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We report a new model for the Förster energy transfer in blends of Nile Red dye in poly-
(9,9-dioctylfluorene) (PFO). We base our discussion on the possible arrangement of the dye
molecules distributed in domains surrounded by polymer. These geometric considerations
lead to a R-3 functional dependence for the energy transfer, different from the R-6 deduced
by Förster for pointlike dipole-dipole interaction. The experimental value found for the
Förster radius, namely 3.2 nm, is in good agreement with 3.6 nm obtained from the spectral
overlap of donor emission and acceptor absorption.

I. Introduction

The Förster energy transfer mechanism in blends of
conjugated materials is currently exploited for the
design of organic light-emitting diodes.1-3 Suitable
combinations of host-guest organic materials can be
employed to efficiently tune the emission toward dif-
ferent parts of the visible spectrum. The efficiency of
this process in certain blends is such that total transfer
can be achieved even at a very low concentration of
guest molecules.4,5 This is mostly due to the shorter
donor-acceptor distances achieved in blends than in
multilayer structures and the dramatic dependence of
the energy transfer rate with the average donor-
acceptor separation R predicted by the Förster theory:6

where τo is the donor radiative lifetime and Ro is the
Förster radius defined as the distance for which direct
donor decay is equally likely to transfer energy to the
acceptor. There are, however, several reports in the
literature concerning energy transfer in polymer-
polymer or polymer-dye blends which suggest discrep-
ancies with the Förster theory.4,5,7 This deviation is
partly due to the fact that the R-6 dependence arises

from considerations of the dipole-dipole interaction
between two isolated molecules. This type of molecule-
molecule interaction is unlikely to take place in polymer
blends since the donor groups are not isolated but
distributed along polymer chains. At the same time, the
polymer chains may be arranged forming bulky solids
(we refer to them as surfaces) where the acceptor
molecules are embedded. A more appropriate descrip-
tion should take into account not only point-point
dipole interactions but also point-surface or surface-
surface interactions. These different types of interac-
tions lead to variations of the functional dependences
in eq 1 as Hill et al. demonstrated.8,9 In their work they
studied energy transfer between two LB films of PFO
and poly(9,9-dioctylfluorene-co-benzothiadiazole) (BT)
obtaining an energy transfer dependence KETaR-2 which
is in agreement with the extension of the van der Waals
potential energy between two surfaces. In polymer/
polymer blends however, the difficulty arises from the
random distribution of the donor and acceptor chro-
mophores in the blend. Hence, to estimate the average
donor-acceptor separation becomes extremely compli-
cated. Alternatively, polymer/dye blends offer a simpli-
fied insight to the problem: dye molecules blended in
polymer can be considered as pointlike dipoles spatially
fixed which interact with the surrounding walls of
polymer chromophores. Accordingly, we have assessed
the Förster law for the energy transfer in blends of poly-
(9,9-dioctylfluorene) and Nile Red. Nile Red is a laser
dye with high photoluminescence quantum efficiency
(PLQE) in solution (78% in acetonitrile)10 and good red
emission color ((0.64, 0.34) CIE coordinates11). Concern-
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ing its application in emissive devices, there have been
reports on Nile Red lasing,12 and LED design either in
multilayer structures or blended in polymer.13,14 The
moderate spectral overlap between PFO emission and
Nile Red absorption (Ro ) 3.6 nm calculated from
spectral overlap11) guarantees the establishment of an
energy transfer mechanism in the blend. We have
performed steady state and time-resolved photolumi-
nescence (PL) measurements on blends with different
concentrations of Nile Red. The dependence of the
energy transfer rates on the average donor-acceptor
separation was obtained and compared with the func-
tional dependence predicted by Förster for pointlike
dipole-dipole interaction. We discuss the results in
terms of geometrical arrangement of the donor chro-
mophores that involve the acceptor dipoles.

II. Experimental Details

Nile Red purchased from Aldrich was dispersed in PFO by
blending two master tethrahydrofuran solutions of polymer
and dye in the required ratios. The concentration of polymer
in solution (15 g/L) was kept constant. Spin-coating of blend
solutions at 1500 rpm produced films with a typical thickness
of approximately 100 nm. PLQE measurements were carried
out using a 354 nm He-Cd laser as the excitation source with
a typical output power below 1 mW/cm2. Films were placed
inside an integrating sphere (coated uniformly with a reflecting
material) in a N2 atmosphere to avoid photooxidation. An optic
fiber coupled to a Spex 270M scanning monochromator with
a photomultiplier detector was used to separate the light into
its different wavelength components. PLQE values of PFO and
Nile Red in blends were calculated by integrating the PL
emission corresponding to PFO (400-510 nm) and Nile Red
(510-700 nm), respectively, and normalizing it by the light
absorbed by the sample. PL dynamics of the donor were
monitored at 450 nm using the second harmonic of a 780 nm
mode-locked Spectra Physics Ti:Sapphire laser delivering
pulses of 150 fs. A spectrum analyzer was used to monitor the
profile of the pulses. PL from the sample was collected in
reflection geometry and sent onto a subtractive double mono-
chromator. The emission was resolved in time with a 600 fs
Hadland streak camera. Analysis of the image was obtained
using custom software designed for the streak camera and
which allows the averaging of intensity in selected intervals
of time.

III. Results

Absorption and PL spectra of Nile Red blended in an
inert matrix of poly(methyl methacrylate) (PMMA) are
depicted in Figure 1a and b, respectively. Figure 1a
displays the absorption of four films with different Nile
Red/PMMA weight ratios. A broad absorption band with
a maximum at 532 nm dominates the spectra. Besides
this, a shoulder is visible at around 555 nm for the most
concentrated 10:100 blend film. The PL spectra of Nile
Red displayed in Figure 1b show a progressive redshift
as the content of Nile Red in PMMA is increased. In
addition to this, the shape of the spectra undergoes a

significant change. Meanwhile the PL spectrum of the
0.5:100 film is composed of a band centered at 598 nm
with a long tail, and the 10:100 film exhibits a broad
PL band located at 630 nm. The absorption spectra of
Nile Red/PFO blends and pure PFO are shown in Figure
2. The absorption of Nile Red in the region around the
maximum absorption of pure PFO (390 nm) is negli-
gible. This allows us to exclude the possibility of direct
excitation when pumping at 390 nm and therefore
facilitates the identification of energy transfer from PFO
to Nile Red. Concerning the spectra of blends, their
shape is a superposition of the pure materials spectra.
Flattening of PFO maximum absorption at 390 nm is
characteristic of thick films with rough topographies.15

The concentration dependence of the absorption coef-
ficient at 530 nm which corresponds to the maximum
absorption of Nile Red is displayed in the inset of Figure
2. A deviation from the linear behavior takes place over
weight ratios of 1:100, which suggests the presence of
Nile Red aggregates in the film in this concentration
regime. Similar observations are often reported in small
molecules with aromatic structures.16,17 Figure 3 depicts
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Figure 1. (a) Absorption spectra of Nile Red blended at
different concentrations with PMMA. The vertical shift of the
spectra is the result of scattering. The chemical structure is
displayed in the inset. (b) Normalized photoluminescence
spectra of Nile Red in PMMA.
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the PLQE values of PFO and Nile Red in blends with
different dye contents. As the doping concentration
rises, PFO emission quenches and the PLQE values of
Nile Red experience an improvement. These two or-
thogonal behaviors constitute a clear proof for energy
transfer of excitations from the polymer to the dye. The
rise in Nile Red PLQE saturates at 0.1:100 weight ratio
after reaching a value of 40%. At this concentration
value PFO emission is not completely extinguished yet
(16% at 0.1:100 weight ratio) so that total transfer is
not fully achieved. As the doping is increased further,
the efficiency of the dye drops and the PL spectra
undergo a broadening and loss of features likely associ-
ated with the formation of dye-complex species with

low quantum yield (inset of Figure 3). It is remarkable
that these PL changes have no correspondence in the
absorption spectra. This fact is often presented as a
proof for formation of excimers, species characterized
by broad emission and low PL quantum yields.5,18 PL
decay curves of PFO in blends are shown in Figure 4.
The decay curves were fitted to single exponentials with
fairly good agreement: there were only slight deviations
in the more heavily doped 5:100 and 10:100 samples.
The increased noise observed in these two curves results
from the low PFO emission intensity due to the high
percentage of PFO excitons that are quenched, as shown
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Figure 2. Absorption spectra of blends of 10:100 (squares), 5:100 (circles), 1:100 (triangles), and 0.5:100, (crosses) dye/polymer
weight ratio and pure PFO (dotted). The inset figure represents the absorption coefficient at 530 nm vs. Nile Red concentration.

Figure 3. PLQE values of PFO (circles) and Nile Red (squares) in blends with different dye concentrations. The values of pure
PFO and Nile Red dispersed in PMMA were 57% and 51%, respectively. The PL spectra in the inset correspond to 0.07:100
(crosses) and 0.5:100 (triangles) blends. These two are located in different concentration regimes: increase of Nile Red efficiency,
and decrease, respectively. Note that the drop in efficiency is accompanied by a redshift of the PL spectrum.
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by the PLQE data. An acceleration of PFO dynamics is
detected as the concentration of dye in blends is
increased. The energy transfer rates were deduced by
subtracting the decay rate of pure PFO (KPFO ) 2.5 ×
10-3 ps-1) from the total decay rate of blends calculated
from the parameters of the fit. The dependence of the
Förster rates with the dye concentration follows a power
law with an exponent of nearly one (0.97) (inset of
Figure 4) showing a clear enhancement of energy
transfer rate as the Nile Red concentration is increased.

IV. Discussion

Assuming that the Nile Red molecules are embedded
in the matrix occupying each molecule the volume of a
hard sphere (inset of Figure 5), the dye concentration
will be related to the average intermolecular distance
2R as cRR-3. According to the concentration dependence

of the energy transfer rate kETRc found in the last
paragraph we infer that the energy transfer rates follow
a law of the type kETRR-3, as it is depicted in Figure 5.
This functional dependence represents a clear deviation
from the R-6 law described for point-point dipole
interactions. Additional proof for the deviation of the
experimental data from the predictions of the standard
Förster model is provided in Figure 6. According to the
standard Förster model the dependence of the donor
PLQE with the acceptor concetration is given by6

where φo is the fluorescence of pure PFO and γ holds
for the molar concentration of acceptor related to the

Figure 4. Log-lin plot of the PFO PL decay excited at 390 nm for a range of blends. The emission was detected at 450 nm. The
inset figure displays the dependence of the energy transfer rate with the dye content.

Figure 5. Log-log plot of the dependence of the energy transfer rate on the average donor-acceptor distance. The inset figure
shows the hard sphere distribution, which considers the molecules centered in a sphere of volume (4/3)πR3, being the average
distance between two molecules 2R.

φ

φo
) 1 - π1/2γ exp(γ2)(1 - erfγ) with erfγ )

2π-1/2∫0

γ
exp(-x2)dx (2)
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critical molar concentration given by:

where NA and Ro holds for the Avogadro’s number and
Förster radius, respectively. For our purposes we have
employed the Förster radius of 3.6 nm calculated from
spectral overlap of donor emission and acceptor absorp-
tion. A comparison of the theoretical predictions with
the experimental values is displayed in Figure 6. Two
types of experimental data sets were employed: PLQE
values obtained from CW-PL measurements and from
transient-PL measurements. To calculate the PLQE
values from the PL decay curves we have applied the
expression for the Stern-Volmer kinetics, which pre-
dicts a relation between the PLQE (φ) and energy
transfer rate given by

where φo is the PLQE value of pure PFO (57%), kYM[1Y]
is the rate of energy transfer from the singlet donor 1M
to the singlet acceptor 1Y which depends on the acceptor
concentration [1Y], and kM is the decay rate of 1M
singlets. Substitution of kYM by the transfer rates
calculated from the PL decay curves provides the PLQE
values of PFO at each concentration. At first glance, the
PLQE values obtained from CW-PL measurements
show a larger degree of quenching than those predicted
from lifetime measurements. Here we should remark
that energy transfer in polymer-based blends proceeds
mainly mediated via random exciton diffusion along the
polymer chains.19 This mobile nature of the excitons in

conjugated polymers results in a reduction of the donor-
acceptor separation, leading therefore to a more efficient
transfer as stated by eq 1. Alternatively, transient-PL
measurements allow direct monitoring of the donor-
acceptor interaction, providing therefore an estimation
of the transfer rates, which approaches the values
predicted when donor and acceptor dipoles are consid-
ered spatially fixed.

Comparison between experimental PLQE values and
the predictions of the Förster standard model show a
clear lack of agreement. These discrepances are partly
motivated by the fact that the standard expression does
not take into account energy transfer between PFO
chromophores, which it has been mentioned already
plays an important role in the case of polymer blends.
Alternatively, substitution of kET in the Stern-Volmer
relation by a expression of the type kETRc provides a
fairly good approximation to the experimental data and
confirms the validity of the kETRR-3 dependence found
from transient-PL measurements. Slight deviation is
observed only for the two more concentrated samples,
5:100 and 10:100. These discrepancies could be moti-
vated by the non-exponential PL decay curves exhibited
by these two samples. Moreover, we should remark that
in the high concentration regime the short donor-
acceptor separation provided is likely to induce an
increase of static energy transfer with respect to energy
migration, leading to a deviation from the predictions
of the Stern-Volmer kinetics.

Our experimental observations seem therefore to
suggest that the Förster energy transfer interaction
represented by eq 1 is not the most suitable model to
describe energy transfer in polymer/dye blends. This
model considers the donor-acceptor interaction as that
between two pointlike dipoles. The probability that each
acceptor dipole interacts only with one donor dipole does
not seem however to be the more likely situation
attending to the large density of donor chromophores
photogenerated in its surroundings. A more plausible
scenario seems to be instead energy transfer mediated
via the interaction between point acceptor dipole and
surface or volume distributions of donor dipoles which
are located in the neighborhood of the guest molecule.

The expression for a point-surface interaction for a
generic attractive potential -C/R6 is -CπF/6R3 where
F is the density of interacting groups included in the
solid.20 Hence, the extension of eq 1 to point-surface
interaction is given by

where Rh o is the Förster radius for the molecule-surface
interaction, τo is the fluorescence lifetime of pure PFO
(400 ps), and F is in this case the donor chromophore
density. The relation between the Förster radius for
molecule-molecule and molecule-surface interaction
(Ro and Rh o, respectively) is provided by eq 6. There is
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Figure 6. Comparison between the PLQE values obtained
experimentally with those predicted theoretically from the
standard Förster model (dotted line) and the proposed kETRc
approximation (dashed line). The experimental PLQE values
were calculated from steady state (filled squares), and tran-
sient PL measurements (open circles). The error associated
with the PLQE measurement was estimated as 10% of the
absolute value.
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still, however, an issue to be addressed at this point:
the assumption that the dye is well-dispersed in the
matrix. We have mentioned already the likely presence
of dye aggregation phenomena in the bulk. The good
dispersion assumption would lead to a situation of each
monomer of Nile Red surrounded by the matrix of PFO.
This situation would imply interaction with all the solid
planes involving the molecule. On the other hand, in
the case of dye monomers that form clusters, the
surrounding interaction could be partially screened by
the rest of the monomers that are present in the cluster,
so that each acceptor would interact only with the plane
that “is visible for him” as it is depicted in Figure 7.
Equation 5 deduced for an interaction between a
molecule and a single surface describes therefore better
the energy transfer process in the case of acceptor
molecules that are clustered.

Finally, we have attempted to estimate Ro from the
fitting parameters deduced from Figure 5. The main
problem here appears to be how to obtain a value for
the density of chromophores (F) since different types of
chain packing can be found in a spin-coated film.
Considerations about the arrangement of the chains are
therefore difficult to confirm. Another approach was
followed by Lieser et al. They reported a density value
of 0.996 g/cm3 in a related polyfluorene structure
(PF2/6).21 This value was based on the observation of a

film of polymer sinking in 2-propanol (F ) 0.979 g/cm-3)
at room temperature. From the molecular weight of one
PFO monomer (M ) 388 g/mol) we obtain a monomer
density value of 1.55 monomers nm-3. Assuming the
extension of a chromophore equal to approximately 12
monomer units (proposed by Klärner et al. for poly-
(dihexylfluorene)22) this gives a chromophore density
value of F ) 0.14 nm-3. From the fitting parameters of
Figure 5 and eq 5 we obtain a point-surface Förster
radius of Rh o ) 4.2 nm. Substituting Rh o and F in eq 6
produces a final value for Ro of 3.2 nm which is in good
agreement with the 3.6 nm obtained from the spectral
overlap of the donor emission and acceptor absorption.

V. Conclusion

Förster energy transfer from poly(9,9-dioctylfluorene)
to Nile Red has been assessed by making use of a model
that considers the Nile Red molecules homogeneously
distributed in the bulk, each occupying the volume of a
hard sphere. This approximation leads to a dependence
on the donor-acceptor separation KETRR-3 which differs
significantly from the point-point dipole interaction
described by KETRR-6. This R-3 dependence is, however,
in agreement with the expression expected for a dipole-
surface van der Waals type interaction. The good
agreement found provides an indication that the Nile
Red molecules may be aggregated in the bulk. This
hypothesis is supported by the deviation of Nile Red
absorption coefficient in blends over 0.5:100 weight
ratios from the linear behavior predicted by the Beer-
Lambert law. We have shown from a geometric argu-
ment that clustering of Nile Red may lead to a screening
of surface dipole interactions surrounding the cluster,
leading to an effective point-single surface interaction.
We estimate from our model a Förster radius Ro of 3.2
nm comparable with the 3.6 nm obtained from the
spectral overlap of donor emission and acceptor absorp-
tion.
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Figure 7. Proposed energy transfer scenario in Nile Red/PFO
blends. Two aggregates (represented by clustered spheres),
appear embedded between two polymer planes. The chro-
mophore groups in the PFO chains (arrows enclosed in ovals)
interact only with the nearest acceptor dipoles (arrows en-
closed in circles) due to partial screening of the more distant
dipoles contained in the aggregate.
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