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a b s t r a c t

Energy transfer between poly (9,9'-di-n-octylfluorenyl-2,7-diyl) (PFO) as a donor in presence of TiO2

nanoparticles (NPs) and Fluorol 7GA as an acceptor with different weight ratios has been investigated by
steady-state emission measurements. Based on the absorption and fluorescence measurements, the
energy transfer properties, such as quenching rate constant (kSV), energy transfer rate constant (kET),
quantum yield (fDA), and lifetime (tDA), of the donor in the presence of the acceptor, energy transfer
probability (PDA), energy transfer efficiency (h), energy transfer time (tET), and critical distance of the
energy transfer (Ro) were calculated. F€orster-type energy transfer between the excited donor and
ground-state acceptor molecules was the dominant mechanism responsible for the energy transfer as
evidenced by large values of kSV, kET, and Ro. Moreover, these composite materials were employed as an
emissive layer in organic light-emitting diodes (OLEDs). Additionally, the optoelectronic properties of
OLEDs were investigated in terms of current densityevoltage characteristics and electroluminescence
spectra.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

F€orster resonance energy transfer (FRET) is known as dipole-
dipole or through-space energy transfer, and includes long-range
coupling of acceptor and donor dipoles. The F€orster mechanism is
based on resonance between two oscillating dipoles (i.e., electric
fields associated with electrons). The two dipoles can be coupled
coulombically if the ground state of one molecule and the excited
state of a neighboring molecule have matching oscillating electric
fields. Consequently, the energy of the excited state can be trans-
ferred from a donor to an acceptor through space (without the
exchange of electrons). The FRET efficiency depends on the relative
orientation of the donor emission dipole moment and the acceptor
absorption dipole moment. It reaches a maximum when the tran-
sition dipole of the acceptor ground state and oscillating dipole of
the excited donor are aligned [1]. FRET occurs if the acceptor ab-
sorption spectrum and donor emission spectrum overlap signifi-
cantly, and the distance between the donor and acceptor is not
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much greater than the F€orster radius (R0). The F€orster radius de-
pends on the dipole orientation and spectral overlap between the
acceptor absorption band and donor emission band [2]. FRET plays
an important role in the donor-acceptor blending that has been
used to achieve high performance efficiency of organic light-
emitting diodes (OLEDs) [3e7].

Polyfluorene derivatives are attractive candidates for OLEDs
because of their good chemical and thermal stability and their
remarkably high solid-state and solution fluorescence quantum
yields [8,9]. Furthermore, their properties such as processability,
morphology, and solubility can be controlled due to the facile
substitution at the 9-position of the fluorene monomer.

The optimization of the luminescence efficiency of OLEDs can
be achieved by balancing the electron and hole injection using
two different materials with heterogeneous electrical properties
[10,11]. In addition, the enhancement of the optical properties of a
polymer blend can be accomplished by shifting the emission
wavelength away from the absorption band of the dominant
polymer to decrease the optical loss. The wavelength shift can be
achieved by FRET from the excited state of the donor to the ground
state of the acceptor polymer [10,12]. Unfortunately, some prob-
lems can arise once the acceptor content exceeds a certain value
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due to the formation of dark quenchers [13]. This can be pre-
vented, and the enhancement of the energy transfer in the system
and OLEDs performance can be achieved by several methods such
as addition of nanostructure metal oxides like TiO2 nanoparticles
(NPs) [3], side chain approach [14], annealing [15], and dopant
control [16].

Poly (9,9'-di-n-octylfluorenyl-2,7-diyl) (PFO)/TiO2/Fluorol 7GA
is one of the most interesting conjugated polymer/TiO2/dye nano-
composites where the conjugated polymer acts as a donor and dye
as an acceptor. In the present work, we report that the strong
overlap between the emission spectrum of the donor and absorp-
tion spectrum of the acceptor in the presence of TiO2 NPs is
essential for the efficient FRET in the donor/acceptor blend. Despite
the important accomplishments in polymer/dye hybrids, there is no
in-depth study on the influence of the fixed composition of inor-
ganic nanostructures on the energy transfer parameters in the PFO/
Fluorol 7GA hybrid. In our previous work [4], the efficient energy
transfer between PFO and Fluorol 7GA was demonstrated. The goal
of the present work is a detailed investigation of the energy transfer
properties of the PFO/Fluorol 7GA hybrid in the presence of a fixed
content of TiO2 NPs. Furthermore, the influence of TiO2 NPs on the
enhancement of the energy transfer parameters and thus FRET is
investigated here in detail. In addition, the optoelectronic proper-
ties of the (PFO/TiO2)/Fluorol 7GA, which is used as a single emit-
ting layer in the OLED, are demonstrated.
2. Experimental procedures

2.1. Materials

The Fluorol 7GA (MW ¼ 324.41) was obtained from Exciton
(Dayton, Ohio, USA). The TiO2 powder (average size of 25 nm) and
poly (9,9'-di-n-octylfluorenyl-2,7-diyl) (PFO) (MW ¼ 58200) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Toluene solvent
produced by Fluka (Buchs, Switzerland) was used to dissolve all of
these materials. Both indium tin oxide (ITO) and glass substrates
were purchased from Merck Balzers (Balzers, Liechtenstein).
Fig. 1. Absorption spectrum of Fluorol 7GA and emission spectrum of PFO in the
presence of TiO2.
2.2. Thin film preparation

All samples were deposited onto the glass substrates for both
absorption and photoluminescence (PL) measurements and onto
the ITO substrates for the current densityevoltage (JeV) and elec-
troluminescence (EL) measurements. Before OLED fabrication, the
ITO substrate, which served as an anode, was first etched and
patterned by exposing to vapor of nitrate acid (HNO3) and hydro-
chloric acid (HCl) in amolar ratio of 1:3. Then, the ITO substratewas
cleaned sequentially in acetone and isopropanol under ultra-
sonication for 15 min at each step to clean the surface and remove
any impurities.

Under sonication for 1 h, different weight ratios of Fluorol
7GA (0.1, 0.3, 0.5, 1.0, 3.0, and 5.0 wt %) were added to a fixed
ratio of PFO: TiO2 (90:10 wt %). For all samples, the concentration
of PFO was fixed at 15 mg/ml. Using the spin-coating technique,
(PFO: TiO2)/Fluorol 7GA composites were deposited onto the
substrates with dimensions of 2 cm � 1.2 cm. The deposition
parameters were fixed at a rotational speed of 2000 rpm for
0.5 min. Then, to remove the solvent from the film, it was baked
at 120 �C for 10 min in a vacuum oven. The ITO substrates con-
taining organic film were transferred to an electron beam
chamber to deposit an aluminum cathode. The deposition rate
was 2 Å/min at a chamber pressure of 2.5 � 10�6 Pa. The thick-
ness and active area of the fabricated aluminum cathode were
150 nm and 0.076 cm2, respectively.
2.3. Sample characterization

Perkin Elmer Lambda 900 UVeVIS Spectrometer and Perkin
Elmer (LS55) Luminescent Spectrophotometer were employed to
obtain absorption and PL spectra, respectively. A Keithley 238
measurement system and HR2000 Ocean Optic Spectrometer were
used for JeV and EL measurements, respectively.

3. Results and discussion

According to Fig. 1, there is a strong evidence of efficient energy
transfer between monomers of the donor (PFO) in the presence of
TiO2 NPs and molecules of the acceptor (Fluorol 7GA) due to a large
spectral overlap between the absorption spectrum of Fluorol 7GA
and emission spectrum of PFO/TiO2. Consequently, the F€orster-type
energy transfer is possible in this system. As a result of strong
spectral overlap between absorbance of acceptor and emission of
donor, the probability of electron transfer is considered insignifi-
cant. The emission spectra shown in Fig. 2 support this conclusion.
Moreover, the radiative energy transfer between the donor and
acceptor is weak because of low acceptor concentration. These
findings are consistent with the previous reported studies in which
FRET is the dominant mechanism for energy transfer in most
polymer-dye blends [4,17,18].

Fig. 2 also shows that the maximum emission intensities
experience a red shift with increasing acceptor concentration. This
effect can be attributed to radiative migration due to self-
absorption [19,20]. When the Fluorol 7GA concentration exceeded
5 wt%, the emission of PFO in the presence of the TiO2 NPs was
almost entirely quenched, which resulted in complete energy
transfer from the donor to the acceptor. This quenching is the ev-
idence of the efficient nonradiative energy transfer between the
monomers of PFO in the presence of the TiO2 NPs and molecules of
Fluorol 7GA [21]. The emission intensity from the acceptor had a
maximum at 1.0 wt% of Fluorol 7GA in the nanocomposites.
Increasing the Fluorol 7GA concentration above 1.0 wt% resulted in
decreasing emission intensity. This decrease can be attributed to
the aggregation of the Fluorol 7GA molecules [4].

The FRET parameters of the system can be determined from the
absorption and fluorescence spectra of the nanocomposites. The
SterneVolmer (kSV) and quenching rate (kq) constants can be esti-
mated as follows [22,23]:



Fig. 2. Emission spectra of PFO/TiO2 in the absence and presence of Fluorol 7GA at
different ratios (lex ¼ 355 nm).
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ID
IDA

¼ 1þ kSV ½A� (1)

kq ¼ kSV
tD

(2)

where ID and IDA are the fluorescence intensities of the donor in the
absence and presence of the acceptor, respectively, [A] is the
acceptor concentration, and tD (~346 ps) [4] is the excited state
lifetime of the donor in the absence of the acceptor. The homoge-
neity of the dynamic quenching of the PFO by the Fluorol 7GA in the
presence of the TiO2 NPs can be detected from the linear
SterneVolmer plot (Fig. 3). The obtained value of kSV (~0.011
(mM)�1) suggests that 50% of the fluorescence was quenched at the
Fluorol 7GA concentration of almost 90.9 mM (0.029 mg/ml),
whereas it was quenched at 50 mM in the absence of TiO2 NPs [4].
Although the obtained value of kq (3.12 � 1013 M�1 S�1) is less than
Fig. 3. SterneVolmer plots for the emission quenching of PFO/TiO2 by different con-
centrations of Fluorol 7GA.
that in the absence of TiO2 NPs [4], it is still significantly greater
than 1 � 1010 M�1 S�1, which is the minimum value for efficient
quenching [24]. Moreover, the high value of kq is the evidence of the
goodmixing and thus the excellent quality of the interface between
PFO and Fluorol 7GA in the presence of TiO2 NPs.

Because of the homogeneous dynamic quenching of PFO by
Fluorol 7GA in the presence of the TiO2 NPs, the SterneVolmer
equation can also be represented as:

ID
IDA

¼ tD
tDA

¼ ∅D

∅DA
(3)

where fD ~ 0.72 [4] is the fluorescence quantum yield of PFO in the
absence of Fluorol 7GA, whereas tDA and 4DA are the excited state
lifetime and fluorescence quantum yield of PFO in the presence of
Fluorol 7GA, respectively [24]. The tDA and 4DA values in the pres-
ence of TiO2 NPs for different Fluorol 7GA weight ratios have been
calculated and presented in Table 1. It is clear that an increase in the
Fluorol 7GA ratio leads to a dramatic decrease in the values of 4DA.
This decrease provides additional evidence for the low probability
of the radiative energy transfer. Meanwhile, an additional evidence
for the FRET efficiency has a significantly lower value of tDA
compared to tD in the presence of TiO2 NPs [25]. The values of tDA
and 4DA with TiO2 NPs are almost two times smaller than those
without TiO2 NPs [4], which confirms the positive effect of TiO2 NPs
on the enhancement of nonradiative energy transfer from PFO to
Fluorol 7GA.

The probability (PDA) and efficiency (h) of the donor-acceptor
energy transfer in the presence of TiO2 NPs were calculated using
Eqs. (4) and (5), respectively [26].

PDA ¼ 1
tD

�
ID

IDA � 1

�
(4)

h ¼ 1� IDA
ID

¼ R60
R6DA þ R60

(5)

where Ro is the F€orster transfer radius defined as the intermolecular
separation between the acceptor and donor (RDA) at which the
F€orster energy transfer competes equally with all other de-
excitation mechanisms.

An exponential relationship between PDA and acceptor weight
ratios can be clearly seen in Fig. 4. The gradual increase in PDA values
with addition of Fluorol 7GA resulted from the systematic reduc-
tion in the fluorescence intensity (IDA) of the PFO/TiO2
nanocomposite.

Fig. 5 demonstrates a systematic increase in h with initial
addition of the Fluorol 7GA until its content reaches 3 wt%. The
maximum energy transfer efficiency is around 97%. This value re-
mains almost unchanged even if the Fluorol 7GA content exceeds
3 wt%. The insignificant variation of h when the acceptor content
exceeds 3 wt% can be attributed to the trivial change in the
Table 1
Quantum yield, lifetime of PFO/TiO2 in the presence Fluorol 7GA and the overlap
integral, critical energy transfer distance between the donor/TiO2 and acceptor.

Acceptor content in
(donor/TiO2)/acceptor blend

fDA tDA (ps) J (l) � 1015

(M�1 cm�1 nm4)
R (Å)

0.1 wt % 0.56 269 8.50 60.33
0.3 wt % 0.46 224 8.03 59.76
0.5 wt % 0.37 176 6.25 57.32
1.0 wt % 0.26 126 4.02 53.25
3.0 wt % 0.044 21.2 1.50 45.18
5.0 wt % 0.023 11.1 1.02 42.36



Fig. 4. Probability of energy transfer from PFO/TiO2 to Fluorol 7GA for different weight
ratios.
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fluorescence intensity of PFO/TiO2 nanocomposite, as previously
shown in Fig. 2.

The critical transfer distance (i.e., the F€orster radius) can be
estimated using the following formula [27]:

R6o ¼
9000ðln10Þb2fD

128p5n4No

Z
FDðlÞεAðlÞl4 dl¼

9000ðln10Þb2fD

128p5n4No
JðlÞ

(6)

where n is the refractive index of the solvent, No is Avogadro's
number, b2 is the orientation factor equal to 2/3 for isotropic media,
l is the wavelength, εA(l) is the molar decadic extinction coefficient
of the acceptor, and FD (l) is the normalized spectral distribution of
the donor (i.e., ! FD (l) dl ¼ 1). The values of Ro and J(l) are tabu-
lated in Table 1. As shown in this table, the concentration variation
of the acceptor molecules in the D/A pair has limited influence in
estimating the critical distance [28]. The average value of Ro was
Fig. 5. Efficiency of energy transfer from PFO/TiO2 to Fluorol 7GA for different weight
ratios.
53 Å, which suggests that the dominant mechanism responsible for
the energy transfer is the long-range dipoleedipole energy transfer
(F€orster type), because the F€orster type is usually effective in the
range of 10 Åe100 Å [29,30]. Thus, this finding confirmed the
appropriateness of the F€orster theory to calculate the F€orster en-
ergy transfer rates as reported by other researchers [31e33].

The RDA was calculated from Equation (5). Fig. 6 shows the in-
fluence of the acceptor content on the distance between the donor
and acceptor molecules in the presence of TiO2 NPs. As the acceptor
content increased from 0.1 to 5 wt%, the RDA decreased from 65.4 Å
to 30.0 Å. This means that the distance between the monomers of
PFO and molecules of Fluorol 7GA becomes much smaller in the
presence of TiO2 NPs compared to that in the absence of TiO2 NPs,
which was in the range 42.67 Åe76.20 Å [4].

As shown in Fig. 7, the energy transfer efficiency (h) has an in-
flection point at RDA ¼ Ro. h is close to unity at RDA<0.5 Ro, and it
dramatically decreases at RDA > Ro. This means that the F€orster
energy transfer from PFO to Fluorol 7GA in the presence of TiO2 NPs
occurred with a higher probability if the distance between the
donor and acceptor molecules was less than 1.5 Ro for
10 Å<Ro < 100 Å, which is in good agreement with previous reports
[4,34].

Additional evidence for the efficient energy transfer from PFO to
Fluorol 7GA in the presence of TiO2 NPs can be obtained from the
values of energy transfer lifetime (tET), energy transfer rate (kET),
and the total decay rate of the donor (kET þ tD

�1). These parameters
are listed in Table 2. They were calculated using the following
Equations (7) and (8) [24,35]:

kET ¼ 1
tD

�
R0
RDA

�6

(7)

tET ¼ 1
½A�kq (8)

The reduction of tET, increase of kET, and the total decay rate
upon an increase in the acceptor content indicate the efficient en-
ergy transfer in the current system [24]. On the other hand, without
TiO2 NPs, the values of tET are almost two times smaller, whereas
the values of kET and the total decay rate are much larger than those
in the presence of TiO2 NPs [4]. These findings are another evidence
Fig. 6. Distance between donor/acceptor molecules in the presence of TiO2 versus the
acceptor content.



Fig. 7. Dependence of efficiency of energy transfer (h) on the distance between donor/
acceptor molecules in the presence of TiO2.

Fig. 8. JeV characteristics of PFO/TiO2 and (PFO/TiO2)/Fluorol 7GA OLED devices.
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for the positive effect of TiO2 NPs on the enhancement of FRET
between PFO and Fluorol 7GA.

Fig. 8 demonstrates the influence of the acceptor content on the
current density (J) of the PFO/TiO2 nanocomposite under forward
bias (V). It can be observed that the current density decreases with
increasing acceptor content. This reduction can be attributed to the
resistivity improvement of the light emitting layer [36]. Further-
more, the decrease in the current density of the devices means an
increase in the hole-electron pair (exciton) confinement and
exciton recombination efficiency, which are essential for the
enhancement of the device performance [37,38]. The energy
transfer can occur together with the charge trapping process in the
ITO/(PFO/TiO2)/Fluorol 7GA/Al devices as evidenced by the JeV
behavior (Fig. 8). Moreover, it can be clearly seen that the turn-on
voltage decreased faster upon an increase in the Fluorol 7GA con-
tent in the presence of TiO2 NPs [4], which provides the evidence of
the important role of the existing TiO2 NPs in enhancing the OLED
performance.

A broad visible emission of the EL spectra extending from
400 nm up to 750 nm for all devices is demonstrated in Fig. 9. The
EL spectra of PFO/TiO2 (Fig. 9(a)) exhibited two green emission
peaks at 519 and 555 nm in addition to two blue emission peaks at
425 and 450 nm. The two green emission peaks are related to the
electrochemical degradation of PFO and keto defect during the
device operation and fabrication, respectively [5,39], while the blue
emission peaks can be attributed to PFO [5]. A new shoulder peak at
590 nm was detected in addition to the previously observed PFO/
TiO2 peaks upon addition of Fluorol 7GA. These findings can be
Table 2
Energy transfer rate, energy transfer lifetime and total decay rate of (PFO/TiO2)/
Fluorol 7GA nanocomposite.

Acceptor content in
(donor/TiO2)/acceptor blend

kET (ns)�1 tET (ps) Total decay
rate (ns)�1

0.1 wt % 0.821 517 3.71
0.3 wt % 1.58 173 4.47
0.5 wt % 2.79 103 5.68
1.0 wt % 5.07 51.7 7.96
3.0 wt % 44.4 17.3 47.3
5.0 wt % 87.6 10.3 90.4

Fig. 9. Electroluminescence spectra of (a): PFO/TiO2 and (b): (PFO/TiO2)/Fluorol 7GA
OLED devices.
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attributed to the carrier trapping processes and F€orster-type energy
transfer, which can manifest together in the device. The optimum
weight ratio of Fluorol 7GA was 1.0 wt % based on the EL mea-
surements (Fig. 9(b)), which is consistent with the PL measure-
ments (Fig. 2).

4. Conclusion

Optoelectronic properties and F€orster energy transfer of PFO/
Fluorol 7GA hybrid thin films in the presence of TiO2 NPs have been
investigated. The strong overlap between the emission band of PFO
and the absorption band of Fluorol 7GA in the presence of TiO2 NPs
was crucial for an efficient energy transfer in the (PFO/TiO2)/Fluorol
7GA blend. PFO intensity quenching in the presence of TiO2 NPs and
an enhancement in the intensity of Fluorol 7GA indicated an effi-
cient nonradiative energy transfer from the donor to the acceptor.
The large values of Ro, kSV, and kET indicate that FRET is the domi-
nant mechanism for energy transfer. Both the F€orster energy
transfer and trapping process in the ITO/(PFO/TiO2)/Fluorol7GA)/Al
led to an improvement in the OLED performance. Further
improvement of the device performance can be expected by
incorporating the emissive layer ((PFO/TiO2)/Fluorol7GA) in be-
tween an appropriate hole and electron transport layers, which will
be studied in detail in the future.
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