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ABSTRACT: Different weight ratios of poly(9,9-dioctylfluorene-2,7-diyl) (PFO)/poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) hybrid thin films, with and without a SiO,/TiO, nanocomposite (NC), were successfully prepared using a solution blending
method. All samples were deposited onto glass substrates by a spin coating technique to produce homogeneous thin films. The effect of the
SiO,/TiO, NC on the enhancement of the energy transfer mechanism in the PFO/MEH-PPV hybrids was investigated. The energy transfer
parameters were calculated on the basis of the absorption and emission measurements. The long-range dipole-dipole energy transfer
(Forster type) between the acceptor and donor molecules was enhanced in the presence of the SiO,/TiO, NC in the hybrid thin films. The
addition of the SiO,/TiO, NC in the PFO/MEH-PPV hybrids reduced the distance between the donor and acceptor molecules more than
the individual addition of SiO, or TiO, nanoparticles. Moreover, the direct relationships between the acceptor contents and energy transfer
parameters, such as the energy transfer radius (Rp,), energy transfer efficiency (), and energy transfer probability (Pps), were estimated
using theoretical fittings. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47845.
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INTRODUCTION that can occur in the thin films of polymer blends owing to the low
entropy of mixing between the dissimilar polymers and photooxida-
tion during preparation of the film.>” Many researchers have shown
that these problems can be successfully reduced through several

physical, chemical, and engineering methods.* '

Organic materials with good emission responses are suitable can-
didates for numerous optoelectronic applications such as solar
cells, photovoltaic sensors, and organic light-emitting diodes
(OLED:s). In the solid state, conjugated organic combinations
exhibit a unique variety of electrical, optical, and photoelectric
properties.' Compared with inorganic materials, organic materials
have numerous advantages, such as ease of processing and low
cost. Moreover, inorganic nanostructures mixed with organic
materials impart interesting and unique optoelectronic properties
to nanocomposite (NC) materials.?

The solid state of the donor/acceptor combinations emits light;
therefore, such combinations have attracted significant attention
as the emissive layer in optoelectronic devices."" "> This enhancement
in the emission of the solid state of the donor/acceptor combinations
can be attributed to specific aggregation (J- or H-aggregation) or intra-
molecular planarization in the combinations.*'* Numerous

Although numerous conjugated organic light-emitting materials are
highly luminescent in their dilute solutions, they become less emis-
sive upon fabrication into thin films.®> This reduction in their lumi-
nescence efficiency is attributed to the molecules aggregating and
then forming less emissive species, such as excimers.* Phase separa-
tion, keto defect formation, and poor stability are other problems
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models, such as rotational deactivation, noncoplanarity, and exci-
ton diffusion, have been suggested for enhanced emission in the
solid state compared with emission quenching in solutions.'>"”
Unfortunately, the intermolecular interaction occurs in the solid
state of donor/acceptor blending, resulting in the quenching of
the luminescence.'® As reported in our previous study, this
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nanomaterials.

diminished by incorporating inorganic

Several approaches have been utilized to enhance the OLED per-
formance, including perfect matching between the working func-
tions of the electrodes and the energy levels of the polymer,'
multilayer device fabrication,’ and utilization of hole and elec-
tron transporting layers.”> Another recent technique involves the
enhancement of Forster energy transfer.”"**

In our previous studies, the inclusion of TiO, NPs prevented the
formation of dark quenchers and enhanced the emission perfor-
mance.'”'*> Moreover, in a recent study, the visible and ultraviolet
emission intensities of SiO,/TiO, were greater than that of those
of pure SiO, or TiO, NPs.?*> This enhancement in the emission
intensities can be attributed the oxygen vacancies and trapped
electrons at the interface of SiO,/TiO, NC thin films.?* Based on
these findings, the incorporation of SiO,/TiO, into the blends of
the emitting polymers could improve the performance of opto-
electronic devices through the enhanced Forster energy transfer.

Several strategies have been developed to prepare well-defined
inorganic/organic hybrid NCs. The most common of these strategies
are via starlike polymer as nanoreactors” %, sol-gel”” in situ
polymerization,”® and solution blending method.”® In this study, poly
(9.9 -di-n-octylfluorenyl-2.7-diyl) (PFO) as a donor and poly [2-
methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as
an acceptor were blended at various ratios with and without a SiO,/
TiO, NC by the solution blending method. The ratio of SiO,/20 wt.
% TiO, was used in this study. The range used provided greater emis-
sion intensity than that of individual TiO, or SiO, NPs.Z Then, thin-
film blends were prepared by a spin coating technique. The optical
properties and energy transfer mechanisms of these conjugated poly-
mer hybrids were compared with and without the SiO,/TiO, NC. The
PFO/0.5 wt. % MEH-PPV hybrid was used to evaluate the effect of the
individual addition of TiO, and SiO, NPs on this hybrid in terms of
the optical properties and energy transfer mechanism. Furthermore,
the effect of the acceptor content on the energy transfer parameters
with and without the fixed ratio of the SiO,/TiO, NC was evaluated by
theoretical equations.

EXPERIMENTAL

PFO (Mw = 58,200 and PDI~ 3.7) and MEH-PPV (Mw = 40,000
and PDI ~ 6) were purchased from Sigma Aldrich (Saint Louis,
Missouri, USA) and were used as received, without further purifica-
tion. The chemical structures of these conjugated polymers are
shown in Figure 1. The (SiO,/20 wt. % TiO,) was prepared as
reported in our previous study, where the sizes of the TiO, and SiO,

O-CHj
Vs

o

R R .
R = CHo(CH2)4CHs K[\ACHS
CHs &
PFO MEH-PPV

Figure 1. Chemical structure of PFO and MEH-PPV.
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NPs were 25 and 26.4 nm, respectively.>> The solution blending
method was employed to prepare the PFO/MEH-PPV hybrid with
various weight ratios of MEH-PPV: 0.1, 0.5, 1.0, 5.0, and 10 wt. %,
with and without a fixed ratio of 10% SiO,/(20% TiO,) NC. The same
procedures as those of our previous study were followed to prepare
PFO/0.5 wt. % MEH-PPV with an individual fixed ratio of 10 wt. %
TiO, and 10 wt. % SiO, NPs. All materials were dissolved in a toluene
solvent produced by Fluka. This solvent produced a better distribu-
tion onto a glass substrate than that of other common solvents, such
as THF. Here, 100 pL from each sample was deposited onto a glass
substrate with the dimensions of 1.2 cm X 2 cm using a spin coating
technique (2000 rpm for 20 s), and then, the samples were annealed
at 120 °C in a vacuum oven to remove the solvent.

A Perkin Elmer Lambda 900 ultraviolet-visible Spectrometer was
employed to obtain the absorption spectra, and an Edinburgh
Instrument FLSP920 spectrophotometer was used to obtain the
PL spectra and time resolved photoluminescence. Origin software
(version 8.0) was used to analyze the absorption and emission
data to determine the energy transfer parameters and to design
the theoretical equations by fitting the curves.

RESULTS AND DISCUSSION

Absorption and Fluorescence Spectra

Figure 2(a) shows the absorption spectra of the thin films of pris-
tine PFO, pristine MEH-PPV, and PFO with different contents of
MEH-PPV, corresponding to 0.1, 0.5, 1.0, 5.0, and 10 wt. %. The
absorbance peak of pristine PFO was in the range 300-450 nm
with a maximum peak at approximately 398 nm, while two peaks
were observed at 342 nm and 515 nm for pristine MEH-PPV.
For the blended PFO with different contents of MEH-PPV, the
peak at 342 nm was hidden, while the peak at 515 nm was
enhanced dramatically with an increasing MEH-PPV content.
Moreover, no new absorbance peak appeared upon increasing the
MEH-PPV content up to 5 wt. %, indicating that no dimers for-
mation of the hybrids were present. When the acceptor concen-
tration was increased to 10 wt. %, a peak located at 515 nm was
clearly observed due to molecules aggregation of MEH-PPV.

Figure 2(b) shows the emission spectra of pure PFO, pure MEH-
PPV, and PFO with varying contents of MEH-PPV. With an
excitation wavelength at 355 nm, three main peaks for PFO were
observed at 437 nm, 458 nm, and 490 nm, corresponding to the
0-0, 0-1, and 0-2 vibronic transitions, respectively. Moreover, a
shoulder peak at approximately 530 nm that was detected in the
emission spectrum of pristine PFO was attributed to the forma-
tion of fluorenone defects (keto defects) in the PFO backbone
during the photo-oxidation process.>” Other peaks at 600 nm
and 635 nm were observed for MEH-PPV, corresponding to the
0-0 and 0-1 transitions, respectively. The excitation wavelength of
355 nm was dominantly absorbed by the PFO. As MEH-PPV was
added, the PFO intensity decreased significantly with a slight blue
shift, while the intensity of the related peaks of MEH-PPV increased
with a gradual red shift. This observation represented the energy
transfer from PFO to MEH-PPV, as there was no major contribution
from the MEH-PPV emission on the direct excitation at 355 nm in
the region bellow 500 nm. The blue shift in the PFO emission was
from the radiative energy transfer of the molecules of PFO (donor)
to those of MEH-PPV (acceptor). The red shift in the MEH-PPV
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Figure 2. (a) Absorption spectra of pristine PFO, pristine MEH-PPV, and
the hybrid thin films of PFO with different ratios (0.1, 0.5, 1.0, 5.0, and
10 wt. %) of MEH-PPV. (b) Emission spectra of pristine PFO, pristine
MEH-PPV, and the hybrid thin films of PFO with different ratios (0.1, 0.5,
1.0, 5.0, and 10 wt. %) of MEH-PPV (A, = 355 nm). [Color figure can be
viewed at wileyonlinelibrary.com]

emission was attributed to the occurrence of radiative migration
owing to self-absorption.”® However, for a higher concentration of
the acceptor, the energy migration among the molecules of PFO
became minimal, and a direct transfer to the molecules of MEH-
PPV, through the long-range dipole-dipole energy transfer (Forster-
type) mechanism, occurred.

With the addition of 10 wt. % of (Si0,/20 wt. % TiO,) NC in the
hybrids of PFO/diff. wt. % MEH-PPV, the maximum absorbance
peak (398 nm) contained a blue shift to 15 nm. In addition, the
absorbance peak of MEH-PPV in the ultraviolet (UV) region
(342 nm) contained a blue shift to 295 nm (approximately
47 nm), and its intensity was significantly enhanced, as shown in
Figure 3(a). A similar trend was observed with the addition of
individual TiO, and SiO, NPs into the PFO/MEH-PPV hybrid
(as shown later in Figure 4). The increase in the absorption peak
of 295 nm with the addition of the SiO,/TiO, NC to the
PFO/MEH-PPV hybrids showed that the SiO,/TiO, assisted the
light harvesting in the UV region of 285-330 nm, and the surface
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area could be increased more than that with the addition of indi-
vidual TiO, or SiO, NPs. Moreover, the large blue shift of the
absorbance could be attributed to the nanoparticles producing a
greater hindrance, thus reducing the conjugation lengths of the
PFO and MEH-PPV, as described in the Critical Concentration
of the Acceptor (Ao) and Conjugation Length (Ax) section. This
was consistent with the results obtained by Yang et al.,’!
the absorption of the conjugated polymer in the NC contained a
blue shift from the SiO, nanoparticles.

As shown in Figure 3(b), the addition of the SiO,/TiO, NC
enhanced the peak intensity corresponding to the acceptor and
reduced that of the donor. Therefore, the SiO,/TiO, NC facili-
tated the energy transfer between PFO and MEH-PPV. The
energy transfer between the donor and the acceptor easily
occurred with the SiO,/TiO, NC owing to the stronger interac-
tions Thus, with the SiO,/TiO, NC, a small quantity from the
acceptor could be used to acquire a long-range dipole-dipole

where

144 (a)
12 —=— 0.1 wt.% MEH-PPV
—e— 0.5 wt.% MEH-PPV
104 —a— 1.0 wt.% MEH-PPV
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Figure 3. (a) Absorption spectra of the hybrid thin films of PFO with dif-
ferent ratios (0.1, 0.5, 1.0, 5.0, and 10 wt. %) of MEH-PPV with 10 wt. %
(Si0,/20 wt. % TiO,) NC. (b) Emission spectra of the hybrid thin films of
PFO with different ratios (0.1, 0.5, 1.0, 5.0, and 10 wt. %) of MEH-PPV
with 10 wt. % (Si0,/20 wt. % TiO,) NC (4ex = 355 nm). [Color figure can
be viewed at wileyonlinelibrary.com]
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Figure 4. Absorption and emission spectra of PFO/0.5 wt. % MEH-PPV
with 10 wt. % TiO, and 10 wt. % SiO, NPs. [Color figure can be viewed at
wileyonlinelibrary.com]

energy transfer (Forster type) between the donor and the acceptor.
This occurred even if the SiO, or TiO, was mixed individually with
the PFO/MEH-PPV hybrid, as shown in Figure 4. However, for indi-
vidual mixing, one peak related to the acceptor became dominant,
while for mixing the SiO,/TiO, NC, both peaks of the acceptor
appeared. Because both peaks of the acceptor appeared for mixing
the SiO,/TiO, NC, the enhancement of the energy transfer should be
greater than that of mixing individual SiO, or TiO, with the
PFO/MEH-PPV hybrid. Even though both emission peaks were
associated with the acceptor, the peaks of the donor remained at a
high intensity. This enhancement in the emission intensity was
attributed to the oxygen vacancies and charge trapping effect.**>

An exciting phenomenon was observed at 10 wt. % MEH-PPV,
where the emission intensity of the acceptor decreased instead of
increasing, and the donor emission was simultaneously quenched.
This quenching showed that the energy transfer process was
completed, whereas the reduction in the emission intensity of the
acceptor showed that the energy transfer from the donor to the
significant number of acceptor molecules was not emitted as fluo-
rescence. Instead the transferred energy was converted into heat,
suggesting that some of the MEH-PPV molecules acted as dark
quenchers without any fluorescence.'” The dominant formation
of the dark quenchers was attributed to the creation of non-
fluorescent ground state complex dimers, as shown by the forma-
tion of the absorption peak (approximately 515 nm) at 10 wt. %
in the absorption spectrum.
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Long-Range Dipole-Dipole Energy Transfer Parameters

As shown in the emission spectra [Figure 2(b)], the energy trans-
fer effect was clearly observed in the PFO/MEH-PPV hybrids
when the acceptor content exceeded 0.1 wt. %. Moreover, this
effect became more apparent when the SiO,/TiO, NC was added
into these hybrids, even with an acceptor content of 0.1 wt. %
[Figure 3(b)]. To compare the energy transfer parameters for the
PFO/MEH-PPV hybrids with and without the SiO,/TiO, NC, an
excitation wavelength of 355 nm was used, for which direct
MEH-PPV excitation was insignificant, and energy transfer from
PFO to MEH-PPV occurred. The possibility of long-range
dipole-dipole energy transfer (Forster type) could be evidenced
by (1) the strong overlap (not shown here) between the absorp-
tion spectrum of pristine MEH-PPV and the emission spectrum
of pristine PFO, (2) the strong decrease in the emission intensity
of PFO with the addition of MEH-PPV, and (3) the effective
enhancement of the emission intensity of MEH-PPV. Several
parameters, in the sections below, were evaluated to describe the
energy transfer mechanism with and without the SiO,/TiO,
NC. Moreover, the ratio of PFO/0.5 wt. % MEH-PPV was
employed to evaluate the effect of the individual addition of TiO,
and SiO, on the energy transfer mechanism.

Quantum Yield and Lifetime of the Donor in the Hybrids. In
homogeneous dynamic quenching, the following equation can be
used to determine the quantum yield (pps) and lifetime (Tpy)
values of the donor in the hybrid thin films:

[

Ipa Oba 7pa

Ip D

(1)

where Ip and Ip, are the emission intensity of donor in the
. 11,33,34
absence and presence of acceptor, respectively.

Table I lists the ¢ppa and 7p, values of PFO in the hybrid thin
films, which decreased with the addition of MEH-PPV. This
suggested the possibility of radiative energy transfer. The sig-
nificantly shorter values of ¢ppa and tp, than those of the pris-
tine PFO thin film (¢p = 0.72 and 7p = 346 ps)11 provided
theoretical evidence of the efficient energy transfer from PFO
to MEH-PPV. The values in Tables I and II were shorter with
SiO, and TiO,, as a mixture or an individual component, com-
pared with those without SiO, and TiO, NPs. Moreover, this
suggested that the efficient energy transfer with the SiO, and
TiO, NPs was greater than that without the NPs, as discussed
in the sections below.

Table I. Optical Properties of the Donor/Acceptor Thin Films with and without 10 wt. % (Si0,/20 wt. % TiO,)

In absence of SiO5/TiO> NC

In presence of SiO5/TiO> NC

Acceptor content (wt. %) doA Ko (ns)™* A (A 0 (PS) ¢pA Ko (ns)™t A, (A o (PS)
0.1 0.521 1.905 0.087 251 0.354 3.802 -0.603 170
0.5 0.318 4.460 -0.764 153 0.195 8.569 -1.415 93.9
1.0 0.243 6.470 —-1.135 117 0.207 7.949 -1.340 99.7
5.0 0.057 7.430 -2.801 27.53 0.035 56.39 -3.298 17.1
10 0.021 9.630 -3.842 10.08 0.004 505.5 -5.492 1.97
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Table II. Energy Transfer Parameters of the PFO/0.5 wt. % MEH-PPV Hybrid Thin Film with SiO2 and TiO2
Dopant DA Ro RDA kET A,, AO
(10 wt. %) oA (ps) (A) (A) (ns)™* (A) (mM)
TiO> 0.144 69.2 84.2 66.8 115 -1.782 0.75
Si0z 0.216 104 84.7 735 6.74 -1.289 0.73

Stern-Volmer (ksy) and Quenching Rate (k;) Constants. The
homogeneity of the dynamic quenching of PFO by MEH-PPV with
and without the SiO,/TiO, NC was determined from the linear
Stern-Volmer plot (Figure 5). The values of ksy, with and without
the SiO,/TiO, NC, were 4.21 and 0.78 (pM)_l, respectively. These
values implied that 50% of the fluorescence was quenched for the
MEH-PPV concentrations of approximately 0.24 and 1.28 pM with
and without the SiO,/TiO, NG, respectively.

The value of k, with the SiO,/TiO, NC was 1.22 X 10'° M~' 57},
approximately five times greater than that without the SiO,/TiO,
NC (2.25 x 10> M~ s7). The high values of k, are indicated of
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Figure 5. Stern-Volmer plots for emission quenching of PFO by various

weight ratios of MEH-PPV: (a) without SiO,/20 wt. % TiO, and (b) with

10 wt. % (SiO,/20 wt. % TiO,).
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how well mixing between the conjugated polymers and the SiO,/
TiO, NCs.**

Forster Radius, Energy Transfer Rate, and Energy Transfer
Lifetime. The critical distance (Forster radius), Ry, is calculated
from the following formula.*®

6 _ 9000(In 10)¢p
° 1287°n*N,

9000(1n10)A ¢y

4 —
A[FD(A)EA(A)A d/l = 1287[5H4N0

J(%)
2)

The parameter /* is the orientation factor (2/3 for isotropic
media), and # is the refractive index of the solvent. The parame-
ter N, is Avogadro’s number and A is the wavelength. The param-
eter e4[A] is the molar decadic extinction coefficient of the
acceptor, and Fp (M) is the normalized spectral distribution of the
donor (i.e., ([FD (A) d\ =1). The values of R, and J(A) with and
without the SiO,/TiO, NC are listed in Table III. The values of R,
and J(A) with the SiO,/TiO, NC were slightly larger than those
without the NC. The Forster radii with and without the SiO,/TiO,
NC were in the ranges of 48-89 and 43-87 A, respectively. These
values confirmed the dominant long-range dipole-dipole energy
transfer (Forster type) in the hybrids.*>*” Consequently, the Forster
theory is suitable for calculating the Forster energy transfer parame-
ters, as previously reported.”®** Moreover, the values of R, with
individual SiO, and TiO, in the hybrid of PFO/0.5 wt. % MEH-
PPV were 84.7 and 84.2 A, respectively. This was because the parti-
cle sizes of SiO, and TiO, were approximately the same, and thus,
the surface area was similar. The decreasing of R, (approximately
77.7 A) when mixing PFO/0.5 wt. % MEH-PPV with the SiO,/
TiO, NC could be attributed to the defect formation and the sur-
face area increase, as discussed previously in the Absorption and
Fluorescence Spectra section. Based on the R, values, the mecha-
nism of the Forster energy transfer is suitable in the PFO/MEH-
PPV system with SiO, and TiO, as a mixture or individual
compounds.

The calculation of the distance between the donor and acceptor
molecules (Rps) was based on the Forster radius and fluores-
cence intensities of the donor without (Ip) and with (Ip,) the
acceptor. Figure 6 shows that as the acceptor content increased
from 0.1 to 10 wt. %, the Rp, decreased from 105 to 24 A and
from 87 to 22 A, without and with the SiO,/TiO, NC, respec-
tively. This implied that the distance between the molecules of
PFO and MEH-PPV became smaller with the SiO,/TiO,
NC. Furthermore, a reduction in the values of Rp, was detected
even if the SiO, or TiO, NPs were added individually in the
PFO/MEH-PPV hybrid (Table II); however, this reduction was
not less than that of the hybrid with the mixture of SiO,/TiO..

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47845


http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP

- ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer -

CIENCE

120
(a)
il
x Ll (9™ O T~
OB|® S o x o 100 1
FE|lw o 0w
|
o © Qo 80
o o o
el & o & o <
~% 604
o
[\
Tl o 0 o
5@ ™S < n o 40+
XE|la NN WO WO
0 © O ™~ 20 n
< © o n N O
Szle o 5 ol
o| TT|® e el 0 2 4 6 8 10
z
é\' ~N SN O AN Acceptor weight ratio (wt.%)
| o=lo N o d N
Elx<|lo~~ w0 <
O(\J 120
7l - (b)
5| &
o € 100 -
oY «
C o |
AR
2l xu |0 4 © © 80 |
. al = - © m =
3] £lS2|o Q= _
= <
© mg 60 u
E
= T |owwmn -
< Qa2 L. o o 40
o) FE[mo omo
3
= <« i
£ |~ N~ ®© 20 "
L@l o ol o
S =N R R A : T : T . T . T . T
= 0 2 4 6 8 10
=
_§ Acceptor weight ratio (wt.%)
,5 '_l 8 8 8 <~ A Figure 6. Distance between the molecules of the donor/acceptor versus the
5 e E - M % 8 acceptor content: (a) without SiO,/20 wt. % TiO, and (b) with 10 wt. %
E (Si0,/20 wt. % TiO).
= ~
2 « 5 O NN M
= Szlewoadx
£ aied B BN The reduction in Rp, with the NPs was consistent with previous
= . .
= - MNsM - results of PFO/Fluorol 7GA with TiO, NPs.>** Moreover, by
% eI B 8 8 g (Q fitting the data of Figure 6, theoretical equations were obtained to
S - provide the relationships between Rp, and the acceptor content
§ P as follows.
=}
g IS
A 0 o Rpa = (0.00387 +0.0143X%418) ! (3)
o = pa = (0. .
=t O e
3 oo
° Xa [0 M A~
5 =S54 ©®
g S2|b o © - o The parameter X is the acceptor weight ratio (wt. %) without the
2 Si0,/TiO, NC.
[} ol
3 Q _ 0.506) ~1
z | E Rpa = (0.006 +0.0127X*>%) (4)
[V
s ol =
= = C
Nl g . . . .
& | € The parameter X is the acceptor weight ratio (wt. %) with the
2| g|8 Si0,/TiO, NC.
— C [e]
= § *%;\3 The energy transfer rate (kpy) between a single donor/acceptor
= c 9 g9 9 9o pair separated by a distance between the donor and acceptor
= =[<=|@ o 0 (Rpa) can be expressed in terms of the Forster distance (Ro). M
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As listed in Table III, the Rpa values were significantly smaller
than those without the SiO,/TiO, NC; whereas, the changes in
the R, values were insignificant compared with those without the
SiO,/TiO, NC. Consequently, the energy transfer rate (kgr)
values were enhanced with SiO, and TiO,, as a mixture or indi-
vidual compounds, in the hybrids (Tables II and III).

The variations in the values of the energy transfer lifetime (zgy),
energy transfer rate (kgr), and total decay rate (TDR) of the donor
(kgr + 7p 1) with the addition of the SiO,/TiO, NC in the hybrid
thin films with various acceptor contents are listed in Table III. As
shown in previous studies,'*>** an efficient energy transfer in the
donor/acceptor hybrids is shown by an increase in the kgr and
TDR and a decrease of Tgr with an increasing acceptor content.
These findings were observed in the current system of the dono-
r/acceptor hybrids. In the presence of the SiO,/TiO, NC, the values
of 7gr were approximately five times smaller, whereas the values of
kgr and the TDR were larger than those without the SiO,/TiO,

101 @
0.8
0.6

0.4

Py, (Seoy x 101

0.2

0.0

0 2 4 6 8 10

Acceptor weight ratio (wt.%)

-1 11
P, (Sec) x10

0 T T T T
0 2 4 6 8 10

Acceptor weight ratio (wt.%)
Figure 7. Probability of the energy transfer from PFO to MEH-PPV for
various weight ratios: (a) without Si0,/20 wt. % TiO, and (b) with 10 wt. %
(Si0,/20 wt. % TiO,).
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NC. This showed the positive effect of the SiO,/TiO, NC on the
enhancement of the long-range dipole-dipole energy transfer
(Forster type) between PFO and MEH-PPV.

The Probability (Pp,) and Efficiency (17) of the Donor/Accep-
tor Energy Transfer. Figures 7 and 8 show the relationship of the
acceptor content with Pp, and #, respectively. A gradual increase
occurred for Pp, with the addition of the acceptor with and with-
out the SiO,/TiO, NC. The larger increase in the Pp, values in the
presence of the SiO,/TiO, NC was attributed to the systematic
reduction in the emission intensity (Ips) that was greater than that
without the SiO,/TiO, NC. Moreover, by fitting the data of
Figure 7, the relationships between Pp, and the acceptor content
with and without the SiO,/TiO, NC were as follows.

_ 2
Py = (2207 +057X-0.024X%) (6)

The parameter X is the acceptor weight ratio (wt. %) without the
SiO,/TiO, NC.

(@

1.0 1
0.8 4
0.6 -
0.4 4

0.2 T

0.0

4 6 8 10

Acceptor weight ratio (wt.%)

o
N A

104 (b)
0.8
0.6

0.4

0.2 1

0.0 T T T T T T T T T T
0 2 4 6 8 10
Acceptor weight ratio (wt.%)

Figure 8. Efficiency of the energy transfer from PFO to MEH-PPV for vari-
ous weight ratios: (a) with SiO,/20 wt. % TiO, and (b) without 10 wt. %
(8i0,/20 wt. % TiO,).
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_ 2
Ppp = e(2242+049X-0.004X°) (7)

The parameter X is the acceptor weight ratio (wt. %) with the
Si0,/TiO, NC.

A systematic increase in the energy transfer efficiency (1) was
observed until the acceptor content reached 5 wt. % with and with-
out the SiO,/TiO, NC, as shown in Figure 8. The maximum energy
transfer efficiencies without and with the SiO,/TiO, NC were 0.97
and 0.99, respectively. This also showed the positive effect of the
SiO,/TiO, NC in the blends to enhance the mechanism of the
energy transfer between PFO and MEH-PPV. By fitting the data of
Figure 8, the relationship between # and the acceptor content with
and without the SiO,/TiO, NC was estimated as follows.

_L11X%9
=064+ X0

(8)

The parameter X is the acceptor weight ratio (wt. %) without the
Si0,/TiO, NC.

1.0

] (a)

0.8

0.6

0.4

0.2 1

0.0 T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1.0
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0.9
0.8
0.7 S
0.6

0.5+
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0.0 0.2 0.4 0.6 0.8 1.0

Rp /R,

Figure 9. Dependence of the efficiency of the energy transfer () on the dis-
tance between the molecules of the donor/acceptor: (a) without SiO,/20 wt.
% TiO, and (b) with 10 wt. % (SiO,/20 wt. % TiO,).
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_151X0% 9
17098+ X%
The parameter X is the acceptor weight ratio (wt. %) with the
SiO,/TiO, NC.

As shown in Figure 9, an inflection point in 5 was observed at
Rpa = R,. The parameter 1 was close to unity at Rpa < 0.5 R,
and dramatically decreased for Rps > R,. Therefore, the long-
range dipole-dipole energy transfer (Forster type) from PFO,
with and without the SiO,/TiO, NC, to MEH-PPV occurred at a
higher probability for 10 A < R, < 100 A. Moreover, the distance
between the PFO and MEH-PPV molecules was less than 1.5 R,,.
These results are consistent with previous reports.'****

Critical Concentration of the Acceptor (4,) and Conjugation
Length (A,). The concentration of the acceptor with 76% energy
transfer is the critical concentration (A4,).>> The concentration of the
acceptor should be much lower than A, to suppress the intermolecular

0.8

(@

0.7
0.6
0.5

0.4

O

0.3

0.2

0.1

0.0 T T T T T

0.8
1 (b)
0.7
06-
051

0.4

O

0.3
0.2

0.1+

0'0 T an 1 T T T T T

A A

Figure 10. Fluorescence quantum yield (®pa) versus the conjugated length
(A,): (a) without SiO,/20 wt. % TiO, and (b) with 10 wt. % (Si0,/20 wt.

% TiO,).
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Figure 11. Lifetime decays at Ao, =440 nm: (a) without SiO,/20 wt. % TiO, and (b) with 10 wt. % (Si0,/20 wt. % TiO,) and Lifetime decays at
Aem = 560 nm: (c) without Si0,/20 wt. % TiO, and (d) with 10 wt. % (Si0,/20 wt. % TiO,). [Color figure can be viewed at wileyonlinelibrary.com]

transfer in the donor. Based on the R, values, the A, values of MEH-
PPV were approximately 0.62 and 0.67 mM, without and with the
SiO,/TiO, NC, respectively, while these values increased to 0.73 and
0.75 mM with SiO, and TiO,, respectively.

The conjugation length (A,) value in the excited singlet state is
defined as the distance between the dipoles arising from the gro-
und state (Sp) to the excited singlet state (S;) transition, derived
from the radiative rate constant (k,) and radiationless rate constant
(knr). There was no significant modification in the value of k,
(approximately 2.08 ns™") with the increase of the acceptor con-
tent, even in the presence of the SiO,/TiO, NC. However, the value
of k,, significantly increased with an increasing acceptor concen-
tration, and it was greater with the SiO,/TiO, NC. Consequently,
A, decreased for an increasing acceptor concentration, with a
smaller value with the SiO,/TiO, NC than that without the
NC. The values of A, with and without the SiO, and TiO, NPs, as
a mixture and individual components, are listed in Tables I and II.
The decrease in the Rp, and A, values with the SiO, and TiO,, as
a mixture or individual components, showed that SiO2 and TiO,
reduced the distance between the PFO and MEH-PPV molecules.

Figure 10 shows the exponential relationship between ®p, and
A,. This relationship showed that the addition of the NC could
produce organic compounds that were highly fluorescent. There
was an approximately linear portion when ®p, exceeded 0.25
and 0.19 without and with the SiO,/TiO, NC, respectively. As
shown in Figure 10, when ®p, ~ 0.5, A, = 0 [where k, =k,
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from ®¢ = k,/(k, + k,,)]. Moreover, for a decrease in A,, ®ps
decreased.

Lifetime Decay

The lifetime decay (mean/average fluorescence lifetime) differed
from the fluorescence lifetime (in Table I). The lifetime decay
includes the radiative emission, while the fluorescence lifetime
includes the radiative emission and nonradiative emission.*> The life-
time decays obtained at 440 nm for the PFO/MEH-PPV hybrids
with and without the SiO,/TiO, NC, corresponding to the emission
region of PFO, are shown in Figure 11(a,b), respectively. The accep-
tor decays for the PFO/MEH-PPV hybrids with and without the
SiO,/TiO, NC at a collection wavelength of 560 nm are shown in
Figure 11(c,d), respectively. A global analysis including the data
obtained at 440 and 560 nm was also carried out, confirming the
general trends of the data in Tables IV and V. In these tables, the life-
time decays were calculated by the following expression.

s (e)
T= 72 B (10)

1

The parameters B; and 7; are the fitting parameters, which are
strongly dependent on the conformer geometries and environ-
ment. The existence of one, two, or three lifetimes can be inter-
preted by the presence of one, two, or three conformers.** This
allows a comparison between the various decays and the realization
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Table IV. Main Fitting Parameters And Lifetime Decays of the Thin Films of PFO at 0.1, 0.5, 1.0, 5.0, and 10 wt. % of MEH-PPV

At Ao 440 nm At Ao, 560 nm

Acceptor Relative Donor

content amplitude lifetime Acceptor lifetime (ps) Relative amplitude

(Wt. %) B T(DS) ){2 T1 T2 73 Bl BZ B3 T (DS) f

0.1 0.131 174 0.767 358 1128 5228 0.021 0.021 0.001 1557 1.232
0.5 0.131 160 0.800 920 3394 - 0.034 0.002 - 1361 1.565
1.0 0.168 117 0.737 827 2678 - 0.032 0.002 - 1138 0.964
5.0 0.290 63 0.924 581 1981 - 0.033 0.003 - 912 1.104
10 0.316 59 1.784 461 1766 - 0.049 0.004 - 772 1.138

Table V. Main fitting parameters and lifetime decays of the thin films of PFO at 0.1, 0.5, 1.0, 5.0, and 10 wt. % MEH-PPV with 10 wt. % (5i02/20 wt. %

TiO2)
At Aem. 440 nm At dem. 560 Nm
Relative Acceptor
Relative amplitude  Donor lifetime amplitude lifetime (ps)

Acceptor content (wt. %) B 7 (ps) 7 B1 Bz 71 T tlps)

0.1 0.432 116 1.095 0.101 0.005 658 311 650 1.269
0.5 1.354 46 1.122 0988 0.067 62 955 518 0.817
1.0 1.354 44 1.057 0220 - = = 588 0.787
5.0 1.668 31 0.947 0224 - - - 596 0.883
10 1.213 47 0.816 0460 - - - 224  0.929

of the influence of the acceptor content on the hybrids with and
without the SiO,/TiO, NC. From these tables, there were faster
decays at 440 nm with increased acceptor contents, which was a
result of the more efficient energy transfer to the acceptor molecules
with the SiO,/TiO, NG, than that without the SiO,/TiO, NC. This is
consistent with the previous observations of the emission spectra in
Figures 2(b) and 3(b). Moreover, this is in agreement with the results
obtained by Cury and coworkers for PFO/MEH-PPV blends.*®

The offset between the energy levels for the MEH-PPV and
PFO*** suggested an exciplex formation between the donor and
the acceptor. Therefore, the long decay component in the MEH-
PPV emission decay at 560 nm was attributed to the presence of
the exciplex, which is in agreement with a previous report for the
PFO/MEH-PPV blend.** As shown in Figures 2(b) and 3(b), the
difference in the blue shifts with the peak position of the MEH-
PPV, with and without the SiO,/TiO, NC, were attributed to the
overlap of the exciplex and the MEH-PPV emission.*®

CONCLUSION

Thin films of the PFO/MEH-PPV hybrids with and without the SiO,/
TiO, NC were investigated by absorption, steady-state photo-
luminescence, and time-resolved photoluminescence at room temper-
ature. Strong long-range dipole-dipole energy transfer (Forster-type)
effects from the PFO to the MEH-PPV were confirmed. This study
confirmed that the addition of the SiO,/TiO, NC influenced the
energy transfer properties of the thin films owing to the stronger
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interactions between the PFO and MEH-PPV molecules in the con-
fined NC than those of bulk thin films. The maximum energy transfer
efficiencies without and with the SiO,/TiO, NC were 0.97 and 0.99,
respectively, at 5 wt. % MEH-PPV. This improved Forster-type
energy transfer with the SiO,/TiO, NC, compared with that without
the NC, was shown by the faster reduction in the quantum yields, life-
time decays, and lifetime energy transfers. Moreover, the conjugation
length of the PFO was smaller with the addition of MEH-PPV and
the SiO,/TiO, NC than that without the NC. Moreover, the addition
of TiO, NPs to the PFO/MEH-PPV hybrid provided a greater
enhancement of the optical properties and energy transfer mecha-
nism than that of the SiO, NPs. Although the addition of the TiO,
NPs into the PFO/MEH-PPV hybrid reduced ¢ppa, 7pa, and A, more
than those with the SiO, or SiO,/TiO, NC. The SiO,/TiO, NC
showed the largest reduction in the distance between the donor and
acceptor molecules. The relationships between the acceptor content
with Rpa, 7, and Ppa were successfully represented by theoretical
equations with and without the SiO,/TiO, NC. The influence of the
varying ratio of the SiO,/TiO, NC on the best ratio of PFO/MEH-
PPV will be evaluated in future studies to enhance the efficiency of
the emissive layer in OLEDs.
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