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Study of the energy transfer processes in polyfluorene
doped with tetraphenyl porphyrin
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The energy transfer processes between polyfluorene and tetraphenyl porphyrin have been
investigated through steady state and time resolved measurements. Radiative transfer is found to be
negligible and so the results are analyzed in terms of Fo¨rster resonance energy transfer. Rate
equations are fitted to the experimental data to obtain values for the concentration dependent energy
transfer rate. From this, we calculate a value of 38 Å for the energy transfer distance. This compares
well with the value for the Fo¨rster radius we calculate from the spectral overlap, even though Fo¨rster
theory is not strictly valid for this system. ©2003 American Institute of Physics.
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INTRODUCTION

Polyfluorene has emerged as the most promising co
gated polymer for use in organic light emitting diod
~oLEDs!.1,2 It emits in the blue part of the spectrum, with
progression of vibronic peaks, and has a high fluoresce
quantum yield. It is easily processed into thin films throu
spin coating onto substrates from solution.3 The luminescent
properties of a thin film may be altered by doping with
suitable dye.4–7 Energy may be efficiently transferred from
the polymer to the dye, with the result that the emission
redshifted. Energy transfer can be radiative or nonradiati8

Radiative transfer involves the emission of a photon by
polymer and subsequent reabsorption by the dopant, and
relatively slow and inefficient process. Nonradiative trans
occurs via a dipole–dipole interaction between the initial a
final states, and is a very fast process. Both radiative
nonradiative transfer depend on the overlap between
emission spectra of the polymer and the absorption spect
the dopant, so their contributions can be difficult to dist
guish.

We have carried out experiments to investigate the
ergy transfer processes between polyfluorene and the
tetraphenyl porphyrin. Nonradiative transfer is shown
dominate, and we analyze this process in terms of reso
energy transfer. A rate equation model for this process
derived and used to fit the experimental results. A value
the energy transfer distance is calculated, and we com
this to the value predicted for the Fo¨rster radius from spectra
overlap calculations, including a strongly dispersive refr
tive index term, and a value derived at the equivalent em

a!Electronic mail: b.p.lyons@durham.ac.uk
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sion point for the donor and acceptor. Good agreemen
found, showing that the simple dipole–dipole approximati
of Förster theory works well even for systems where t
point dipole approximation would seem to break down.9

BACKGROUND

In polyfluorene, absorption of a photon causes an e
tron to be promoted from thep –p* band. A hole is left
behind, and the electron and hole interact to form a qu
particle called an exciton. The excited molecule can th
relax through radiative or nonradiative recombination of t
electron and hole. In nonradiative recombination, the ene
is dissipated in the film in the form of phonons. In radiati
recombination, the energy is released through emission
photon. There is a change in the equilibrium configuration
the polymer upon excitation, and excitons also migrate
lower energy segments of longer conjugation, such that
emission spectra is redshifted and displays vibronic cha
ter. These processes occur on a rapid time scale, i.e., r
energy migration within 1 ps, then a slower redshift due
excitation hopping during the next 100 ps after excitation

In studying energy transfer from a polymer to a dopa
in a solid film, two processes must be considered—radia
and nonradiative transfer. Radiative transfer involves
emission of a photon by the polymer and subsequent re
sorption by the dopant. It is a slow process, limited by t
polymer’s natural fluorescence lifetime. On the other ha
nonradiative transfer is an extremely efficient process, res
ing from the resonance between an initial configuration of
excited moleculem and unexcited moleculen, and a final
state of an excited moleculen and unexcited moleculem.
This resonance integral can be expanded into a multipo
multipole series, the first term of which is a dipole–dipo
7 © 2003 American Institute of Physics
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interaction. The effect of this interaction was first calculat
by Förster.10 He defined the Fo¨rster radiusR0 as being the
distance at which the probability of resonant energy tran
between two isolated molecules is equal to the probability
relaxation by all other processes,

R0
65

9000k2 ln 10

128p5n4NAV
wFLE

0

` f D~n!«A~n!

n4 dn. ~1a!

Here,wFL is the quantum yield of fluorescence of the don
n is the refractive index of the medium,f D(n) is the normal-
ized emission spectra of the donor,«A(n) is the molar ab-
sorption coefficient of the acceptor.k2 is a configurational
term to take into account the relative orientation of the tr
sition dipole moments of the donor and acceptor. It can t
a value between 0 and 4. For a large distribution of don
acceptor pairs, the mean value is 2/3. The overlap betw
polyfluorene emission and tetraphenyl porphyrin~TPP! ab-
sorption is shown in Fig. 1.

Note that in Eq.~1a!, the refractive index appears ou
side the integral. In Fo¨rster’s original calculations, the two
isolated molecules were considered to be in a medium
constant refractive index. In solution, or in an inert polym
host, this is valid. However, here the polyfluorene itself is
host, with a strongly dependent refractive index over
emission region. Since an excitation may be transfer
across several polymer chains, we propose that a frequ
dependent refractive index should be used. This would
evaluated as part of the overlap integral. The polyfluore
refractive index is shown in Fig. 2,

FIG. 1. The overlap between polyfluorene emission~solid line! and TPP
absorption~dashed line!.

FIG. 2. The measured refractive index of polyfluorene.
Downloaded 22 Oct 2007 to 128.125.5.237. Redistribution subject to AIP
d

r
f

,

-
e
–
en

of
r
e
s
d
cy
e
e

R0
65

9000k2 ln 10

128p5NAV
wFLE

0

` f D~n!«A~n!

@n~n!#4n4 dn. ~1b!

In our analysis, both Eqs.~1a! and ~1b! are used and the
resulting values compared. We also note that higher or
terms of the resonance integral might be important. Ho
ever, as shown by Dexter,11 these higher order processes a
strongly dependent on donor–acceptor separation and s
have ignored them as the acceptor is not chemically attac
to the donor and should be of order 5–10 Å away from ea
other.

In our system, when a polymer molecule and a dop
molecule are separated byR0 , the rate of resonance energ
transfer is equal to the combined rate of radiative and n
radiative decay,

kT5kR1kNR. ~2!

In the steady state, the rate equations for the population
the ground and excited states of the polymer and dopant
as follows:

d@D* #

dt
5G2~kDR1kDNR1kT@A# !@D* #, ~3a!

d@D#

dt
52G1~kDR1kDNR1kT@A# !@D* #, ~3b!

d@A* #

dt
5~kT1a•kDR!@D* #@A#2~kAR1kANR!@A* #,

~3c!

d@A#

dt
52~kT1a•kDR!@D* #@A#1~kAR1kANR!@A* #,

~3d!

whereG is the generation rate of excitons in the polym
@D#, @D* # are the numbers of donors~polymers! in the
ground and excited states,@A#, @A* # are the numbers o
acceptors~dopants! in the ground and excited states.kDR,
kDNR are the radiative and nonradiative decay rates of
donor, andkAR , kANR are the radiative and nonradiative d
cay rates of the acceptor~in ps21!. kT is the nonradiative
energy transfer rate~per dopant ps21!. a is a constant to take
into account the TPP’s absorption of the polyfluorene em
sion ~radiative transfer!.

The intensity of the emission from the polymer~in pho-
tons per units time! is

I D5S d@D* #

dt D
emission

5kDR@D* # ~4a!

and from the dopant

I A5S d@A#

dt D
emission

5kAR@A* #. ~4b!

These intensities were the two quantities that could be
rectly measured in this experiment. In the steady state,
~3! can be solved to give

I A

I D
5

kT@A#•wQY
TPP

kDR
. ~5!
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Here, we have neglected radiative transfer and so seta50.
The only unknown in this equation iskT@A# . We fit our
results to this equation to findkT@A# as a function of dopan
concentration.

EXPERIMENT

The polyfluorene used was poly~9,9-
diethylhexylfluorene! PF2/6. Its synthesis is describe
elsewhere.2,12 Tetraphenyl porphyrin was obtained fro
Porphyrin Products, Inc., and used without further purific
tion. PF2/6 and varying amounts of TPP were first separa
dissolved in toluene. These PF2/6 and TPP solutions w
then mixed together to obtain final solutions of 10 mg/
PF2/6, doped with 0%, 0.1%, 0.2%, 0.4%, 0.8%, and 1.
TPP by weight. Doped and undoped PF2/6 films were
tained by spincoating these solutions onto Spectrosil disk
1500 rpm. This gave films of 7563 nm thickness, as mea
sured on a Tencor AlphaStep profilometer. Film thickne
showed no systematic variation with dopant concentratio

Steady state emission spectra were measured usin
integrating sphere inside a Fluoromax-3 spectrometer.
films were excited at 350 nm, as PF2/6 absorbs strongly h
but we avoid direct excitation of the TPP. The emission sp
tra were corrected for background and instrument respo
and then the analysis was carried out.

Time resolved spectra were measured using the sec
harmonic~360 or 385 nm! from a 120 fs Ti:sapphire lase
~Coherent Mira! as an excitation source and a streak cam
detection system~Hamamatsu 4334!. The system has a tem
poral response function of 20 ps. Throughout, excitation
tensities were kept very low~,50 mW cm22! so as to avoid
bimolecular annihilation processes.

RESULTS AND ANALYSIS

Figure 3 contains the polyfluorene fluorescence de
constant as a function of TPP concentration, calculated f
the time resolved emission spectra. The polyfluorene lifet
decreases very sharply with increasing dopant concentra
up to 1% by weight, then remains constant at about 35 ps
10% doping, the lifetime drops dramatically to the limit
the apparatus. We have yet to investigate this sudden
crease, but believe it may be due to the onset of De
transfer or the formation of TPP aggregates.

FIG. 3. The effect of TPP concentration on the fluorescence lifetime
polyfluorene.
Downloaded 22 Oct 2007 to 128.125.5.237. Redistribution subject to AIP
-
ly
re
l

-
at

s

an
e
re
c-
se

nd

a

-

y
m
e
on
t

e-
er

Figure 4 shows the emission spectra without normali
tion. Figures 5 and 6 show the PF2/6 emission and T
emission, respectively, normalized to the peak of the po
fluorene emission. As stated earlier, any radiative transfe
expected to be small. Its effects may be seen in the emis
spectra of the polyfluorene. If radiative transfer is significa
the 0–0 transition peak in the doped samples should be
duced relative to the pure sample, as this peak overlaps m
strongly with the TPP absorption. Some quenching can
observed in Fig. 5; however, the effect is small and so we
justified in neglecting radiative transfer. Figure 7 shows
energy transfer rate found by fitting these ratios to the r
equations model. A value of 183 ps was taken for the flu
rescence decay lifetime of PF2/6, as found from tim
resolved measurements. In the analysis, a value of 0.3
used for the PF2/6 quantum yield. For the TPP, a quan
yield of 0.12 was taken.

To find the Fo¨rster radius, the absolute rate of resona
transfer must be calculated and compared with the nat
decay rate of the polyfluorene. The natural decay rate of
polyfluorene iskR1kNR55.46 ns21. From Fig. 7, it can be
seen that this rate of resonant energy transfer would occu
a concentration of 0.37% by weight. We make the appro
mation that the TPP molecules are evenly distributed i
‘‘cubic lattice’’ inside the polymer, and take the density
the film to be 1 g cm23. At this concentration, the molecule

FIG. 5. The normalized polyfluorene emission. The height of the hig
energy peak decreases with increasing levels of doping due to polyfluo
self-absorption.

fFIG. 4. The emission spectra of polyfluorene doped with varying amou
of TPP. The polyfluorene emission is greatest for the pure sample,
decreases with increasing levels of doping~0%, 0.1%, 0.2%, 0.4%, 0.8%
1.6%!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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would have a separation of 67 Å. It is important to reali
that this separation is not, as some have claimed, the Fo¨rster
radius.5 At most, a polymer molecule could bea0 /) away
from a dopant. In fact, the mean distance between a
domly placed excitation and a dopant turns out to be
over half the lattice constant, or in this case, 38 Å.

This experimental value was compared against the th
retical predictions of the spectral overlap Eqs.~1a! and~1b!.
A value of 2/3 was taken fork2. For the frequency indepen
dent refractive index, a value of 1.6 was used. This resu
in a Förster radius of 44 Å. The frequency dependent refr
tive index in Fig. 2 was used in Eq.~1b!. A Förster radius of
37 Å was found.

It has been suggested that excitation hopping may pla
part in the energy transfer process, i.e., transport may
crease the ‘‘effective’’ energy transfer distance.13,14 With in-
creasing levels of doping one would expect to see a blues
in the spectra, as excitations have less time to travel to
ments of longer conjugation length and lower energy.
investigate this further, we fit Gaussian peaks to the emis
modes of the samples in this experiment. The fitting proc
was performed using the Levenberg–Marquardt algorith
The only constraint was that the width of the peaks were
equal—with the exception of the first peak since this may
affected by self-absorption and radiative transfer. Figur
shows the variation in the spectral positions of the th
highest energy peaks with doping level. We estimate the

FIG. 6. The TPP emission, normalized to the polyfluorene emission.
TPP emission increases with concentration.

FIG. 7. The resonant energy transfer rate as a function of dopant con
tration, calculated using the rate equations model.
Downloaded 22 Oct 2007 to 128.125.5.237. Redistribution subject to AIP
n-
t

o-

d
-

a
n-

ift
g-
o
n

ss
.

et
e
8
e
t-

ted parameters to be accurate to within 0.02 eV at low d
ing levels, and to within 0.04 eV at high doping level
Though some blueshift may be observed for the first a
third highest energy peaks, these peaks are not so intens
the highest energy one may be affected by self-absorptio
previously mentioned. The most reliable analysis sho
come from the intense peak at 2.81 eV. Here, no system
blueshift is observed, confirming what is seen in Fig. 5.
ther intrachain transport is negligible, or cannot be obser
from these steady state spectra.

We are currently performing low-temperature expe
ments to investigate further whether or not intrachain tra
port contributes significantly to the energy transfer proce
and we will report our findings soon. For the moment, w
identify 38 Å as the room-temperature energy trans
distance between polyfluorene and TPP, rather than as
Förster radius.

CONCLUSIONS

We have calculated the energy transfer distance betw
PF2/6 and TPP by fitting steady state photoluminesce
measurements to a rate equation model neglecting radia
transfer. The value of 38 Å we find for the energy trans
distance lies between the values of 37 and 44 Å predicted
the Förster radius from the spectral overlap, using a disp
sive and nondispersive refractive index, respectively. The
fore, we believe that we are justified in neglecting radiat
energy transfer. We also note that the Fo¨rster model appears
to work well here even though it is based on a point dip
approximation. For our system, where a conjugated polym
is the donor and also the host, this would not seem to
valid. From our measurements, there is no evidence o
spectral blueshift on increasing the doping level, whi
would signify the presence of exciton hopping. Further
vestigations must be undertaken to determine the role, if a
of hopping in the transfer process. The validity of Fo¨rster
theory in this system can then be properly tested.

e

n-

FIG. 8. The variation in spectral position of the polyfluorene vibronic mod
with dopant concentration. Each line represents the center of a Gau
fitted to one of the peaks in the photoluminescence spectra. At 1.6%
doping, the polyfluorene emission was very weak and so the lowest en
peak could not be fitted.
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