-doped copolymer blend system emitting at
» 645 nm. Higher efficiencies have been reported for
blends doped with phosphorescent compounds. Gu et al.
reported an efficiency of 1.6 %[4] and Baldo et al. reported
4 %.[24] Note, however, that the doped systems in the latter
devices remove the limitations on Z since both triplet and
singlet states can emit.

In conclusion, we have presented a system of a blue
light-emitting host polymer (PFO) and a red light-emitting
molecular guest molecule (TPP) suitable for use in solu-
tion-processable LEDs. The large overlap between the
emission from the PFO and the Soret band of the TPP re-
sults in very efficient Förster transfer. A large Förster
transfer radius R0 = 5.4 nm is deduced. Between a TPP
weight concentration of 1 and 10 %, we find that 95 % of
photogenerated excitons are transferred from the PFO to
TPP. Finally, in LED devices, we achieve external EL quan-
tum efficiencies of 0.9 % at a luminance of 90 cd m±2. The
emission spectrum obtained has CIE (1931) coordinates
X = 0.65 and Y = 0.29 and thus represents a good red.

Experimental

Poly(9,9-dioctylfluorene) (PFO) was synthesized at the Dow Chemical
Company via a Suzuki coupling reaction [25] and was carefully purified to
remove ionic impurities and catalyst residues. Tetraphenylporphyrin (TPP)
was purchased from the Aldrich Chemical Company and was used without
further purification. PFO was dissolved in toluene at a concentration of
20 mg/mL, and TPP was then added at concentrations (by weight) varying
from 0.06 % to 15 %. Films of the TPP/PFO blend were prepared by spin-
coating the solutions onto quartz substrates suitable for absorption and
photoluminescence measurements. Films of TPP dispersed in poly(methyl-
methacrylate) were also prepared as control samples.

Photoluminescence quantum efficiency measurements [26] were per-
formed within a calibrated integrating sphere coupled via a fiber-optic link
to a scanning monochromator with a photomultipler as detector. The sam-
ple was mounted inside the sphere, and excited using the 354 nm line of a
HeCd laser. The use of a monochromator to measure the light field within
the sphere allows the relative contribution of the excitation and emission to
be separated. Thus we determine the relative number of excitation photons
inside the sphere (with the sample absent), and then with the sample present
we measure the relative number absorbed by the sample. This is compared
to the number of PL photons emitted by the sample, to give the fluorescence
quantum efficiency. Excitation densities were deliberately kept low
(~0.5 mW cm±2) and all measurements were made under a nitrogen atmo-
sphere to limit photo-oxidative degradation.

Double-layer LEDs were fabricated by first spin-coating a 50 nm layer of
the hole-transporting polymer poly[9,9-dioctylfluorene-co-(bis-N,N¢-(3-car-
boxyphenyl)-bis-N,N¢-phenylbenzidine)] (BFA) onto (oxygen plasma cleaned)
ITO-coated glass. The chemical structure of BFA is shown in Figure 5. On top
of this layer, a solution of PFO having a dopant concentration of 2.5 % TPP
was spin-coated, forming a 150 nm thick film. A calcium, electron-injecting
cathode was then deposited onto the polymer films by thermal evaporation.
All processing and device testing steps were made in a nitrogen-filled glove-
box, containing a few parts-per-million background levels of water and oxygen.
The LED brightness (as determined by the photopic response of the eye) was
measured using a calibrated luminance meter. The external EL quantum effi-
ciency of the devices was calculated by comparing the absolute luminance of
the device in the forward direction to the current density flowing through the
device, taking into account the spectral characteristics of the emitted light and
the photopic efficiency of the detector [27].
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Preparation of Mesoporous High-Surface-Area
Activated Carbon**
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Activated carbons (ACs) are usually microporous mate-
rials. Their main application is as adsorbents for the purifi-
cation of gases and water, and chemical processing. Ac-
cording to the International Union of Pure and Applied
Chemistry (IUPAC), the pores of a porous material can be
classified into three groups: micropores (diameter, d <
2 nm), mesopores (2 nm < d < 50 nm), and macropores
(d > 50 nm). For typical activated carbons, surface areas
are 800±1500 m2/g, mesopore surface areas are in the range
of 10±200 m2/g, and mesopore volumes vary between 0.1
and 0.2 cm3/g, but higher values (up to 0.5 cm3/g) can be
found in special cases.[1] The maximum of the pore volume
distribution curve versus the pore width (diameter) is
mostly in the range of 0.4±2.0 nm. The process of filling
mesopores, also known as transitional pores, with adsorb-
ate takes places via the mechanism of capillary condensa-
tion. Therefore, mesopores contribute significantly to ad-
sorption, but also act as the main transport arteries for the
adsorbate. In recent years, porous carbon materials have
been used as catalytic materials, battery electrode materi-
als, capacitor materials, gas storage materials, and biomedi-
cal engineering materials.[2] For such applications, the car-
bon materials should have a high mesopore content, so that
large molecules and ions that are too large to enter micro-
pores can penetrate and be adsorbed efficiently in such
pores. Microporous activated carbons, including ordinary
AC, high-surface-area (HSA) AC, and carbon molecular
sieves (CMS), have been extensively reported in the litera-
ture. In contrast, mesoporous activated carbons or meso-
porous activated carbon fibers have been reported only re-
cently.[2±9] These mesoporous carbons, prepared via
complicated and high-cost processes, usually have a low or
moderate surface area.

CO2 physical activation and ZnCl2 chemical activation
are two common methods for the production of activated
carbon. It is also possible to combine the two pro-
cesses.[10,11] It was found that a simultaneous physical and

_______________________

±

[*] Prof. Z. Hu, Prof. Y. Ni
Department of Chemistry
Tongji University
1239 Siping Road, Shanghai 200 092 (China)

Dr. M. P. Srinivasan
Department of Chemical Engineering
National University of Singapore
10 Kent Ridge Crescent, 119 260 (Singapore)

[**] This work was supported by the National Science and Technology
Board of Singapore (NSTB) under a grant for the project on Environ-
mental Technology (RP 3 602 037) and the Scientific Research
Foundation for Returned Overseas Chinese Scholars, State Education
Ministry (China).


