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Abstract: This work demonstrates the comparative studies of non-radiative
resonance energy transfer in bi-polymer nanoparticles based on fluorescent
conjugated polymers. For this purpose, poly[(9,9-dihexylfluorene) (PF) as a
donor (D) and poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) as an acceptor (A) have been utilized, from which
four different bi-polymer nanoparticle systems are designed and
synthesized. Both, steady-state fluorescence spectra and time-resolved
fluorescence measurements indicate varying energy transfer efficiencies
from the host polymer PF to the acceptor polymer MEH-PPV depending on
the D-A distances and structural properties of the nanoparticles. The first
approach involves the preparation of PF and MEH-PPV nanoparticles
separately and mixing them at a certain ratio. In the second approach, first
PF and MEH-PPV solutions are mixed prior to nanoparticle formation and
then nanoparticles are prepared from the mixture. Third and fourth
approaches involve the sequential nanoparticle preparation. In the former,
nanoparticles are prepared to have PF as a core and MEH-PPV as a shell.
The latter is the reverse of the third in which the core is MEH-PPV and the
shell is PF. The highest energy transfer efficiency recorded to be 35% is
obtained from the last system, in which a PF layer is sequentially formed on
MEH-PPV NPs.
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1. Introduction

Exhibiting superior optical properties, polyfluorenes have emerged as one of the most
promising conjugated polymers for use in solid-state lighting applications. As blue emitters,
polyfluorenes retain very high quantum efficiencies. This can be useful for efficient energy
transfer from polyfluorene acting as the donor to any lower energy acceptor molecule.
Various studies have been carried out to analyze the energy transfer mechanisms, which can
be radiative or non-radiative [1-4]. Radiative energy transfer involves the emission of a
photon by the highly energetic polymer and subsequent re-absorption by the acceptor. The
non-radiative energy transfer also called resonance energy transfer (RET), on the other hand,
is a more efficient and rapid process, which does not involve emission of light from the donor.
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This process is aided by the coupled dipole-dipole interactions of the donor and acceptor
molecules [5]. Since the efficiency of radiative energy transfer is relatively low compared to
RET efficiency, the latter mechanism will be of major concern in our study though Forster
theory is not necessarily the only mechanism valid in our systems under investigation. Hybrid
systems consisting of donor polymer molecules and acceptor dye molecules for energy
transfer have been thoroughly studied since several years [6—13]. These systems are mainly
mixtures of donor and acceptor solutions, so that energy transfer takes place among random
mixing proximal donor and acceptor molecules [3,4]. Single donor-acceptor distances cannot
be identified for such solutions, for which more complex calculations including the averaging
of transfer rates are then required. Though, if incidentally donor and acceptor molecules come
into close vicinity (at comparable distances with the Forster radius), this process turns out to
be efficient; the efficiency of the transfer mechanism is mainly limited by the random
distribution of donor and acceptor molecules throughout the solution. A second approach is
the energy transfer obtained from hybrid polymer solution-nanocrystal systems, in which
nanocrystals are embedded in the energy donating polymer matrix [12—14]. The third and last
approach, which has been recently developed for several materials, is the combination of
donor nanoparticles and acceptor nanoparticles in form of physical mixtures. Nanostructures
used for such purposes are mixtures of NCs [15], two metal NPs [16], polymer nanoparticle
blends prepared via the reprecipitation or the mini-emulsion methods either by mixing of
polymer solutions and then forming NPs or first the formation of polymer NPs and then
mixing of NP dispersions [1,2,17-19]. Also, recently blends of polymers and dyes have been
described by McNeill and associates. This group reported the fluorescence properties and
effects of energy diffusion and energy transfer in polyfluorene based nanoparticles, which are
doped with various fluorescent dyes [20]. Another study conducted by Scherf and associates
involves the excitation energy transfer from polymer nanoparticles prepared via the mini-
emulsion method to surface-bound Rhodamine 6G [21].

Being very similar to the first approach in terms of the proximities of the donor and
acceptor species except for the polymer NPs which are comprised of two different polymers
or nano-composites containing both polymer and dye within the same structure, neither of
those methods allows for the flexibility of construction of different architectures, which may
enable the opportunity to search for the most efficient and stable structure.

Here we report novel dual-emitting bi-polymer nanoparticles prepared by the
reprecipitation method. Especially, sequentially formed core-shell nanoparticles are of
particular interest owing to their enhanced energy transfer efficiencies. Optical measurement
results strongly support the formation of such sequential nanoparticles, when compared to the
optical behavior of other polymer nanoparticles. To elucidate energy transfer mechanisms
among the blue-emitting conjugated polymer derivative of polyfluorene (PF) and the red-
emitting PPV-derivative MEH-PPV, we designed four different nanoparticle systems.

In System 1, the nanoparticles of PF and MEH-PPV are prepared separately and mixed
after nanoparticle formation. System 2 involved the formation of nanoparticles from a mixture
of PF and MEH-PPV solutions, so that polymer chains of each polymer were randomly
distributed in each nanoparticle. For Systems 3 and 4, novel assemblies of sequentially
formed nanoparticles were obtained. The former one is composed of PF inside and is
surrounded by MEH-PPV outside, while the latter is the reverse structure, i.e., MEH-PPV
forms the inner structure and PF the outer structure of the nanoparticles.

2. Results and discussion
2.1. Synthesis of nanoparticles

To study the energy transfer among fluorescent nanoparticles and their efficiencies, four
different systems containing PF and MEH-PPV are designed and synthesized as depicted in

Fig. 1. PF (poly[9,9-dihexyl-9H-fluorene]) was synthesized by the Suzuki coupling of 2,7-
dibromo-9,9-dihexyl-9H-fluorene with 9,9-dihexylfluorene-2,7-bis(trimethyleneborate) in
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64% yield. MEH-PPV (poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene]) was
purchased from Sigma-Aldrich with an average M, of 70,000-100,000 and was used as
received. Nanoparticles were prepared using the reprecipitation method as described
previously [20,22-28]. In this method, the fluorescent conjugated polymer is dissolved in a
good solvent (such as THF) and the solution is added into a large amount of poor solvent
(usually water) under sonication. The polymer chains are folded in a spherical shape due to
hydrophobic effect in a poor solvent to form nanoparticles. To stabilize these nanoparticles
and prevent them from dissolving once again in THF, the solvent is evaporated shortly. The
size of the nanoparticles can be tuned by varying the concentration of polymer solution and
the amount of poor solvent. Using this method, it is possible to obtain a dispersion of
nanoparticles in water as small as 5-10 nm.

All polymer solutions and nanoparticle dispersions were prepared by taking the same
amounts from the stock PF and MEH-PPV solutions for each set containing a total amount of
32 mL as liquid. The constant concentration of PF used in all sets is 9.0 x 10> mM. To obtain
two different sets for comparison, the concentration of MEH-PPV was only varied, which will
be denoted by a and b. Based on the molecular weight of the repeating units, these
concentrations are calculated to be 4.6 x 10~ mM and 18.2 x 10 mM, respectively. In total,
from four nanoparticle systems we prepared eight dispersions for each MEH-PPV
concentration a and b. The preparation of nanoparticles in these four systems is described
below:

2.1.1. System 1

Nanoparticles of PF and MEH-PPV polymers are prepared separately from different
concentrations of polymer solutions (with PF at constant concentration, while MEH-PPV is
prepared at concentrations a and b) and are then mixed at a 1:1 ratio to obtain the mixed-
nanoparticle system. The mixtures are denoted by (PF NP + MEH-PPVa NP) and (PF NP +
MEH-PPVb NP), respectively.

2.1.2. System 2

The solutions of PF and MEH-PPV are mixed at two ratios and from this solution
nanoparticles are prepared using the reprecipitation method. The resulting nanoparticle
mixtures are denoted by (PF + MEH-PPVa) mixed NP and (PF + MEH-PPVb) mixed NP,
respectively.

2.1.3. System 3

PF nanoparticles are prepared first as core and MEH-PPYV solution is added sequentially to the
preformed nanoparticles. With this method we expect to obtain sequentially formed core-shell
nanoparticles in which PF is the core and MEH-PPV is the shell as the driving force here is
the nucleation effect of the polymers. For this system we use the following representation,
(PF/MEH-PPVa) sequential NP and (PF/MEH-PPVDb) sequential NP.

2.1.4. System 4

It is similar to System 3. However, in this system MEH-PPV constructs the core and PF the
shell. These nanoparticles are denoted by (MEH-PPVa/PF) sequential NP and (MEH-
PPVDb/PF) sequential NP.
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Fig. 1. Schematic representation of the proposed nanostructures for polymer nanoparticles
formed from PF and MEH-PPV via the reprecipitation method. (a) System 1: (PF NP + MEH-
PPV NP), (b) System 2: (PF + MEH-PPV) mixed NPs, (c) System 3: (PF/MEH-PPV)
sequential NPs, and (d) System 4: (MEH-PPV/PF) sequential NPs.

Though an exact structural determination of each nanoparticle system could not be made,
SEM characterization was performed for the films of PF solution, individual PF NP
dispersion, MEH-PPVa NP dispersion and (MEH-PPVa/PF) sequential NP dispersion as
shown in Fig. 2 to give an idea about the sizes of the nanoparticles and show that the
sequentially formed nanoparticles preserve their shape.

500 nm

Fig. 2. SEM micrographs of films prepared from (a) PF solution, (b) PF NP dispersion (c)
MEH-PPVa NP dispersion, and (d) (MEH-PPVa/PF) sequential NP dispersion. The last image
is taken with a tilt angle of 15°.
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2.2. Investigation of photophysical properties of nanoparticles

For the investigation of the photophysical properties of our four nanosystems, we run
additional control experiments for solutions of PF and MEH-PPV at concentrations a and b
for MEH-PPV. To track changes in energy transfer efficiencies upon formation of various
nanoarchitectures, we make use of steady-state and time-resolved fluorescence spectroscopy
methods.

Collapse of polymer chains into nanoscale spherical particles results in red-shifted
emission spectra by over 10 to 41 nm depending on the particle size and type of polymer
being folded, as we described recently [22]. Figure 3 shows the changes in peak position of
PF and MEH-PPV from their solution to nanoparticle dispersion states. Correspondingly, the
inset demonstrates the absorption spectra of solutions and their polymer nanoparticle
dispersions.

P soln
500 w—PF NP
»MEH-PPVa soln
— \EH-PPYa NP
MEH-PPVb scin
400 - *MEH-PPVb NP
=
E 300 <
|
o
200 -
100
U .y T T T
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 3. Onset: Emission spectra of PF solution and its corresponding PF NP dispersion, MEH-
PPVa solution and its corresponding MEH-PPVa NP dispersion, and MEH-PPVb solution and
its corresponding MEH-PPVb NP dispersion. Inset: Absorption spectra of PF solution and PF
NP dispersion, MEH-PPVa solution and MEH-PPVa NP dispersion, and MEH-PPVb solution
and MEH-PPVb NP dispersion.

The emission red-shifts from 418 nm to 429 nm when PF NPs are prepared from the PF
solution (at its given concentration). We observe an even more pronounced shift for MEH-
PPVa NPs changing from 551 nm to 589 nm and from 552 nm to 592 nm for MEH-PPVb
NPs. The emission spectra of only PF NPs and MEH-PPV NPs will be used as reference
curves to determine the resulting nanostructure and the energy transfer mechanism, as they
provide evidence on how compact NPs are formed and how strongly they interact with each
other.

Another measure of the transfer mechanisms is the lifetime of the donating and accepting
species. All decay curves could be fitted with two exponentials. For comparison of different
systems average intensity weighted lifetimes are under consideration. The average lifetimes
are evaluated to be 0.01 ns for PF solution and 0.26 ns for PF NP dispersion. They are 0.32 ns
for MEH-PPVa solution, 0.33 ns for MEH-PPVDb solution, 0.51 ns for MEH-PPVa NP
dispersion and 0.39 ns MEH-PPVb NP dispersion. Similar to the trend observed for spectral
shifts of polymer species when transformed from the solution state to the dispersion state, we
observe an increase in the decay times of the dispersions. This may be due to a retarded
emission, which is caused by stacking and kinking of polymer chains within the boundaries of
the nanoparticles; this in turn creates a shielded environment.
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2.2.1. Control experiments

Figure 4 illustrates the emission spectra of only PF solution, only MEH-PPV solution and also
their mixtures.

—F soln
m EH-PPa soln
500+ s MEH-PVVD soln
10{ /| ===—(PF +MEH-PPVa) soln @PF PLE
/Al = =(FF + MEH-PPVa) soln @MEH-PPV FLE
s (PE + MEH-PPVb) soln @PF PLE
400 - e = «(PF + MEH-PPVb) saln @VIEH-PPV PLE
05|
; 300 04
o |
o 0.2
2004
.0 T T — il
] 400 500 800 700 800
| Wavelength (nm)
100 é
0 ) .
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4. Onset: Emission spectra of solutions of PF, MEH-PPVa, MEH-PPVD, (PF + MEH-
PPVa) and (PF + MEH-PPVb) at absorption maximum of PF (solid) and absorption maximum
of MEH-PPV (dotted). Inset: Absorption spectra of PF, MEH-PPVa, MEH-PPVb, (PF +
MEH-PPVa), and (PF + MEH-PPVb) solutions.

In the mixture of PF and MEH-PPVa we obtain no emission at around 551 nm at the
photoluminescence excitation (PLE) of PF. Lifetimes of PF and MEH-PPVa in solution at
418 nm and 551 nm are found to be 0.01 ns and 0.21 ns. The lack of energy transfer can also
be tracked from almost no quenching of the PF peak.

Dealing here with a solution of donor-acceptor pairs which are free to move randomly in
solution and thus are not separated by a fixed distance (for example as in the case of control
experiments and System 1), it is not appropriate to calculate the energy transfer efficiency by
directly using the commonly known expressions (1) and (2),

n=1—’DA/TD (1)

where 7,,and 7, denote the average weighted lifetimes of the donor in the presence and

n=1-of @)

where F,,, and F,, denote the peak photoluminescence intensity level of the donor in the

presence and absence of acceptor. However, it is worth noting that these equations can be
safely applied for Systems 2, 3 and 4, where the distance between the donor and acceptor is
fixed [5]. The Forster radius of this solution is calculated to be 4.4 nm according to

absence of acceptor, respectively, and

s 9000(In10)x°Q,

F (A&, (M)A A 3
0 1287° Nn* { p(R)e,(4) ©)

where @, is the quantum yield of the donor (taken to be 80% in solution), x is the
orientation factor (taken to be 2/3 for randomly distributed orientation), N is Avogadro’s
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number, n is the refractive index (taken to be approximately 1.4 for THF solution), F, (A1) is
the experimentally measured photoluminescence spectrum of the donor and &,(4) is the

extinction coefficient of the acceptor. To estimate the transfer efficiency for this case, we
calculate the relative steady-state quantum yield of the donor by

F
% =1-7"yexp(y*)l-erf ()] “)

D

172

2 7 . . .
where erf (y) :—J.exp(—xz)dx with y = %O and C, being the acceptor concentration,
Ty A

% (in moles/liter) for the case of control experiments and System 1 with
277" NR,
varying D-A distances [5,29,30]. Using these expressions the transfer efficiency is estimated
to be 0.15%. For an increased amount of acceptor molecules lifetimes are found to be 0.01 ns
and 0.36 ns at 418 nm and 552 nm, respectively. This is a result of reduced donor-acceptor
molecule distances as donor molecules are surrounded by a larger amount of acceptor
molecules with increased MEH-PPV concentration. The resulting transfer efficiency of this
system is 0.61%. However, still we are far off the range at which donor and acceptor
molecules can interact efficiently. Thus, the design of new NP systems embedding both
polymer species becomes a crucial step for the realization of efficient energy transfer, which
could be especially useful for white light applications.

2.2.2. System 1

and C) =

In System 1, in which separately formed nanoparticles of PF and MEH-PPV are mixed in 1:1
ratio after nanoparticle formation, we observe that similar to the previous case the emission
peak positions do not change with respect to their original states. The photoluminescence (PL)
curves exhibit two peaks at 429 nm and 589 for the (PF NP + MEH-PPVa NP) dispersion and
429 nm and 592 nm for the (PF NP + MEH-PPVb NP) dispersion (Fig. 5). In terms of
proximities and as a result, the interaction abilities of the donor and acceptor species these
formerly mentioned two systems are similar to each other. Though in this system the distances
between donor and acceptor should be seen as doubled, since the donor and acceptor
concentration are reduced to half the initial concentration. This becomes also evident from the
very low energy transfer efficiencies, which are calculated to be 0.04% for (PF NP + MEH-
PPVa NP) and 0.21% for (PF NP + MEH-PPVb NP. The energy transfer efficiencies are not
calculated from lifetimes of the donor with and without donor using (1), as there are no fixed
D-A distances similar to the solution of PF and MEH-PPYV considered above. For this system
we use (3) to calculate the transfer efficiencies. The estimated D-A distances are found to be
13.3 nm and 10.8 nm, respectively.

The concentration of each species in the mixtures of PF NPs and MEH-PPV NPs given in
Fig. 5 is reduced to half the initial value, since the individual nanoparticle dispersions are
mixed in a 1:1 ratio. In order to obtain an estimate of the reference donor emission without
acceptor as well as acceptor emission without donor, one may consider the curves given in
Fig. 5 of PF NP and MEH-PPV NP multiplied by 0.5.

The relatively high absorbance of MEH-PPVb NPs at 350-400 nm overlapping with the
absorption band of PF nanoparticles is related with scattering effects for large nanoparticles.
The excitation spectrum of MEH-PPVb NPs reveals little excitation of MEH-PPV moeties
within this wavelength range as was also verified by comparing the maximum peak intensities
of MEH-PPV upon excitation at 380 nm and 520 nm. The ratio was calculated to be 0.13,
small enough to neglect the emission caused by the excitation light source at 380 nm.
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Fig. 5. Onset: Emission spectra of PF NP, MEH-PPVa NP, MEH-PPVb NP dispersions and
their corresponding mixtures in a 1:1 ratio as (PF NP + MEH-PPVa NP) and (PF NP + MEH-
PPVb NP) at absorption maximum of PF (solid) and MEH-PPV (dotted), respectively. The
concentration of each species in the NP mixtures is reduced by a factor of two due to mixing.
Inset: Absorption spectra of PF NP, MEH-PPVa NP, MEH-PPVb NP dispersions and their
mixtures in a 1:1 ratio, (PF NP + MEH-PPVa NP) and (PF NP + MEH-PPVb NP).

2.2.3. System 2

In the second bi-polymer NP system, NPs were formed by mixing solutions of PF and MEH-
PPV in two different PF to MEH-PPV ratios and pouring those into 32 mL deionized and
sonicated water. This way, we achieve the formation of NPs which contain both species in
one NP. Evidence to this is given by the spectral changes as given in Fig. 6, which we observe
with respect to the peaks of only PF and MEH-PPV NPs. For the (PF + MEH-PPVa) mixed
NPs, the peak of PF appears at 425 nm and that of MEH-PPV at 569 nm. However, when the
bi-polymer system is excited at approximately 520 nm to give maximum emission of MEH-
PPV only, we observe an emission at 577 nm.
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Fig. 6. Onset: Emission spectra of (PF + MEH-PPVa) and (PF + MEH-PPVb) mixed NPs at
absorption maximum of PF (solid) and MEH-PPV (dotted). Inset: Corresponding absorption
spectra of (PF + MEH-PPV) mixed NPs.

The blue-shifted emission at 577 nm of our mixed NPs at PLE of MEH-PPV with respect
to the peak observed at 589 nm for only MEH-PPV NPs, shows that the intrinsic nature of our
NPs has changed. The fact that MEH-PPV chains are randomly separated by other PF chains
reduces the effective conjugation length of the polymer chains, while on the other hand the
competing intra- and interchain forces resulting from chain folding and stacking have still a
red-shifting effect on the emission. The emission at 569 nm of the MEH-PPV species in the
bi-polymer system, when we use a pump light at 380 nm so that PF is excited, is probably
caused by increased donor-acceptor interactions. The increased oscillating dipole-dipole
interactions upon excitation of PF create a nearby electric field, which does not allow the
acceptor molecules to find their minima for relaxation so that MEH-PPV moieties emit at
higher energies [31]. In this system, as we do not really have a corresponding reference for
the PF emission without acceptor molecules, we can only speculate on the efficiency of
energy transfer and quenching of the PF peak. Time-resolved measurements turn out to give
average lifetimes of 0.21 ns and 0.69 ns at 425 nm and 569 nm, respectively. Using (1), the
transfer efficiency for (PF + MEH-PPVa) mixed NPs is calculated to be 19%, while this value
is only an approximation since the lifetime of only PF NPs is used for 7, . However, it is

certainly clear that this approach is more efficient when compared to System 1 and the
mixtures in solution. For (PF + MEH-PPVb) mixed NPs the efficiency is calculated to be
15% as structural changes are even more compared to (PF + MEH-PPVa) mixed NPs.
Though an increased efficiency is expected due to an increased amount of acceptor molecules,
the fact that the total volume of THF solution injected into sonicated water is too much
strongly indicates the failure of properly formed nanoparticles. The mixed NPs from (PF +
MEH-PPVb) emit at 422 nm and 583 nm when excited at maximum absorption of PF, and
emit at 588 nm at maximum absorption of MEH-PPV.

2.2.4. Systems 3 and 4

In our next approach, we analyze the novel nanoparticles, which have been prepared in a
sequential manner. By this method, we are able to construct the inside of NPs from one
polymer while the surrounding layer is made of the other polymer. Our aim is to achieve pure
material properties on each polymer domain, while keeping them at distances comparable
with the Forster radius. Emission and corresponding absorption spectra of (PF/MEH-PPV)
sequential NPs are given in Fig. 7. At the PLE of MEH-PPV the emission peaks are at 587 nm
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and 589 nm for concentrations a and b, which almost perfectly matches with emission peaks
of only MEH-PPVa and MEH-PPVb NPs at 589 nm and 592 nm, respectively. Little changes
result from the fact that MEH-PPV is now surrounding the inner core consisting of PF, thus
forming a looser structure as a shell. Excitation of the (PF/MEH-PPV) sequential NPs at the
PLE of PF results on the other hand in a blue-shifted MEH-PPV emission by 21 to 7 nm for
concentrations a and b with respect to the emission of MEH-PPV at PLE of MEH-PPV. This
effect was already observed above for the other systems. When MEH-PPV is sequentially
added to the PF NPs, the PF emission is quenched. The average lifetimes of (PE/MEH-PPVa)
sequential NPs are fitted by two exponentials to be 0.20 ns at 429 nm and 1.22 ns at 566 nm,
while we measure 0.20 ns and 0.67 ns for (PE/MEH-PPVDb) sequential NPs at 425 nm and 582
nm, respectively. Time-resolved spectra for individual PF and MEH-PPVa NPs at 429 nm and
589 nm and (PF/MEH-PPVa) sequential NPs at 429 nm and 566 nm are given in Fig. 8. The
energy transfer efficiency for the former dispersion is calculated to be 23%, using (1). Since
the whole PF domain is surrounded by a MEH-PPV domain, MEH-PPV exhibits almost the
same emission characteristics in the structure when it is excited at its own maximum
absorption wavelength in both cases a and b. At the maximum absorption of PF, we observe
that especially for the (PF/MEH-PPVa) sequential NP system the emission of MEH-PPV is
much more blue-shifted (21 nm) with respect to the MEH-PPV emission at the PLE of MEH-
PPV in that corresponding system, than in all other cases. There are two reasons for this
observation. The first reason is that there exists a strong interaction between donor and
acceptor molecules, which results in the decay of acceptor molecules at
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Fig. 7. Onset: Emission spectra of PF NPs, (PF/MEH-PPVa) sequential NPs at absorption
maximum of PF (solid) and MEH-PPV (dotted), and (PF/MEH-PPVb) sequential NPs at
absorption maximum of PF (solid) and MEH-PPV (dotted) Inset: Absorption spectra of PF NPs
and (PF/MEH-PPV) sequential NPs.

shorter wavelengths as has been observed also above for the second structure. And the second
reason for the large shift when compared specifically to the b sample is that in the former
structure there is a thinner layer of MEH-PPV so that all acceptor molecules strongly interact
with the donor molecules. Evidence for the fact that MEH-PPV molecules really mostly
surround the PF NPs in dispersion a, but do not form separate MEH-PPV NPs is the emission
peak of MEH-PPV at 587 nm instead of 589 nm for MEH-PPV when we excite the system at
maximum absorption of MEH-PPV. An even stronger evidence however is the pronounced
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Fig. 8. Biexponentially fitted decay curves of PF NPs at 429 nm (0.26 ns), MEH-PPVa NPs at
589 nm (0.51 ns) and (PF/MEH-PPVa) sequential NPs at 429 nm (0.20 ns) and 566 nm (1.22
ns). Reported lifetimes are average intensity weighted values and decay fit parameter “R”
ranges from 0.8 to 1.2.

blue-shifted emission of MEH-PPV at the PLE of PF with respect to the emission of MEH-
PVP at PLE of MEH-PPV. This is not exactly the case for the latter dispersion, as MEH-PPV
blue-shifts merely 7 nm. This indicates that there is a reduced interaction between PF and
MEH-PPV as more MEH-PPV chains have formed individual NPs.

Finally, there is the last nanoparticle system as shown in Fig. 9, which is very similar to
the previous one, except that MEH-PPV forms the inner structure while the PF layer
surrounding it, is sequentially formed later. For this system as in the second structure with
mixed nanoparticles, we also do not have a reference initial PF emission spectrum without
acceptor molecules, so that it is not possible to directly calculate the energy transfer efficiency
from the quenching of the donor emission.
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Fig. 9. a) Onset: Emission spectra of MEH-PPV NPs, (MEH-PPVa/PF) sequential NPs at
absorption maximum of PF (solid) and MEH-PPV (dotted). Inset: Absorption spectra of MEH-
PPV NPa and (MEH-PPVa/PF) sequential NPs, b) Onset: Emission spectra of MEH-PPVb
NPs, (MEH-PPVb/PF) sequential NPs at absorption maximum of PF (solid) and MEH-PPV
(dotted). Inset: Absorption spectra of MEH-PPVb NP and (MEH-PPVb/PF) sequential NPs.

An important fact about the donor emissions in both sets is that though more quenching of
donor emission is expected for (MEH-PPVb/PF) sequential NPs due to increased acceptor
concentration, this is not the case. This is probably a morphological effect resulting from
higher photoluminescence efficiency of the thinner PF layer formed around MEH-PPVb,
while on the contrary the thicker PF layer around MEH-PPVa, subject to serious inter- and
intramolecular interactions, leads to reduced emission intensity of PF chains which are not
involved in the non-radiative energy transfer mechanism. The elusory higher intensity of
MEH-PPV emission in (MEH-PPVb/PF) sequential NPs comes from the fact that the tail of
PF emission is higher in intensity when compared to (MEH-PPVa/PF) sequential NPs. Since
this time PF forms the outer structure of our sequentially formed nanoparticles, losses due to
reflection or several other non-radiative processes are not of major concern, so that the
expected energy transfer efficiency of this approach might be higher than calculated for the
reverse structure above. Indeed, the calculated transfer efficiency for (MEH-PPVa/PF)
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sequential NPs is 35%, which is the highest calculated energy transfer efficiency of all
structures. This makes this structure a promising candidate in terms of efficiency for use in
energy transfer in dual-color emitting systems. Time-resolved measurements show 0.17 ns at
425 nm and 0.90 ns at 561 nm for sample a. Decay curves for individual PF and MEH-PPVa
NPs at 429 nm and 589 nm and (MEH-PPVa/PF) sequential NPs at 425 nm and 561 nm are
given in Fig. 10.
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Fig. 10. Biexponentially fitted decay curves of PF NPs at 429 nm (0.26 ns), MEH-PPVa NPs at
589 nm (0.51 ns) and (MEH-PPVa/PF) sequential NPs at 425 nm (0.17 ns) and 561 nm (0.90
ns). Reported lifetimes are average intensity weighted values and decay fit parameter “R”
ranges from 0.8 to 1.1.

Similar arguments as were discussed for (PF/MEH-PPV) sequential nanoparticles hold for
the formation of (MEH-PPV/PF) sequential NPs. Evidence for the fact that we formed bi-
polymer nanoparticles, but not separate PF and MEH-PPV NPs, is the emission peak position
of the outer polymer domain, in this case the PF layer. For sample a as the PF layer is thicker
we observe an emission at 425 nm, which shows that PF did not form separate NPs emitting
normally at 429 nm. PF in sample b on the other hand emits at 419 nm, which shows really
how thin the PF layer on the inner MEH-PPV domain is, so that its emission characteristics
have almost not changed in comparison to the PF solution [22]. A second evidence for the
verification of the resulting structure is also the slightly blue-shifting MEH-PPV emission at
PLE of PF, which shows that PF and MEH-PPV domains are in very close proximity.

3. Conclusion

We successfully showed differences in optical behavior of four differently designed polymer
nanosystems. Resonance energy transfer efficiencies of these systems were calculated to
explicitly discover the most useful structure. The solution mixtures of PF and MEH-PPV as
well as System 1, in which we have a mixture of individual PF NPs and MEH-PPV NPs,
exhibit almost the same low values of energy transfer efficiencies. In principle both systems
have large D-A separations, which in turn results in low transfer efficiency values. The
systems prepared by keeping donor and acceptor molecules within a closer distance, show
significantly improved efficiencies, around 10 times higher or more. The highest energy
transfer efficiency was recorded for the (MEH-PPVa/PF) sequential NP system.

The studies of energy transfer in the four systems using static and dynamic fluorescent
spectroscopy reveal that the nanoparticles of the first approach show no acceptor emission.
The nanoparticles of the second approach show a considerably stronger emission for the
acceptor while donor emission is suppressed. The Forster radius for the system composed of
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individual PF nanoparticles and MEH-PPV nanoparticles has been calculated to be 3.6 nm
and 3.9 nm, for two different MEH-PPV concentrations a and b. The sequential hybrid
nanoparticles prepared in the third and fourth approaches show remarkably higher energy
transfer efficiencies as high as 35%.
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