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ABSTRACT We report a general and simple approach to take control of the
color of light-emitting two-luminophore hybrid nanowires (NWs). Our strategy is

based on the spatial control at the nanoscale (coaxial geometry) and the spectral

selection of the two kinds of luminophores in order to restrict complex charge and
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energy transfers. Thus, it is possible to control the color of the photoluminescence
wavelength (nm)

(PL) as an interpolation of the CIE (Commission Internationale de I'Eclairage)

coordinates of each luminophore. For this purpose, we selected a green-emitting semiconducting polymer and a red-emitting hexanuclear metal cluster
compound, (n-BusN),MogBrgFs, dispersed in a poly(methyl-methacrylate) (PMMA) matrix. The great potential and the versatility of this strategy have been
demonstrated for two configurations. First, a yellow PL with a continuous change along the nanowire has been evidenced when the proportion of the PPV
shell versus the nanocomposite core, that is, the green/red volumic ratio, progressively shifts from 1:2 to 1:5. Second, an extremely abrupt change in the PL
color with red-green-yellow segments has been achieved. A simple model corroborates the effectiveness of this strategy. PL excitation and time-resolved
experiments also confirm that no significant charge and energy transfers are involved. The two-luminophore hybrid nanowires may find widespread

nanophotonic applications in multicolor emitting sources, lasers and chemical and biological sensors.
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uminescent organic nanowires NWs are

of great importance as building blocks

in future miniaturized optoelectronic
and photonic devices because these sys-
tems rely upon the ability to tune the opto-
electronic characteristics of the constituent
materials. In particular, the potential of or-
ganic NWs as nanosources for applications
such as tagging,'? sensing,®° lasing,”® dis-
play and lighting®'® are extensively explored.
In each case, the control of emitted light
(stability, intensity, color) is a foremost point.
For these reasons, many organic nanowires
and nanotubes have been fabricated during
the last 10 years, either from conjugated
polymers,®'"" or from oligomers or small
molecules.'? Some original emissive behav-
iors induced by the nanostructuration have
also been shown."®'* In most cases the or-
ganic one-dimensional nanosources are com-
posed of a single luminophore, thus resulting
in a single color emission. Then, the color of
fluorescence is directly related to the choice
of the luminophore among a broad range
of dyes or nanoparticles. However, these
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luminophores have also to meet many other
criterions depending on the targeted appli-
cation, such as the emission quantum yield,
the emission stability under illumination or
in different media, the solubility, the bio-
compatibility, etc. For this purpose, the study
of multiluminophore nanostructures is an
emerging and promising domain.'>'® The
mixing of luminophores into nanowires can
result in color tuning as well as white emis-
sion."’ 2! Moreover, by controlling the po-
sition of two luminescent materials at the
nanometer scale, it is possible to engineer
multicolor nanosources®* and multisegmented
nanowires."” This strategy is not restricted
to pure organic materials but hybrid systems
combining both organic and inorganic chromo-
phores (quantum dots, phosphorescent met-
al complexes) are also of great interest.%%>~%

However, the mixing of two or more emis-
sive materials can lead to complex and non-
desired behaviors caused by charge and
energy transfers between the two lumino-
phores. Reabsorption phenomenon (trivial
energy transfer), charge trapping,®® resonance
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energy transfer (RET) process, i.e., dipole—dipole cou-
pling (Forster energy transfer)?’ 2 and electron ex-
change (Dexter energy transfer)*° are the main pheno-
mena encountered and they complicate the prediction
and the control of the properties.' Also, these mech-
anisms can result in the decrease of the emitted lightin
a part or in the whole spectral range, thus contributing
to the decrease of the overall intensity.3%>>

The tuning of optical emission by RET mechanisms
additionally depends on the pumping wavelength, the
absorption, the quantum yield of emitters and the RET
efficiency. The RET efficiency depends on the donor-
to-acceptor separation distance.3* Other studies have
shown that other parameters are also involved in RET,
such as the particle shape and size, the relative spatial
distribution of acceptor and donor,? the overlapping
between the donor absorption spectrum and the
acceptor emission spectrum and the relative orienta-
tion of the emitters.?' As a consequence, the design of
a new generation of multiluminophore nanoparticles
which prevent or restrict complex energy or charge
transfer could be suitable to tailor the color of emission.

In this study, we show how a coaxial geometry com-
bining two types of luminophores at the nanometer
scale can result in a very fine-tuning of the photolumi-
nescence (PL) features by minimizing the charge and
energy transfer mechanisms. Besides the local arrange-
ment of the luminophores, this has been achieved by
selecting luminophores which exhibit distinct color of
PL emission as well as no significant overlapping of
their absorption and emission spectral range. Here, a
s-conjugated polymer poly(para-phenylene-vinylene)
PPV has been used as a fluorescent green material and
metal-clusters compound (n-BusN),MogBrgFs as a
phosphorescent red one. (n-BusN),MogBrgFe is based
on [MogBrgFe]>~ cluster units paired with two (n-BusN™)
counter cations (see Figure S1 in Supporting Information).
(n-BugN)>,MogBrgFs is highly soluble and constitutes a
useful one-nanometer diameter building block for the
elaboration of hybrid nanocomposites®> 3" and function-
alization of metal organic framework (MOF).3® Here, the
cluster units were dispersed in an insulating poly(methyl-
methacrylate) (PMMA) matrix to separate the two lumi-
nophores and to avoid charge transfers. The coaxial
nanowires with a core of (n-BusN);[MogBrgFsl@PMMA
and a shell of PPV have been successfully synthesized
by a template strategy, as demonstrated by electron
microscopy. On the basis of a systematic study of micro-
PL coupled to micro-Raman investigations along the
coaxial NWs, we demonstrate that the resulting PL
spectra can be simply decomposed by the sum of
the spectrum of each luminophore weighted with their
respective proportion. To probe whether transfer me-
chanisms are involved between the core and the shell,
the time-resolved PL emission has been studied for PPV
nanotubes, (n-BusN),[MogBrgFs]@PMMA nanowires and
for the coaxial nanowires. This strongly suggests that
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transfer processes are not significantly involved. Thus,
for a given excitation wavelength, it is possible to anti-
cipate and to control the color of the emitted light on
the chromaticity diagram as an interpolation of the CIE
(Commission Internationale de I'Eclairage) coordinates
of each luminophore. Moreover, the original design
proposed here also permits to get a very sharp color
change within few nanometers, as demonstrated for
nanowires with green, red and yellow emitting segments.

RESULTS AND DISCUSSION

Design of Coaxial Two-Luminophore Nanowires. For two
or more luminophores based systems, the control of
the color is usually achieved by simply mixing organic
dyes, quantum dots or other nanoparticles with dif-
ferent ranges of emission. An empirical approach is
adopted that consists in changing the proportion of
each luminophore. Generally, this strategy promotes
complex phenomena occurring when two (or more)
kinds of emitters are into contact, that are Dexter and
Forster energy transfers as well as charge transfers. To
restrain these phenomena, spatial separation of the
two kinds of emitters can be achieved by preparing bi-
or multilayered thin films. But it does not circumvent
the self-absorption phenomenon due to overlapping
of the absorption and emission spectra. The original
design proposed here enables us to address these
points and finally to anticipate the emitting color along
nanowires with a control at the nanoscale. This control
has been demonstrated here with individual nano-
wires exhibiting either a uniform yellow color, a pro-
gressive change from yellow to orange, or a sharp shift
of the color from yellow to green and red segments
(Figure 1).

First, we selected the PPV conjugated polymer as a
green emitter and (n-BuyN),[MogBrgFs] cluster com-
pound as a red emitter because the absorption band
of the cluster unit (red dashed line, peak at ~3.8 eV)
has no significant overlap with the emission band of
the PPV (green line, peak at ~2.2 eV) as shown on
Figure 1a. Thus, the absorption by the cluster units of
the photons emitted by PPV cannot significantly occur.
Figure 1b shows epi-fluorescence micrographs of ran-
dom PPV nanotubes and (n-BusN);[MogBrgFs]l@PMMA
composite nanowires mats synthesized as reference
systems. Uniform bright green and red characteristic of
PPV and (n-BusN);[MogBrgFs] emissions are observed.

Aside from the necessary spectral separation, the
spatial separation is also required. Indeed, Dexter energy
transfer occurs when the wave functions of the two types
of luminophores overlap. This implies that the excited
donor and the ground-state acceptor are close enough
(typically ~0.6—2 nm). For charge transfer phenomenon,
a similar distance between the donor and the acceptor is
needed. Concerning Forster energy transfer, the process
is efficient for typical distances 5—10 nm between the
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Figure 1. (a) Normalized absorption (dashed lines), excita-
tion (dotted line, Acmy = 710 and 500 nm for (n-BuyN),-
[MogBrgFe] cluster compound and PPV, respectively) and
photoluminescence (solid lines, 1oy = 400 nm) spectra of the
(n-Bu4N),[MogBrgFg] cluster compound (red lines) and of the
PPV polymer (green lines). These spectra are measured for
spin-coated thin films. The cluster and polymer structures
are shown as insets. (b) Fluorescence microscopy images
(Aexe = 330—380 nm; Aoy, > 420 nm) of dispersed PPV
nanotubes (green), (n-BugN);[MogBrgFsl@PMMA nanowires
(red) and coaxial nanowires for the two coaxial arrange-
ments: (1) continuous PPV shell (yellow NWs) and (2)
discontinuous PPV shell (red-green-yellow segments): sche-
matic illustration of (n-BusN),[MogBrgFs]l@PMMA composite
NWs, PPV NTs and coaxial NWs are given in insets. A
magnified view of a single nanowire is shown on the right
side of each image.

donor and the acceptor.®® In our system, the spatial
separation was achieved by dispersing the cluster units
in an insulating PMMA matrix to form a hybrid compos-
ite (n-BuygN),[MogBrsFsl@PMMA and by using a sec-
ondary template strategy. First, a thin layer of PPV was
deposited by impregnation of porous alumina mem-
branes. Then, a solution containing both the PMMA
and the cluster units was used to fill PPV nanotubes.
This results in a coaxial arrangement where the two
luminophores are spatially well-separated at the nano-
scale with a composite (n-BusN),[MogBrsFsl@PMMA
core and a PPV shell as illustrated in Figure 1b (see the
Methods part for further details).

Coaxial Nanowires Characterization. The coaxial NWs
were characterized using a scanning electron micro-
scope (SEM), an atomic force microscope (AFM) in
intermittent contact mode and a transmission electron
microscope (TEM) equipped with an energy dispersive
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X-ray spectrometer (EDX) after removing the alumina
template. A mat of flexible NWs (Figure 2a) is obtained,
confirming that the procedure successfully generated
NWs at high yield (~ 10° per template), as well as dis-
persed individual NWs (insets of Figure 2a,b). Their
lengths were found in the range 10—20 um while the
membrane thickness is about 60 um. This difference
can be explained by the alumina removal step and the
sonication step required for their dispersion in solution,
which result in shortening of the NWs.

The contrast provided by the heavy atom of mo-
lybdenum (Z = 42) from the cluster units, present in the
core, compared to mainly carbon in the shell allows to
clearly distinguish the coaxial morphology of NWs by
TEM analysis (Figure 2c). Statistical analysis of micro-
graphs yielded average values for NWs outer diameter,
~ 200—250 nm, and the shell thickness of about 20 nm,
in agreement with TEM studies of the shell of PPV
nanotubes published previously.>® The disparity of
NWs diameters reflected the inhomogeneous internal
pore diameters within the template employed. The
coaxial geometry is unambiguously demonstrated by
the EDX study. Figure 2d shows two EDX spectra
performed with 10 nm diameter spot size measured
for the NWs core (blue circles) and the NWs shell (red
circles) in Figure 2c. It is clear from the peaks corre-
sponding to molybdenum and bromine that the
[MogBrgFsl> cluster units are only located within the
core of the NW, while the carbon dominates for the PPV
shell. The presence of phosphorus and copper results
from the removal of the template by phosphoric acid
and from the TEM grid, respectively. The EDX peak at
1.5 keV cannot be clearly attributed to bromine or
aluminum and arises probably from a mixture of the
two contributions. The lack of contrast within the core
part strongly suggests that the cluster units are homo-
genously dispersed into the PMMA matrix. This is in
agreement with selective area electron diffraction
(SAED) study, not shown here. The absence of diffrac-
tion features in SAED pattern indicates that there is no
crystallization of the cluster compounds. The (n-BuyN),-
[MogBrgFs]l@PMMA composite can thus be considered as
homogeneous, a foremost point for the targeted control
of the color all along the nanowire. Indeed, more con-
centrated areas of cluster units would result into a locally
more intense red emission and thus into inhomogeneous
color along the NW due to a local change in the balance
between the red and the green emission.

The successive impregnation of the template by the
PPV and the composite simply produces the coaxial
geometry of nanowires. To demonstrate the versatility
to change the emission color permitted by this coaxial
arrangement, two designs have been processed, as
shown in Figure 1: (1) a continuous PPV shell, it results
in a uniform bright yellow-orange emission along the
NWs; (2) a discontinuous PPV shell results in multi-
segmented NWs with red, green or yellow segments.
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Figure 2. (a) SEM image of a mat of flexible coaxial NWs. Inset: magnified SEM image of an isolated NW. (b) AFM height image
of a network of wires deposited onto a glass substrate (Z-scale: 1 um). Inset: magnified AFM height image of a NW with
topography line profile measured across the wire at the indicated location. (c) TEM micrograph of an isolated NW which
reveals the coaxial geometry, i.e., a PPV shell (indicated by the blues lines) and a (n-BusN),[Mo¢BrgFs]@PMMA composite core
as confirmed by EDX measurements (d) at the locations indicated on panel c (the circles represent roughly the probe area).

Red and blue spectra correspond to the shell and the core of the fiber, respectively.

The relation between the proportions of each material
and the color along the NWs has been established by
micro-Raman and microphotoluminescence spectros-
copy studies, as reported below.

Spectroscopic Studies along the Nanowires. To evaluate
the proportions of each material along the NWs and
the corresponding emitted color in the case of a con-
tinuous PPV shell, the anodic alumina oxide (AAO)
templated NWs were revealed by making a cross section
as illustrated in Figure 3. This cross section was then
scanned by a focused laser and micro-Raman (Figure 3a)
and micro-PL (Figure 3c) spectra were recorded at
different positions from top to bottom of the mem-
brane. The spot size of the focused laser beam on the
sample was estimated to be about 1—2 um. For the
Raman study, a spectrum was recorded every 6 um
for the 60-um long NWs. The Raman peaks below
300 cm ™! were attributed to the hexanuclear molyb-
denum cluster,*®*? whereas peaks at 814, 882, 930,
and 1453 cm™" were attributed to PMMA.*~*° The
Raman characteristic peaks at 1174, 1550, 1588, and
1631 cm™' correspond to the stretching and the
bending modes of carbon bonds in the PPV molecular
backbone.*® The presence of the peaks related to the
PPV, PMMA and clusters corroborates the successful
synthesis of coaxial NWs, as shown by TEM. Most
importantly, the variation of the corresponding Raman

peak intensity along the scanning direction is a direct
signature of the quantity of each material. This effect
has been exploited to evaluate the variation of the
proportion of each material along the 60-um long NWs.
Indeed, the choice of the membrane and the wetting
conditions can directly affect the quantity of matter
deposited inside the nanopores. We have shown re-
cently that PPV NWs can be prepared in polycarbonate
membranes while PPV NTs are generally formed into
AAO membranes.*” Here, the evolution of the propor-
tion of PPV and clusters compounds has been deter-
mined from the change in the Raman intensity for 10
spectra (Figure 3b). After a strong decrease of the
Raman signal for both PPV and clusters from the
impregnation side, the intensity (normalized to the
value at the first, i.e., top position) stabilizes around
0.5—0.6 for the cluster units while the PPV one keeps
falling down to 0.2 when probing down to the opposite
side of the membrane cross-section. Such a decrease of
the intensity can directly be attributed to less matter
deposited. Indeed, it is expected for a solvent-assisted
wetting synthesis that the quantity of polymer in
solution decreases when it further penetrates from
the top impregnation side to the bottom of the pores.
This results in a thinner nanotube wall, also corrobo-
rated by TEM investigation. Considering a NW diameter
of 200 nm, the thickness of the PPV shell can vary from
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Figure 3. (a) Micro-Raman spectra of array of coaxial NWs embedded in Al,0; matrix for five laser positions (Aexc = 785 nm)
along the pores as illustrated in the scheme. The assignment of characteristic Raman peaks is also reported. (b) Micro-Raman
intensity (dashed lines) of PMMA (814 cm ™", blue), (n-BusN),[MogBrsFs] (206 cm™', red) and PPV (1550 cm ™', green) versus the
cross-sectional position in the membrane reported from Figure 3a. Right axis: PL intensity (solid lines) versus the position for
the 2.25 eV (green) and the 1.77 eV (red) bands related to PPV and clusters compounds, respectively. (c) Micro-PL spectra
(Aexc = 457.9 nm) of coaxial NWs for the three positions top-middle-bottom along the pores as illustrated in scheme. The
correspondence between the micro-PL spectra and the perception color is represented in a chromaticity diagram (d).
CIE coordinates for pure PPV nanotubes and (n-BusN),[Mog¢BrgFs]@PMMA NWs are also reported.

about 20 nm (top) to 10 nm (bottom). Then, the cor-
responding volumic ratios of green (PPV) versus red
((n-BugN),[MogBrgFs]@PMMA) emitters have been es-
timated to vary approximately from 1:2 (shell thickness
of 20 nm) to 1:5 (shell thickness of 10 nm) along the
nanowires. We emphasize that the respective propor-
tions of the two emitters are very similar in our coaxial
approach. Thus, it is possible to tune the color of
emission either in a slight way as shown here, or very
sharply (see Figure 1) only by changing the thickness of
the shell. Additionally, we propose two methods to
increase the tuning range. First, a larger change in the
shell thickness along the coaxial nanowire may resultin
a broader change of the covered color range: the
sharper the variation of shell thickness, the stronger
the shift of color. Second, an increase in the cluster
concentration within PMMA may result in a larger
weight of the red spectrum in the overall spectrum,
i.e., a global red shift of the color range. A similar effect
is expected for other couples of luminophores, while
respecting the spectral restrictions reported above.
This dramatically contrasts with the common strategy
used for tuning the color that consists in the direct
mixing of the two (or more) emitters with typical
donor—acceptor molar ratios of 100:1."® Such a dis-
crepancy between the two kinds of luminophores can
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be a drawback for in-solution processes, because the
limit of solubility of the two emitters may constrain the
donor—acceptor ratio, i.e., the resulting color. Based
on this variation in the proportion of the two luminophores
and considering the quantum yield equals to about 40%
for the PPV when processed into nanotubes®” and about
20% for the (n-BusN)-[MogBrsFel,**° a progressive shift of
the color can indeed be anticipated from yellow-green to
yellow-orange from top to bottom of the NWs.

The emissive features of the as-prepared NWs have
been investigated by steady-state PL with a 2 um
diameter microprobe at three positions along the
membrane pores, as show in Figure 3c. The wide
spectra are composed of the characteristic PPV PL
bands centered at 2.40, 2.24, 2.07, and 1.88 eV and of
the cluster broad band with a maximum at 1.77 eV. It is
clear from Figure 3c that the PL contribution of PPV is
strongly reduced from top to the bottom of the cross
section with respect to the nanocomposite signal. The
change in the PL intensity for the 2.24 and the 1.77 eV
bands is reported on the right axis of Figure 3b. The PL
decrease appears to be well-correlated to the Raman
intensity decrease. A more detailed analysis with a
simple model to fit the PL spectra is given later.

Color Control and Spectral Modeling. The effect of the
monochromatic pumping wavelength on the emission
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Figure 4. Effect of the energy of excitation (2.54, 2.71, and
3.71 eV) on the PL spectrum of the coaxial nanowires and
their respective color on a chromaticity diagram (inset). The
investigated area along the NWs (in AAO template) is the
same for the three spectra.

color was first determined. Considering that the PPV
and the clusters units have different absorption spectra
(Figure 1), the monochromatic pumping can favor
resonant pumping of one species. Here, the PL spectra
reported on Figure 4 were measured under a microp-
robe at the same position along the nanowires and for
pumping at 3.71 eV (334 nm), 2.71 eV (458 nm), and
2.54 eV (488 nm). It is clear that the contribution of the
PPV spectrum progressively increases with respect to
the (n-BugN),[MogBrgFs]l@PMMA one when the excita-
tion line shifts from 3.71 to 2.71 and to 2.54 eV. Such
a variation can be anticipated from the absorption,
emission and excitation spectra on Figure 1 (see also
photoluminescence excitation maps in Supporting
Information), due to the preferential resonance pump-
ing with the clusters for an excitation line in the UV
range and with the PPV for excitation in the visible blue
range. It can also be noted a broadening of the overall
spectrum for the excitation at 3.71 eV, which is due to
the superimposed broadened emissions of the two
chromophores at this excitation energy. In addition,
the sharp drop in the PL intensity at 2.50 eV for an
excitation at 2.54 eV is due to the edge filter used to
eliminate the Rayleigh contribution. For these reasons,
the points reported in the chromaticity diagram are not
aligned (inset of Figure 4). In the following, the color
was investigated for a fixed pumping wavelength.
We now address the color control. For this purpose,
the coaxial NWs with a continuous PPV shell are considered

GARREAU ET AL.

PL intensity (x1 03)
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Energy (eV)

2.2

Figure 5. Emission spectrum (black circle) of (n-BugN),-
[Mo¢BrgFs]@PMMA NWs (upper graph), PPV nanotubes
(middle graph), and coaxial NWs (lower graph) embedded
in the Al;03 membrane at the middle position, as shown in
Figure 3. These spectra were fitted with Voigt functions
(blue solid lines). The cumulative fits with the model pro-
posed are plotted in red.

(see Figure 1b, case 1). The color emission corresponding
to each PL spectrum (pumping wavelength: 2.71 eV) has
been determined for three positions along the NWs and
reported in a chromaticity diagram (Figure 3d: top, x =
0.41,y=0.57; middle,x=0.42,y = 0.55; bottom, x= 0.45,
y = 0.53). The coordinates of (n-BuyN),[MogBrgFsl@
PMMA NWs (x = 0.70, y = 0.30) and PPV nanotubes (x =
0.38, y = 0.60) are also reported. It can be noted that the
perception of the emission color for the coaxial NWs is
closer to the PPV one, due mainly to the sensitivity of
the human eye. Moreover, the contribution of the PPV
emission is favored by the higher quantum yield of PPV
and the pumping wavelength (2.71 eV), as discussed
above. As anticipated from the Raman study, the
reduced quantity of PPV from top (impregnation side)
to bottom of the NWs results in a progressive shift of
the color from yellow-green to yellow-orange. It is em-
phasized that the coaxial design is a versatile strategy
which makes possible to have either a slight color shift
for a progressive change of the shell thickness, or a very
sharp color change for a discontinuous shell.

Next, we show that complex behaviors caused by
charge and energy transfers between the two lumino-
phores are not significantly involved in the hybrid
coaxial NWs. As discussed above, the spectral features
of the selected two luminophores and the original
design with the coaxial geometry and the insulating
matrix for the cluster units are expected to prevent
from reabsorption phenomenon, charge trapping, re-
sonance energy transfer process and electron ex-
change. If they occur, such phenomena would result
in the decrease of the donor (green) emission intensity,
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and the increase in the acceptor (red) emission inten-
sity when compared to the case without transfer. This is
obviously not the case as a dominant bright yellow
emission is obtained for a volumic green (PPV):red
(PMMA-cluster) ratio equal to 1:2 to 1:5 in the NWs
with a continuous shell. This qualitative observation is
confirmed by the following quantitative analysis. Con-
sidering that for the coaxial NWs, any coupling be-
tween the two luminophores would involve changes in
the spectral shape with respect to the single lumino-
phore case, a simple model has been tentatively imple-
mented. It is proposed that the spectrum for the coaxial
nanowires results from the sum of the PPV and cluster
spectra weighted with only two parameters Ppp, and
Pciuster related to the proportion of each luminophore:

[Coaxial spectrum] = Pppy*[PPV spectrum]
~+ Pejuster *[Cluster spectrum]

In this model, for the three positions along the cross
section (top, middle and bottom, see Figure 3), the
spectrum of the PPV nanotubes was fitted with four
Voigt functions (noted (1), (2), (3) and (4)) correspond-
ing to the four bands usually identified for PPV, while
the spectrum for (n-BusN),[MogBrgFsl@PMMA compos-
ite NWs was fitted with a Voigt function noted (C) (a
complete description of the fitting method is reported
in Supporting Information). The corresponding curves
are reported in Figure 5 for the spectra measured in the
middle of the membrane cross sections (see Support-
ing Information for the fits of the spectra at the top and
bottom positions and for details of the fitting parameters).
Then, the spectra for the coaxial two-luminophore
nanowires were tentatively fitted by the sum of the
PPV and cluster contributions with fixed values for the
energy of the emission bands and the width parameters.
Only the magnitudes with respect to PPV and composite
spectra were allowed to vary freely, corresponding to
the proportion of each material as described in the
model. Finally, the band widths were allowed to
slightly vary. A very good fit was obtained for the
top, the middle and the bottom spectra, as shown in
Figure 5 and Supporting Information. To further corro-
borate the validity of our analysis, the fitting compo-
nents areas (related to the width and the magnitude)
for the four PPV bands and the cluster one in two-
luminophore NWs were compared to the correspond-
ing values for the one-luminophore NWs or NTs (Figure
S4 and Table S3 in Supporting Information). Remark-
ably, for each position (top, middle, and bottom), the
areas for one-luminophore or two-luminophore sys-
tems are very similar. Moreover, their intensity exhibits
a variation with the position along the NW close to the
one observed for the Raman intensity. This analysis
shows that for our system, the very simple model with
only two free parameters Pppy and Pcjuster related to the
proportion of each luminophore is well verified.
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Figure 6. Photoluminescence decay curves and calculated
decay times of (a) PPV nanotubes (green curves) and coaxial
composite(core)-PPV(shell) NWs (black curves) integrated in
the 510—570 nm spectral range, and (b) composite (n-BusN),-
[MogBrsFs]@PMMA NWs (red curves) and coaxial NWs (black
curves) integrated in the 670—730 nm range. In each case,
circles and solid lines correspond to experimental points and
fitted curves, respectively.

Furthermore, the energy transfer dynamics was
investigated by time resolving the PPV and (n-BuyN),-
[MogBrgFe] optical emission upon excitation at 3.10 eV
(400 nm). The direct comparison between the decay of
a given luminophore in pure NWs or in hybrid coaxial
NWs is expected to evidence any transfer mechanism
between PPV and cluster units. Figure 6a shows fluo-
rescence decay curves of the PPV NTs and the coaxial
NWs integrated in the 510—570 nm emission range
and during 1 ns, whereas Figure 6b shows phosphor-
escence decay curves of the (n-BuyN),[MogBrgFsl@
PMMA NWs (red) and the coaxial NWs (black) inte-
grated in the 670—730 nm emission range and during
1 us. These experimental decays were fitted with a
biexponential function and the corresponding decay
times are mentioned in the inset of Figure 6. In both
cases (Figures 6a,b), the luminescence decay times
measured in the hybrid coaxial NWs are very close to
the values measured for the NWs or NTs made of a
single type of luminophore. This is strong evidence
that there is no significant charge and energy transfer
between (n-BuyN);[MogBrgFs]l@PMMA and PPV poly-
mer in the coaxial NWs. A discussion of the possible
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effects of the coaxial morphology on energy transfers
in our system is now proposed. For the PPV, the exciton
diffusion length is typically 5—12 nm.>"*? Thus, for a
PPV shell thickness of about 20 nm, almost all the
excitons created in PPV could diffuse toward the inter-
face and thus eventually interact with clusters units
embedded in PMMA. A fluorescence resonance energy
transfer (FRET) mechanism between the two lumino-
phores should then strongly affect the contribution of
PPV to the overall PL spectrum and PL decay. From the
stationary and time-resolved PL studies and analysis, it
is reasonable to consider that no significant energy
transfer takes place in our system. Additionally, the
proportion of clusters located in the dipole—dipole like
coupling area close to PPV can be estimated. Indeed,
the FRET efficiency is inversely proportional to the sixth
power of the distance between the donor and acceptor.>®
Previous studies in composites with quantum dots
suggested nonradiative resonant dipole—dipole inter-
action to explain the observed efficient excitation
transfer from the conjugated polymer to the QD.>*>*
They found Forster radii of 5—7 nm which corresponds
to the distance between donor and acceptor where
50% of the excitations are being transferred. The upper
value of 7 nm for the Forster radius is considered here
for the estimation. On the basis of the morphological
study, average values for the outer NW diameter and
the PPV shell thickness are 220 and 20 nm, respectively.
The estimated proportion of clusters under influence
of FRET is about 15% of the total clusters amount. Thus,
only a minor proportion of the clusters units could
interact with PPV excitons. Dexter energy transfer can
also be ruled out in the emission pathways of these
hybrid nanowires. The Dexter mechanism is a short-
range process involving electron exchange occurring
within about 1 nm between donor and acceptor. The
main consequence of Dexter transfer is PL quenching.
Thus, one should speculate that if this transfer exists in
our hybrid nanowires it should affect only the core—
shell interface, and thus involve a negligible fraction of
clusters at the interface. Similarly, only a very small
proportion of clusters would be affected by charge
transfers from the PPV shell to the clusters through the
insulating PMMA matrix by hopping mechanism. Ac-
cordingly, Figure 6 shows that there is no significant PL
quenching in the hybrid coaxial nanowires with re-
spect to pure PPV nanotubes or cluster-PMMA NWs.
Beyond the original strategy proposed in this work
to minimize the interactions between the luminophores
of each color, the coaxial structure can be extended to

METHODS

Cluster Synthesis and Composite Preparation. (n-BusN),[MogBrgFel
was prepared according to procedure reported.®® For the fabrication
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any couple of luminophores, including the donor—
acceptor systems. Then, the proportion of donors
located in the shell and acceptors in the core which
experiences charge and energy transfers could be
tuned by the control of the outer diameter and shell
thickness in relation to the characteristic physical
lengths involved. For a fixed shell thickness and when
RET mechanisms are involved, the relative contribution
of donor—acceptor coupling would increase when the
diameter is decreased. Thus, the coaxial design could
be further exploited to explore the chromaticity dia-
gram, including the white panel by incorporating blue
emitters. It is also a promising way to help under-
standing the complex coupling mechanisms impli-
cated within nanosources made of at least two types
of luminophores. This is a central point in this very
active field of research, in relation with some of the
challenges of nanophotonics, for example by forecast-
ing the emission color of integrated devices.

CONCLUSION

Two-luminophore nanowires based on a coaxial
architecture have been designed to take control of
the color of hybrid nanosources. The two lumino-
phores, (n-BusN),[MogBrgFel cluster compound and
semiconducting PPV conjugated polymer, were se-
lected to restrain the absorption and emission spectral
overlapping while a spatial separation was achieved by
the coaxial geometry. A wetting template process was
used to fabricate the coaxial nanowires with a PPV shell
and (n-BuyN),[MogBrgFsl@PMMA core. A systematic
study of the micro-PL coupled with micro-Raman
investigations along the coaxial nanowires shows that
the resulting PL spectra can be simply decomposed
by the sum of the spectrum of each luminophore
weighted by the relative proportion of each material.
A time-resolved PL study confirms that the coupling
between the two luminophores can be neglected. The
present investigation reveals that it is possible to
forecast the color of the emitting coaxial NW on the
chromaticity diagram as an interpolation of the CIE
coordinates of each luminophore. Additionally, this
coaxial morphology offers a promising way to get a
sharp change of the color at the nanoscale, as shown
here for red, green and yellow emitting segments. This
original design is a relevant way to produce hybrid
nanosources by in-solution processing with a great
versatility in the color control, and thus to address an
important challenge of nanophotonics for tagging,
sensing, lasing and lighting development.

of the (n-BusN),[MogBrgFsl@PMMA composite, acetone (optical
spectroscopy grade, Carlo Erba) and PMMA (M,,: 120 000 g-mol ™",
Sigma-Aldrich) were used without further purification. To get an
appropriate viscosity for the PMMA and clusters in acetone, a
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solution containing 4 wt % of (n-BusN),[MogBrgFe] and 10 wt %
of PMMA was prepared.

Fabrication of the Coaxial N\Ws. The coaxial NWs were fabricated
by a wetting template method in anodic alumina oxide (AAO)
nanoporous template. Commercial AAO membranes purchased
from Whatman (anodisc 13) have been used. They are 60 um
thick with a real pore diameter showing a polydispersity between
200 nm and around 250 nm, as revealed by SEM analysis.

For the synthesis of coaxial NWs, two steps of wetting are
required. The first step consists in the wetting of AAO mem-
brane with the PPV precursor in methanol solution. The sulfo-
nium polyelectrolyte used as a precursor polymer of PPV was
synthesized in our laboratory via the standard procedure.”® To
obtain PPV nanotubes, the concentration of PPV precursor in
methanol was chosen at 0.5 mg/mL and 200 uL of this solution
was drop-casted on AAO membrane, as described elsewhere 347
The precursor embedded in AAO membrane was then thermally
converted under a dynamic secondary vacuum (~10~ Torr) for
4 h to obtain PPV. The coaxial nanowires are then obtained by a
secondary-template strategy. The AAO membrane containing
PPV nanotubes was wetted with the solution containing TBA™
[MogBrgFs]?>~ and PMMA in acetone. The wetted templates were
left overnight under ambient condition to allow solvent eva-
poration. For some characterization, the AAO templates con-
taining coaxial NWs was completely etched in H3PO, (25 wt %)
overnight and washed several time with DI water. The coaxial
NWs were homogeneously dispersed in DI water solution by
ultrasonication during ~10 s with a power of 140 W (Fisher
Scientific FB 15052). Ultrasonication results in the shortening of
the nanowire length.

Structural and Optical Characterizations. A field-effect scanning
electron microscope (JEOL, JSM-7600F operating at 5 kV), an
AFM (Nanowizard Il, JPK instruments) working in intermittent-
contact mode in air with Si tips (PPP-NCHR, Nanosensors) and a
transmission electron microscope (Hitachi H9000 NAR operat-
ing at 300 kV) were used to investigate the morphology and the
composition of the nanowires. For SEM, AFM and fluorescence
microscopy experiments, a drop of solution (~10 uL) containing
the nanowires was deposited onto silicon or glass substrates
after the dissolution of the template. For TEM experiments
(imaging, electron diffraction and EDX), a drop of the solution
was deposited on TEM copper grids covered with a thin holey
carbon film. The microscope is equipped with a Noran Kevex
Si—Li detector for EDX spectroscopy. Epi-fluorescence micro-
graphs were acquired using a calibrated microscope (Eclipse Ti,
Nikon) equipped with a x 60 objective and a CCD camera, 130 W Hg
lamp and fluorescence filter cube (EX 330-380, Dm: 400, BA 420).

Spectroscopic Characterizations. All characterizations were per-
formed at room temperature. Absorption and photolumines-
cence of the [MogBrgFs]®~ clusters were measured on spin-
coated thin films (1500 rpm, 30 s) deposited on glass from a
solution containing 4 wt % in acetone and from a PPV precursor
(PPV precursor: 0.5 mg -mL~" in methanol, 1500 rpm, 30 s,
thermal conversion at 300 °C for 3 h). UV—vis absorption on thin
film sample was performed with a Perkin-EImer double beam
spectrophotometer equipped with an integrating sphere; we
carried out PLE measurements using a Jobin-Yvon Fluorolog 3
equipped with a CCD camera and PL experiments on film were
achieved under 400 nm excitation at 0.5 mW by a Spectra-
Physics Hurricane X laser. For micro-Raman and microphotolu-
minescence studies, the template containing the nanowires
was broken to reveal a cross section and consequently the
whole length of the nanowires. Micro-Raman spectra were
recorded using a Renishaw inVia Raman microscope equipped
with a 785 nm line of a HPNIR diode laser. We measured steady-
state micro-PL spectra with a Jobin-Yvon T64000 spectrometer
under 457.9 nm laser excitation obtained by an argon ion laser.
In each case, the spot size of the focused laser beam on the
sample was estimated to be about 1—2 um. The output laser
power incident on the sample and the acquisition time were
fixed at 5 mW and 90 s, and at 10 uW and 10 s for each Raman
and PL spectrum, respectively. Investigation of the effect of the
pumping wavelength was performed with Jobin-Yvon T64000
and Horiba Jobin-Yvon iHR 320 spectrometers under 457.9,
488, and 334 nm laser excitation from an argon ion laser.

GARREAU ET AL.

The transient PL experiments have been achieved under 400 nm
excitation using Spectra-Physics Hurricane X laser system (82 fs,
1 kHz) onto mat of NWs. The collected emission was temporally
detected with a streak camera (Hamamatsu C7700) coupled
with an imaging spectrograph. The laser pump power imping-
ing on sample was kept at 0.5 mW to minimize sample photo-
bleaching.
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