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n the growing world of nanotechnolo-

gies, in the past few years, a particular

interest has been given to lowering the
cost of the electronic materials."? The idea
of using w-conjugated polymers as semi-
conductors then becomes very appealing.?
The world of organic electronics is mainly
based on conjugated polymers especially
when it comes to technologies such as or-
ganic light emitting devices (OLED)* as well
as organic solar cells® and organic thin film
transistors.%” The idea of using conjugated
polymers is widespread even in some com-
mercial applications such as the OLED dis-
plays and lighting. Different methods can
be used to produce white light from the or-
ganic active material.2° The most common
consists in using a blend of materials and
controlling the energy transfer steps from
the material with the higher energy gap to
the ones absorbing at lower energies in or-
der to obtain emission from the three fun-
damental colors (blue, green, and red).”

As the technology tends to go toward
smaller and smaller scales, obtaining nano-
scale objects made of materials with inter-
esting optical and electrical properties is es-
sential."! The electrospinning technique is
an easy way of obtaining nanofibers of poly-
meric materials by applying a high voltage
between a polymer solution contained in a
capillary and a collector
counterelectrode.'> "> The drop formed at
the tip of the capillary will stretch due to the
electrostatic forces induced by the electric
field. This results in the formation of elon-
gated polymeric nanofibers. This technique
can be used in different fields going from
biomedical'®'’ (e.g., artificial organ compo-
nents, tissue engineering, wound dressing)
to textile, sensors'® and electronics,'® photo-
voltaics?® and photonics.?'??
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ABSTRACT Nanosized zeolite L crystals containing about 550 strongly luminescent acceptor molecules have

been modified by grafting a conjugated oligomer on their external surface. The 25 nm sized crystals have

consequently been embedded in polymeric nanofibers obtained by electrospinning. The fluorescent molecule

grafted on the external surface allows addressing the guests in the zeolite nanochannels through an efficient two-

step energy transfer from the polymer nanofiber. The so obtained hybrid nanofibers exhibit intense emissions

from the three fundamental colors using a single excitation wavelength. The molecule grafted on the external

surface of the nanocrystal also induces a higher compatibility of the hybrid organic/inorganic nanomaterials in

the conjugated polymer and therefore high concentrations of zeolites embedded in the nanofibers are obtained.

Playing on this concentration, the emission of the nanofiber can be tuned and eventually be used for fabricating

white-light emitting nanofibers. This hybrid nanomaterial opens new perspectives for low-cost nano organic light

emitting diodes fabrication with considerable impact on the lighting and display technologies.

KEYWORDS: zeolite L - nanofibers - FRET - electrospinning - electroluminescent
polymer

Some inorganic/organic hybrid materi-
als present major advantages when it
comes to increasing the efficiency of the
emitting dye and the stability. Zeolite L has
been shown to be a successful host material
for preparing a large variety of inorganic/
organic hybrids.? Zeolite L is a crystalline
aluminosilicate bearing monodirectional
nanochannels created by the hexagonal
ionic framework. The channel entrances of
zeolite L are of a diameter of 0.71 nm and
therefore, by tuning the size and the shape
of the organic guest, one can make those
guests enter one by one owing to size re-
strictions. Once in the channels, well-chosen
dye molecules stay separated one from an-
other which leads to a higher photolumi-
nescence efficiency as the quenching due
to aggregation of the dyes is avoided. Not
only does the photoluminescent quantum
yield of the dye included in the nanochan-
nels increase but the inorganic crystal also
provides a protective framework for the dye
inside the nanochannels which will not be
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subject to photoinduced chemical reactions. The exter-
nal surface of the zeolite L crystals displays silanol
groups that can be further used to functionalize the in-
organic host. Such modifications have also been re-
ported for other zeolites, for example, zeolite X.2* A
challenge concerning such host—guest compounds is
to be able to optically or electronically address the dye
inside the zeolite channels.?” The hexagonal zeolite
crystals bear different surfaces which we can divide
into base and coat. The base surfaces have significantly
different reactivity compared to the coat surface, partly
because the entrance to the main channels is exclu-
sively located at the base surface. This difference forms
the bases of the stopcock principle which allows the
preparation of very highly organized materials.?*> Using
this stopcock approach one can address the dye inside
the zeolite channels through a nearly quantitative For-
ster resonant energy transfer (FRET).2>?% Energy transfer
to a molecule located inside of the nanochannels can
also occur from donors located at the coat. It has been
shown that for geometrical reasons energy transfer be-
tween molecules located at the channel entrances and
molecules inside of the channels of zeolite crystals with
larger dimensions can in general be expected to be
more efficient than between molecules located at the
coat and molecules inside of the channels.” The differ-
ence becomes, however, less important if small crystals
in the size range of 100 nm or less are used and if the
enhancement of the anisotropy by the stopcock prin-
ciple is not needed. In this communication, we there-
fore present results obtained by addressing the dyes in-
side the zeolite L crystals through an efficient energy
transfer from a conjugated organic dye grafted on the
total external surface of nanosized crystals. The result-
ing functionalized zeolite L crystals exhibit an increased
miscibility with organic polymers, in agreement with
previous reports.’ The modified zeolite L crystals were
embedded in an organic light emitting nanofiber and
used as acceptors for FRET. We report a two—step en-
ergy transfer process which occurs within the nanofi-
bers and induces photoluminescence of the three fun-
damental colors as a result of a single wavelength
excitation.

RESULTS AND DISCUSSION

The m-conjugated rigid backbone of the organic
semiconducting polymers is hardly stretchable and
therefore they are not the best materials to be electro-
spun. A simple way to overcome this problem is to elec-
trospin a blend of the conjugated polymer with a poly-
mer having a flexible backbone.?®?® The fibers obtained
from the electrospinning process were prepared from a
blend of a fluorene-based copolymer containing triph-
enylamine groups (PFTPA) and polyethylene oxide
(PEO).

In previous works, PFTPA was shown to avoid forma-
tion of fluorenone which quenches the emission from
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the fluorene inducing a green shift of the emission of
the polyfluorene (as can be seen with commercial
polyfluorenes).?>3° Oxonine (Ox") loaded zeolites
(ZLOx) with a-carboxy-(3,3"'-dihexyl-2,2":5",2"'-
terthiophene)®' (T3) or o,w-dicarbaldehyde-
(3,3"",4"",3"""""-tetrahexyl-2,2":5',2"',5'":2""":5""":

20711 51111 sexithiophene)3? (T6) grafted on the
outer surface were added to the electrospun solution
in order to obtain zeolite crystals dispersed in the poly-
meric nanofiber.

T3ZL and T6ZL respectively correspond to the empty
crystals functionalized with T3 and T6. Ox*-loaded zeo-
lites with T3 or T6 on the external surface will be respec-
tively referred to as T3ZLOx and T6ZLOx. Figure 1 pre-
sents the structures of the different molecules that
were used along with their optical characterization.
The zeolite L anionic framework allows exchange of
the counterions with organic cationic dyes. The en-
trance of the channels is large enough to let one dye
molecule such as Ox™ enter but two molecules cannot
pass each other. Therefore, the dye molecules, once in-
side the channels, do not aggregate and stay separated
from each other. The shape and the size of the mol-
ecule entering the channels also determines in which
way it is oriented with respect to the channel axis. It has
been observed that Ox™ forms an angle of 72° with
the channel axis and occupies two repeating units.® In
this study, 20% of the maximum loading of the zeolite
with Ox* was found to result in a material in which the
nanozeolites are homogeneously filled and where the
adsorption on the nanozeolite surface is avoided. It cor-
responds to a ratio Ox™ to repeating unit of the zeolite
crystals of 1:10 or to a concentration of 0.075 mol/L. Al-
though no aggregation inside the channels occurs,
with a higher loading, dishomogeneous dispersion of
the dye within the nanochannels (especially close to the
channel entrances) appear. In the case of nanozeolites,
at a loading of 20% of the maximum loading, such
dishomogeneities are not observed.?®

Nanosized zeolites L of mean diameter and length
of 25 nm have been used. One way to graft molecules
to their external surface is to first functionalize them
with an alkoxysilane derivative.>* The choice of the
alkoxysilane depends on the functions present on the
molecule which will be consequently grafted. In the
case of T3 and T6, these functions are respectively car-
boxylic acids or aldehydes. A simple system to link these
molecules to the zeolites can be based on the reaction
between the acid or the aldehyde and an amine to re-
spectively form an amide and an immine. Therefore, the
molecule that was used for the first functionalization
step of the surface of the crystals is the aminopropyltri-
ethoxy silane (APTES). The silanol groups present on
the external surface (coat and base) of the zeolite react
with APTES by forming Si—O—Si bridges. The modified
zeolite surface therefore displays amino groups that
can be further used for grafting the organic dye. Conse-
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Figure 1. (Dotted line) Photoluminescence excitation profiles (PLE), (solid line) fluorescence spectra (left) and chemical for-
mula (right) of the different molecules composing the system. From top to bottom: PFTPA (film), T3ZL (T3 on zeolite L) pow-
der, T6ZL (T6 on zeolite L) powder, ZLOx (oxonine-loaded zeolite L) powder.

quently T3 or T6 are added to react with the superfi- To obtain a material which simultaneously emits in
cial amino groups. T6 was added in large excess (5:1) three different ranges of wavelengths, it is necessary
so that only one of the two aldehyde groups present to have a controlled FRET from the conjugated poly-
on T6 reacted with the amino groups. Figure 2 repre- mer in the nanofiber to the dye grafted on the zeolite
sents the reaction pathway to obtain ZLOx with the and consequently to the dye inside the channels. Im-
grafted Tn. portant parameters for FRET are the number of
. NH, 1N ;f.
- (EtO),Si(CH,),NH, " H,N NH, Th @~ _ *(N N‘l’.
Toluene, 2h, reflux ™" NEL, Toluene,60 °C, 12h - o N’\\.
NH, NH, ‘y 1&

Figure 2. Schematic representation of the functionalization reactions to obtain zeolites with Tn grafted on the external
surface.
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Figure 3. (Top left) PL of T3ZL (dotted line) and T6ZL (dashed line) and excitation profile of ZLOx (solid line); (top right) exci-
tation profiles of ZLOx (solid line), T3ZLOx (dotted line) and T6ZLOx (dashed line); (center) schematic representation of the
two-step energy transfer within the fiber; (bottom left) excitation profiles of ZLOx (solid line) T6ZLox dispersed in a PFTPA-
PEO blend (dotted line); (bottom right) PL of different concentrations of T6ZLOx dispersed in a PFTPA:PEO blend, wt % = 0

(solid line), 10 (dotted line), and 25 (dashed line). All excitation profiles were integrated between 680 and 700 nm. All PL spec-

tra were obtained with an excitation at 350 nm.

donor—acceptor pairs, as well as the quantum yield of
the donor molecule, the molar extinction coefficient of
the acceptor, and the spectral overlap between the do-
nor’s emission and the acceptor’s absorption spectra.
The larger the overlap integral is, the more efficient the
FRET process becomes.® Figure 3 (top left) displays
the different overlaps between the photolumines-
cence of TnZL (the donor) and the excitation profile of
ZLOx (the acceptor). As we can see, the overlap be-
tween the emission of T6ZL and the excitation profile
of ZLOx (which also corresponds to its absorption spec-
trum) is almost complete, whereas the emission of
T3ZL does not overlap very well with the excitation pro-
file of ZLOx. All the excitation profiles displayed in Fig-
ure 3 are obtained by integrating the emission between

ACINANC) voL.4 = NO.3 « VOHRA ET AL

680 and 700 nm where only the emission from Ox™* is
present. The excitation profiles of ZLOx, T3ZLOX, and
T6ZLOx displayed in Figure 3 (top right) confirm that
the energy transfer from T6 to Ox+ is very efficient and
that, on the other hand, there is almost no FRET from
T3 to Ox+. Consequently, we will focus on the system
involving T6ZLOx dispersed in a blend of PFTPA:PEO
(65:35 in w%) and use the T3ZLOx as a reference in
which the two-step energy transfer does not occur.
The comparative study of the emission from the blends
with T3ZLOx (see Supporting Informations) confirms
that Ox+ direct excitation at 350 nm is negligible,
which was already introduced in previous works
through the Ox+ excitation profiles at higher
energies.?>33
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The comparative study of the excitation profiles of
ZLOx alone and T6ZLOx dispersed in the PFTPA:PEO
blend (Figure 3, bottom left) demonstrates that a two-
step energy transfer from the conjugated polymer to
the dye inside the zeolite L crystal is achieved. The sys-
tem we introduce in this work presents some advan-
tages with respect to the previously introduced zeolite
L and stopcock-molecule-based hybrid materials.2® The
first advantage is a huge increase in the experimental
FRET efficiency (experimental and theoretical values of
respectively 30 and 40%, see experimental section for
details) with respect to the previously introduced sys-
tem. This increase is related mainly to the higher num-
ber of donor—acceptor pairs available in this system,
which will be the focus of a detailed discussion later.

The second major advantage with respect to the
stopcock-molecule-based system is that the compatibil-
ity between the T6 present on the surface of the zeo-
lite crystals with polymer materials induces a far better
dispersion of the host—guest inclusion compound in
the prepared solution and consequently in the polymer
film obtained. As can be seen on Figure 3 (bottom
right), playing on the concentration of zeolites in the
polymer film, the emission can be tuned and we can
even obtain white light by combining the emission
from PFTPA, T6, and Ox™*. Films containing 10 wt % of
T6ZLOx have an emission (recorded with a single exci-
tation at 350 nm) with CIE (Comission Internationale de
I'Eclairage) coordinates of (0.33; 0.26).

The calculated values for Forster’s radii (Ro) for the
systems PFTPA-T6 and T6-Ox+, which correspond to
the distances at which the acceptor should be from the
donor in order to have a 50% probability for FRET to oc-
cur,® are respectively 5.7 and 5.0 nm. Such high values
for the Forster’s radii can be explained by the high over-
lap between the different donor—acceptor systems,
the high photoluminescence quantum yield of the con-
jugated polymer, and the high molar extinction coeffi-
cient of oxonine. (Calculation parameters can be found
in the experimental part.) The number of acceptors that
are within the reach for FRET by donors grafted at the
outer surface of the crystals is determined by the load-
ing of the crystal.

Figure 4 displays the zeolite crystal structure and pa-
rameters. Taking into account those geometrical pa-
rameters, we can calculate the total number of chan-
nels in a 25 nm particle (167 channels) and therefore,
the total number of channel openings (334 channel
openings). The length of the vector c in the zeolite L
crystal structure is 0.75 nm. Taking this parameter and
the fact that one Ox™ occupies two unit cells, we find
that each 25 nm sized crystal contains 556 Ox*. As pre-
viously observed, it is reasonable to assume that the
Ox* molecules are homogeneously dispersed in the
nanosized zeolite.?* The calculated Forster’s radius for
the T6/0Ox+ system allows us to calculate the number
of Ox+ accessible for energy transfer from molecules

www.acsnano.org

Figure 4. (Left) Crystalline structure of zeolite L; (right) schema

positioned on the different surfaces of the zeolite crys-
tal (base and coat). The number of Ox* accessible by T6
attached on the base only is 222 (corresponding to the
molecules which stay in the two positions closest to the
channel entrances) and the number of Ox™ accessible
by T6 on the coat only is 355 (corresponding to the Ox+
molecules positioned in the two outermost channel
rings of the zeolite crystal). Figure 4 (right) gives a sche-
matic representation of the Ox+ molecules within Ry
range for energy transfer from T6 placed either on the
base or on the coat. About '/; of the acceptors Ox* is ac-
cessible both from the coat as from the base. From
this we find that the total number of Ox™ within the F6r-
ster radius range of donors T6 attached to the whole
outer surface is 436. Using both pathways simulta-
neously, we strongly increase the number of acceptor
and donor pairs available for FRET for the nanozised
crystals. As a consequence it is easier to meet the con-
ditions for energy transfer from a polymer to the media-
tor T6 which then transfers to the acceptor inside of
the channels than in the system we have recently de-
scribed.?

The electrospinning step will now allow us to ob-
tain nanofibers of a conjugated polymer blended with
PEO (Figure 5) embedding T6ZLOx crystals. The confo-
cal images, obtained with a single excitation at 407
nm, exhibit emissions at the different wavelengths cor-
responding to the polymer, the grafted T6 and the Ox+
molecules. The nanofibers embedding zeolites display
mainly blue emission from the polymer but locally ex-
hibit white emission in the parts of the fiber containing
zeolites. PL spectra of the nanofibers obtained with dif-
ferent concentrations of zeolite L crystals are analogue
to the PL spectra obtained from films of blends with the
same concentrations. On Figure 5, we observe that the
emission from nanofibers containing different concen-

: AN
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tic
representation of the positions of the Ox* which can be excited
through energy transfer from the bases (top) and from the coat (bot-
tom) of the zeolite L crystals.
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Figure 5. Fluorescence microscope image of fibers of PFTPA-PEO containing 1 wt % (top left), 2 wt % (top right) and 10 wt
% (bottom left) of T6ZLOx and confocal microscope image (bottom right) of T6ZLOx in PFTPA-PEO nanofiber .

trations of zeolite crystals can be tuned to obtain white
light emitting nanofibers.

CONCLUSIONS

Nanofibers of a blue emitting polymer blend were
obtained by electrospinning PFTPA with PEO from tolu-
ene. These nanofibers have a mean diameter of 600
nm and display a stable blue emission. We modified
dye-loaded nanosized zeolite L crystals’ external sur-
face with an appropriate organic molecule which makes
them compatible with organic polymers. This compat-
ibility leads to a better dispersion of the zeolite crystals
in polymers allowing to increase the amount of zeolite
in the polymer and therefore to benefit from the many
advantages provided by the zeolite framework on the
luminescence properties of the organic dye. Adding
such composites to the blend used for electrospinning
led to the creation of nanofibers which exhibit a highly

METHODS

Preparation of ZLOx. Nano-sized potassium zeolite L, Lucidot,
was bought from Clariant.*® The Ox™ loading was done as fol-
lows. A solution of Ox™ in water (c = 1 X 10™*mol - L™") was pre-
pared. The aimed loading for the samples was 20% of the total
loading possible for Ox* in the zeolite channels. The required
amount of the solution was consequently added to a suspen-
sion of zeolites in water, which was then stirred at 80 °C over-
night. To collect the loaded zeolites, the suspension was then
centrifuged at 5000 rpm for 20 min. Once the solvent was re-
moved, the zeolites were washed twice with 5 mL of distilled wa-
ter to remove Ox™ adsorbed on the zeolite’s external surface
and finally dried in oven at 75 °C.

Preparation of T3ZLOx. T3ZLOx corresponds to ZLOx with T3
grafted all over the external surface of the zeolite crystals. T3

) VOL. 4 = NO.3 = VOHRA ET AL.

efficient two-step FRET to the dye included in the zeo-
lite channels. The conjugated polymer partly transfers
its energy to the organic molecule on the surface of the
crystals which consequently injects the energy to the fi-
nal acceptor molecule inside the zeolite channels. This
system therefore provides a medium to obtain emission
from the zeolite-L-based inclusion compounds, which
present many advantages such as the high concentra-
tions which can be obtained avoiding aggregate forma-
tion or the protection provided by the zeolite frame-
work against external attacks such as photo-oxidation
of the organic dye. The fibers display emissions from the
three fundamental colors: blue, green, and red. Playing
on the concentrations of the different molecules, elec-
troluminescent white-light emitting hybrid organic/in-
organic nanofibers can be created opening perspec-
tives for the fabrication of a new generation of light
emitting devices.

was prepared following the synthetic route presented in litera-
ture.3! Typically 25 mg of Ox*-zeolite L (10~° moles of —OH
groups on the external surface) was suspended in 5 mL of tolu-
ene in a polymer tube to which 500 pL (2.14 X 1073 moles) of
APTES (Sigma-Aldrich) was added. The mixture was then soni-
cated at room temperature for 20 min and stirred for 2 h at 60
°C. To collect the zeolites, the suspension was then centrifuged
at 5000 rpm for 20 min. Once the solvent was removed, the zeo-
lites were washed three times with 5 mL of toluene to remove
the excess of APTES molecules and finally dried in an oven at 75
°C. The dry zeolites are then resuspended in 10 mL of toluene.
Consequently, 1.5 X 107° moles of T3 were added to the solu-
tion. The mixture was then sonicated at room temperature for 20
min and stirred overnight at 60 °C. The recovery and washing
steps were the same as previously; although after the T3 graft-
ing the sample was washed five times in toluene (a good solvent

www.acsnano.org



for T3) instead of two to ensure that all the excess of T3 has
been removed completely. The complete removal of unattached
T3 was confirmed by fluorescence spectroscopy measurements.

Preparation of T6ZLOX. T6ZLOx corresponds to ZLOx with T6
grafted all over the external surface of the zeolite crystals. T6
was prepared following the synthetic route presented in a previ-
ous work.32 The procedure for grafting T6 to the external sur-
face of the zeolites is similar to the grafting of the T3 presented
above. The only difference consists in the fact that T6, unlike T3,
was added in excess (5.6 X 107° moles or 5 mg). The complete
removal of unattached T6 was confirmed by fluorescence spec-
troscopy measurements.

Preparation of Luminescent Nanofibers. The conjugated polymer
used in the fiber is a fluorene-based copolymer containing triph-
enylamine groups (PFTPA) prepared as described previously,?*°
blended with PEO bought from Sigma Aldrich. Typically, 20 mg
of PFTPA and 10 mg of PEO were added to 1 mL of chloroform
and stirred for 10 min at 50 °C in order to avoid phase segrega-
tion from the polymers. A relatively large amount of dye-loaded
zeolites (typically 3 mg) was added to the blend solution and put
in an ultrasonic bath for 20 min. The mixture was then stirred
overnight at room temperature in order to disperse the zeolites.
The electrospinning apparatus consisted of a high voltage power
supply (FC 30R04 Glasmman), a capillary with a diameter be-
tween 0.5 and 2 mm containing a platinum-wire electrode and
collector-screen counterelectrode placed 5—10 cm from the cap-
illary tip. The potential between the electrodes used for the ex-
periments ranged from 20 to 30 kV.

Optical Characterization of the Different Molecules, Study of the Energy
Transfer and Microscopy of the Fibers. Confocal and fluorescence im-
ages were collected with a Nikon Eclipse TE2000-U inverted con-
focal microscope with a long working distance and using a Plan
Apo VC objective (magnification 100, N.A. 1.4). The measure-
ments were done with a single excitation wavelength using a
DAPI diode laser at 407 nm.

UV —vis transmission spectra were obtained with a Lambda-9
spectrometer. The photoluminescence spectra were recorded
by using a 270 M SPEX spectrometer equipped with a N,-cooled
CCD by exciting with a monochromatized Xenon lamp. The spec-
tra were corrected for the instrument response. Fluorescence mi-
crographs were obtained through excitation with a 100-W Hg
lamp. The quantum yields of the polymer film and the loaded or
functionalized zeolites in powders were obtained using a home-
made integration sphere following the procedure reported else-
where.*” The energy transfer studies were realized by doing the
photoluminescence excitation profiles (PLE) of the different sys-
tems. An excitation profile is obtained by integrating the emis-
sion of a molecule while sweeping the excitation wavelengths.
The integrations are then corrected with respect to the change
in intensity of the lamp at the different wavelengths by using a
rhodamine B as a reference. Corrected integrations are then plot-
ted with respect to the wavelength of excitation to give rise to
the excitation profile. In the case of energy transfer studies to
Ox+, the integrated emission range was between 680 and 700
nm. Concerning the other molecules (single molecule character-
ization), the integrated emission corresponded to the emission
from each one of the molecules.

Forster's radius are obtained according to the procedure re-
ported elsewhere with pholuminescence quantum yields of
0.55332 and 0.12 for PFTPA and T6ZL, respectively. Extinction
molar coefficients for T6 measured in toluene solution and for
oxonine in water are 36455 and 84100 cm ™' - M™", respectively.
The orientation factors k? chosen for the systems PFTPA/T6 and
T6/Ox* were respectively, 0.476 and 2/3. For the system PFTPA/
T6, we consider the case of a dye dispersed in a polymer,
whereas in the case of the system T6/Ox* we use the value of
k? for randomly oriented dipole moments. The refractive indi-
ces (n) used for the systems PFTPA/T6 and T6/Ox+, respectively,
correspond to the index of the polymer and the index of the zeo-
lite which in the present case are both 1.3.

FRET efficiency is described as the photoluminescence inten-
sity of the acceptor over the total photoluminescence intensity
of the donor and acceptor.® To have an accurate calculation, we
have to take into account direct excitation of the acceptor at
the excitation wavelength. The emission from the films prepared
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by dispersing T3ZLOx in the PFTPA:PEO blend in the same con-
ditions (concentration of zeolites in the films, concentration of
Ox+ in zeolites) as the studied system (T6ZLOx in PFTPA:PEO) do
not display any emission from Ox+ when excited at 350 nm for
different zeolite concentrations (see Supporting Information)
which confirms what can be observed on the excitation profiles
of Ox+ in previous works.?>33 We can therefore consider that the
direct excitation of Ox+ is negligible with respect to the excita-
tion obtained through energy transfer from T6. The photolumi-
nescence spectra presented in Figure 3 (bottom right) were
separated as functions of the three molecules’ spectra to obtain
the contributions of each one of the molecules. The calculations
were made for different samples and the given value is the aver-
age of the calculated efficiencies.
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