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ABSTRACT: The sol−gel preparation of a bridged silsesquioxane containing
europium(III) salts and 2-thenoyltrifluoroacetone has been achieved from a new
ethane tetracarboxamide-based organosilane. Free-standing films with thicknesses
up to 440 μm and maximum absolute quantum yield (q) of 0.34 ± 0.03
(excitation at 320 nm) were prepared by the drop cast method, while thin films
(∼200−400 nm) spin-coated on glass substrates led to highly luminescent
coatings with q = 0.60 ± 0.02 (excitation at 345 nm). The thin films were tested
as planar luminescent solar concentrators and the optimized device displays an
optical conversion efficiency of 12.3% in the absorbing spectral region of the
active layer (300−380 nm).
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■ INTRODUCTION

The peculiar emission features typical of lanthanides (Ln3+)
ions, such as photostability, long lifetimes (>10−4 s), large
Stokes/anti-Stokes shifts (>200 nm), narrow bandwidth
emissions (full width at half-maximum, fwhm∼ 1 nm) lying
from the UV to the near-infrared (NIR) spectral regions, high
luminescence quantum yields (up to 0.9), and ligand-
dependent sensitization, arise from the particular 4f electronic
energy level configuration.1−5 All of these features offer
excellent prospects for designing new Ln3+-based luminescent
materials with a wide range of applications as phosphors, in
lighting and displays, in integrated optics and optical tele-
communications, in solar cells, in sensors, and in biomedi-
cine.6−9 Furthermore, Ln3+ ions can be complexed by a wide
variety of organic molecules, which harvest light and transfer
energy efficiently onto the metal ions. The formation of
complexes between Ln3+ ions and certain organic ligands has an
extra beneficial effect, protecting metal ions from vibrational
coupling and increasing the light absorption cross-section by
ligand sensitization.10 However, these Ln3+ complexes show a
rather low thermal and photochemical stability, that together

with the poor mechanical properties and photodegradation
upon UV exposure are important disadvantages concerning its
technological applicability.11,12

One solution to improve the mechanical and optical
properties of Ln3+-based complexes is to introduce them in a
stable rigid matrix, for example, silica-based hybrid material. In
this context, Ln3+-containing organic−inorganic hybrids are
good candidates, combining the physical properties and
functionalities of the inorganic network and/or the organic
fragments with the Ln3+ luminescence.1,13−18 Importantly,
hybrid materials can easily be processed as transparent thin
films with applicability in disparate domains, such as agriculture
and horticulture,15 lighting,19 integrated optics, and optical
telecommunications,13,17 active coatings for improving the
conversion efficiency of Si-based solar cells,16 nanomedicine,20

and for luminescent solar concentrators (LSCs).21−25
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Ln3+-containing bridged silsesquioxanes (BS)26,27 obtained
by hydrolysis−condensation of organo-bridged polytrialkox-
ysilanes (RO)3Si−X−Si(OR)3 (X = organic function, R = Et,
Me) are able to incorporate a high loading of Ln3+ complexes
(up to 11.2 wt %)28 covalently bonded to the siloxane network
being easily processed as thin films with excellent homogeneity
and transparency.28−35 These films are luminescent active
coatings, whose applicability as LSCs was recently high-
lighted.28,35 The concept of LSCs reappeared as a promising
way to improve solar cells efficiency,36 despite the first reports
date from 1976.37 LSCs are composed of films bearing optically
active centers that collect the incident sunlight and reemit it
partially at a specific wavelength. Part of this emitted light is
trapped inside the layer and concentrated at the edge of the
film, where it can be collected by a photovoltaic (PV) cell. The
main requirements for efficient LSCs are (i) broad spectral
absorption; (ii) high absorption efficiency; (iii) large Stokes
shifts; (iv) high luminescence efficiency; and (v) emission
energy resonant with the PV cell responsivity.25 Promising
results have been obtained for dye-based LSCs with an optical
conversion efficiency (ηopt) of 18.8%.38 The intrinsic small
Stokes-shift of the dye molecules, however, induced high self-
absorptions, which is a significant drawback. The use of large
Stokes shift optically active centers, such as Ln3+ ions, is one
way to cope with the large self-absorption losses observed in
dye38−42 and quantum dots (QDs)42−44-based LSCs.
Despite this potential, few works were published on Ln3+-

based LSCs providing quantitative evidence of the improve-
ment of PV cells performance, e.g., Eu3+-based LSCs pointing
out an increase of 15%21 and 12.5%45 on the PV cell
photocurrent and an enhancement of the power conversion
efficiency of 0.28%,24 0.007%,25 and 0.0441%.46 Optical
conversion efficiency values of Ln3+-based LSCs were calculated
for selected excitation wavelengths, namely 8.8%, for Tb3+-
based poly(vinyl alcohol) incorporating salicylic acid,47 9%, for
Eu(tta)3.ephen (ephen = 5,6-epoxy-5,6-dihydro[1,10] phenan-
throline) embedded into a triureasil hybrid,48 and 4.3% and
1.7%, for Eu3+-28 and Tb3+-doped35 BS, respectively. More
recently, flexible waveguiding cylindrical LSCs based on plastic
optical fibers coated with Eu3+-doped organic−inorganic
hybrids were demonstrated with optical conversion efficiency
and power conversion efficiency values of 20.7 ± 1.3% and 2.5
± 0.2%, respectively.49

In view of generalizing the use of Ln3+−containing hybrid
materials as LSCs, we developed here Eu3+-bearing ethane
tetracarboxamide-BS hybrids. Monoliths and thin films with
controlled thickness were prepared by drop cast and spin-
coating, respectively, and their structural and photophysical
properties were characterized. Thin films with lower amount of
optically Eu3+ centers (3% w/w) and combining tuned
refractive index and high emission quantum yield (up to
0.60), were used to fabricate planar LSCs. The devices’
performance was characterized and compared with that of
transparent LSCs, demonstrating the potential of organic−
inorganic hybrids to enhance PV conversion efficiency.

■ EXPERIMENTAL SECTION
The reagents (3-aminopropyl)triethoxysilane (APTES), tetraethyl
ethanetetracarboxylate, ethanol (EtOH), 1-propanol (1-PrOH),
dimethylformamide (DMF), methanol (MeOH), ammonium fluoride
(NH4F), europium chloride hexahydrate (EuCl3·6H2O), and 2-
thenoyltrifluoroacetone (tta−H) are from Sigma-Aldrich company

and used as received without further purifications. EtOH was dried by
distillation over Mg/I2.

Synthesis of the Ethane Tetracarboxamide-Based Precursor.
A mixture of APTES (10 mL, 43.0 mmol) and tetraethylethanete-
tracarboxylate (3.0 g, 9.4 mmol) placed under Ar in a sealed flask was
heated at 100 °C for 18 h under vigorous stirring (Scheme 1). Upon

cooling, a solid was formed that was filtered and washed with
anhydrous ethanol (3 × 10 mL) and then dried under vacuum. The
precursor P4-m was obtained as a white powder (9.1 g, 94% yield). 1H
NMR (CDCl3, 400 MHz): δ (ppm): 0.58 (m, 8 H), 1.19 (t, J = 7.0
Hz, 36 H), 1.57 (m, 8 H), 3.16 (m, 8 H), 3.78 (q, J = 7.0 Hz, 24 H),
4.05 (s, 2H), 7.41 (br, 4H). 13C NMR (CDCl3, 100 MHz): δ (ppm):
7.7, 18.3, 22.6, 42.5, 53.7, 58.3, 168.1.

Synthesis of the Eu3+-Ethane Tetracarboxamide-Based
Organic−Inorganic Hybrids. In the first stage, a solution of
EuCl3·6H2O (35.5 mg, 0.097 mmol) in a mixture of DMF (0.74 mL)
and MeOH (2.2 mL) (ratio of DMF/MeOH = 1/3 v/v, 1.0:5.7 molar
ratio) was added to P4-m (300 mg, 0.294 mmol) and the mixture was
heated at 60 °C until a clear solution was obtained. Then distilled H2O
(129.4 μL, 7.16 mmol) was added and the solution was stirred for 20
min at 60 °C. Finally, 0.1 M NH4F (29.4 μL, 0.00294 mmol) was
added. The final molar ratio was P4-m:H2O:NH4F:EuCl3·6H2O =
1:30:0.01:0.33. A white powder was obtained, being identified as M4-
m-1. Aiming at enhancing the light harvesting ability of the Eu3+−
doped hybrids the chromophore tta−H was also incorporated

Scheme 1. Representation of the Synthesis Route of P4-m,
M4-m-2, M4-m-3 and F6; Photographs Acquired under
Daylight Illumination and UV Exposure (Spectroline ENF-
280C/FE)
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(Scheme 1). EuCl3·6H2O (35.5 mg) and tta-H (43.1 mg for M4-m-2
or 64.7 mg for M4-m-3) were added to P4-m, with a ratio P4-
m:H2O:NH4F:EuCl3·6H2O:tta-H = 1:30:0.01:0.33:0.66 for (M4-m-2),
and P4-m:H2O:NH4F:EuCl3·6H2O:tta-H = 1:30:0.01:0.33:0.99 for
(M4-m-3), following a similar procedure as used to prepare M4-m-1.
The suspensions were cast into a polystyrene mold and left to gel
covered with Parafilm and kept at room temperature for 2 days.
Gelation occurred within 20 min yielding free-standing films with
thickness (t) value of 440 ± 10 μm. The samples were dried at 50 °C
for 1 week. Elemental analyses for Si and Eu3+ were performed for M4-
m-2 and M4-m-3 hybrids and the obtained values % (w/w), were: M4-
m-2 (Si, 10.6; Eu3+, 4.4) and M4-m-3 (Si, 10.6; Eu3+, 3.0). The hybrids
are thermally stable until 100 °C (Figure S1 in the Supporting
Information). For M4-m-1, the TGA curves remains unchanged
between 100 and 350 °C, whereas for M4-m-2 and M4-m-3, a weight
loss decrease of 42% and 45%, respectively, was detected in the range
100−550 °C, corresponding to the decomposition of the tta.50

Synthesis and Preparation of the Thin Films Based on M4-
m-2 by Spin-Coating. Borosilicate substrates (Normax microslides,
25 × 25 mm2) were cleaned with acetone, immersed in a mixture of
hydrogen peroxide and sulfuric acid (piranha solution), and then
rinsed and stored in distilled H2O. Prior to coating, they were dried by
spin-coating (5000 rpm, 50 s), treated with MeOH, and dried again by
spin-coating immediately prior to use. The thin films, sequentially
designed from F1 to F25, were prepared based on different conditions,
such as concentration of the precursor, spinning speed, aging time
prior to coating, and solvent type (Table S1 in Supporting
Information). EuCl3·6H2O (3.55 mg), tta−H (4.3 mg), and H2O (5
μL) were incorporated into a suspension of P4-m (30 or 90 or 120
mg) dissolved in 1.30, 1.26, 1.25, and 1.25 mL of EtOH, MeOH, 1-
PrOH, and DMF:MeOH = 1:5.5 molar ratio, respectively. The mixture
was stirred for 20 min at room temperature, leading to a clear solution,
then 0.1 M NH4F (0.5 μL) was added. The final weight concentrations
of P4-m were 3.0, 9.0, and 12.0 wt %. The substrates were held by
suction on a chuck, which was placed on the axis of the spin coater
(SCS Specialty Coating Systems, spin-coat G3−8). The thin films
were prepared by spin-coating using two drops of the sol (with
variable aging time prior to coating: 1, 4, 8, 11, and 14 min) on the
glass substrates, with an acceleration time of 10 s and a spin time of 50
s, and at a spin rate of 1000, 2000, or 5000 rpm. They were finally
dried at 70 °C overnight.
Elemental Analysis. Elemental analysis for Eu and Si were

performed by inductively coupled plasma optical emission spectros-
copy (ICP-OES) analysis on a Jobin Yvon Activa-M instrument with a
glass concentric nebulizer. For the Eu analysis the samples were
digested under microwaves with 0.5 mL of hydrochloric acid (HCl)
and 1 mL of nitric acid (HNO3). For the Si analysis the samples were
digested under microwaves with 1 mL of nitric acid (HNO3) and 0.5
mL of hydrofluoric acid (HF). After being digested under microwaves,
the samples were recovered in 50 mL of ultrapure water. The method
is accurate within 10%.
Fourier Transform Infrared (FT-IR) Spectroscopy. Middle-

infrared experiments (400−5000 cm−1) were recorded both in the
transmission and attenuated total reflectance (ATR) mode. The
measurements were carried out on a Bruker IFS 66 V spectrometer
under vacuum equipped with a N2-cooled mercury cadmium telluride
(MCT) detector, a Globar source, and potassium bromide (KBr)
beam splitter. The spectral resolution was 4 cm−1, and 64 scans were
coadded for each spectrum. In transmission, KBr pellets (0.8 mg
sample/300 mg KBr) were prepared under 8 tons pressure. Prior to
record the spectra, the pellets were dried at 100 °C for about 20 h, in
order to reduce the levels of adsorbed water. Far-infrared (30−400
cm−1) experiments were recorded in the transmission mode using a
liquid He-cooled bolometer, Hg arc discharge source and mylar 6 μm
beam splitter coated with germanium. Polyethylene pellets (3 mg
sample/70 mg polyethylene) were prepared. The tta-H concentration
was increased up to 5.5 mg to be able to discriminate its vibrational
signatures.
UV−visible Absorption. UV−visible absorption spectra were

measured using a dual-beam spectrometer Lambda 950, (PerkinElm-

er) with a 150 mm diameter Spectralon integrating sphere, over the
scan range 250−800 nm and a resolution of 1.0 nm. The spin-coating
films the region below 300 nm was not assessed due to the glass
substrate high absorbance. The absorption coefficient (α, cm−1) was
estimated using the Lambert−Beer equation (α = Abs/t, where Abs is
the absorbance and t the thickness). Photoluminescence. The
photoluminescence spectra were recorded at room temperature with
a modular double grating excitation spectrofluorimeter with a TRIAX
320 emission monochromator (Fluorolog-3, Horiba Scientific)
coupled to a R928 Hamamatsu photomultiplier, using a front face
acquisition mode. The excitation source was a 450 W xenon (Xe) arc
lamp. The emission spectra were corrected for detection and optical
spectral response of the spectrofluorimeter and the excitation spectra
were corrected for the spectral distribution of the lamp intensity using
a photodiode reference detector. The emission decay curves were
measured with the setup described for the luminescence spectra using
a pulsed Xe−Hg lamp (6 μs pulse at half width and 20−30 μs tail).

Absolute Emission Quantum Yields. The absolute emission
quantum yields (q) were measured at room temperature using a
quantum yield measurement system C9920−02 from Hamamatsu with
a 150 W xenon lamp coupled to a monochromator for wavelength
discrimination, an integrating sphere as sample chamber and a
multichannel analyzer for signal detection. Three measurements were
made for each sample so that the average value is reported. The
method is accurate to within 10%.

Profilometry. A TENCOR Alpha-Step IQ profilometer was used
to measure the thickness t of the films. The method is accurate to
within 0.1%.

Ellipsometry. The spectroscopic ellipsometry measurements were
made using an AutoSE ellipsometer (Horiba Scientific) with a total of
250 points in the wavelength interval of 440−800 nm, an incidence
angle of 70°, an acquisition time of 22 ms per point, and an average of
10 measurements per point. The refractive index dispersion curve was
calculated using the Lorentz model detailed elsewhere.51,52

Optical Conversion Efficiency. The optical power at the LSCs
output was estimated using a commercial photodiode (IF D91,
Industrial Fiber Optics, Inc.) with wall-plug efficiency to the AM1.5G
solar spectrum distribution of 4%. All measurements were performed
under AM1.5G illumination (at 1000 W m−2) using a 150 W xenon
arc lamp class A solar simulator (Abet Technologies model 10500).

■ RESULTS AND DISCUSSION
Scanning electronic microscopy and 29Si and 13C solid-state
NMR are used to characterize the structure of the powdered
M4-m-2 and M4-m-3 xerogels (Figures S2−S4 in Supporting
Information). No tta−H related signal (115−185 ppm) is
observed in the 13C solid-state NMR, probably due to the
paramagnetic character of the Eu3+ ions bonded to this ligand.
To demonstrate the presence of these ligands, and to gain
better insights into the local structure, we performed an in-
depth analysis by vibrational spectroscopies.
Middle, far-infrared,53,54 and Raman55 spectroscopies are

known to be very powerful techniques to sign the presence of
H bonding. Noncovalent interactions involving amide groups in
hybrid silica, and in particular H-bonding,56 are probed in the
intramolecular frequency range from 1500−1750 cm−1 (Amide
I and Amide II vibrations) and 3000−3700 cm−1 (Amide A
vibrations). The infrared active Amide I band profile,
dominated by carbonyl stretching vibrations ν(CO) around
1673 cm−1 (M4-m-4, see the Supporting Information), is
significantly modified after doping (Figure S5a in the
Supporting Information). As expected,48 a new contribution
appears for M4-m-1 at lower frequency around 1650 cm−1

featuring the ligand interaction between Eu3+ ions and carbonyl
groups. Amide II infrared vibrations, arising mainly from NH
in-plane bending, appear to be insensitive to the doping. As the
Amide I band is splitted between unengaged (1673 cm−1) and
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engaged CO (1650 cm−1) in the ligand interaction,
complexation seems to involve mainly one part of the carbonyl
pairs. The same conclusions are derived from Raman
spectroscopy (Figure S5b in the Supporting Information).
Superimposition of the vibrational results obtained for M4-

m-1, M4-m-2, Eu(tta)3(H2O)2, and tta-H are show in Figure S6
and S7 in Supporting Information. At first glance, M4-m-2
appears to be dominated by the combination of the spectra of
Eu(tta)3(H2O)2 and M4-m-1. Yet, our results show that some
tta-H ligand molecules remain uncomplexed as tta-H vibra-
tional feature at 1110 cm−1 is observed in M4-m-2 (see arrow
in Figure S6a in Supporting Information). Besides, the
deconvolution of the Amide I band (Figure 1) evidence a

broader dispersion of Amide I vibrations in M4-m-1, as
compared to M4-m-2. The relative intensity and positions
between the most engaged ν(CO) (component 1) and the less
engaged ν(CO) (component 2) are deeply modified after tta−
H incorporation. The main Amide I (component 2) appears
more intense, broader and blue-shifted for M4-m-1, indicating
that supramolecular interactions around carbonyl due to the
complexation with Eu3+ are increased for M4-m-2. Therefore,
this trend indicates a deep modification of the ligand
environment due to the presence of tta−H around Eu3+. M4-
m-2 cannot be considered as a simple physical mixture between
M4-m-1 and Eu(tta)3(H2O)2.
Specific Eu3+−ligand vibrational features can be probed in

the far-infrared domain below 300 cm−1.57,58 Figure 2 shows
far-infrared absorption spectra comparing M4-m-2, Eu-
(tta)3(H2O)2, and tta-H ligand. The far-infrared spectrum of
M4-m-2 is dominated by a significant feature around 177 cm−1

(labeled IB), superimposed with a broad continuum of H
bonded water vibrations, in agreement with the vibrational
contribution exhibited on M4-m-1 spectrum (Figure S8 in the
Supporting Information). The infrared spectrum of Eu-
(tta)3(H2O)2 gives insight concerning the origin of this IB

band. Indeed, an intense sharp feature around 170 cm−1 is seen
for Eu(tta)3(H2O)2 relative to tta−H ligand. We assume
therefore that IB signs the interaction of Eu3+ with complexed
tta and H2O molecules. In agreement with this assumption, the
temperature dependence of this band is anharmonic (around
+5 cm−1), as expected for an external mode,59 whereas internal
features are quasi harmonic (Figure S9 in Supporting
Information). Besides, for M4-m-2, IB band is up-shifted (+7
cm−1), compared to Eu(tta)3(H2O)2. A strengthening of the
complexation efficiency is therefore suggested for M4-m-2,
compared to M4-m-1, in agreement with the results in the
middle-infrared. Thus, our results suggest a cooperative effect
of malonamide and tta−H to complex Eu3+ ions.
Furthermore, the decrease in intensity of the HBH2O

(intermolecular H bonding between H2O molecules) con-
tribution for M4-m-2 (Figure S8 in Supporting Information)
suggests that the number of Eu3+-coordinated water molecules
decreases, compared to M4-m-1.
Figure 3 compares the room-temperature emission spectra of

M4-m-1, M4-m-2, and M4-m-3 excited at the wavelength that
maximized the emission intensity. The emission spectra of M4-
m-2 and M4-m-3 are formed by a series of straight lines
ascribed to the Eu3+ 5D0 →

7F0−4 transitions. Independently of
the selected excitation wavelengths (270−464 nm), no sign of
the M4-m-4 intrinsic emission (Figure S10 in the Supporting
Information) could be observed, which readily suggests efficient
hybrid-to-ligand and/or hybrid−to−Eu3+ energy transfer.60 The
emission spectrum of M4-m-1 displays the intra-4f6 lines
overlapped with a broad emission (350−550 nm) assigned to
the hybrid host (inset in Figure 3a). Changes in the Eu3+

coordination sphere resulting from the addition of the tta ligand
can be inferred from the analysis of the relative intensity of the
intra-4f6 transitions for M4-m-1, M4-m-2 and M4-m-3. It is
clear that the relative intensity of the 5D0 →

7F1,4 transitions
significantly decreases after the tta-H incorporation. In fact, the
integrated intensity ratios I02/I04 and I02/I01 (I0J, J = 1, 2 and 4,
represents the integrated intensity of the 5D0 → 7F1,2,4
transitions) strongly depend on the presence of tta ligand, in
particular I02/I04 and I02/I01 increases from 1.6 and 3.4 (M4-m-
1) to 6.6/6.5 and 11.7/13.5 (M4-m-2/M4-m-3). Moreover, the
similarity between the intensity ratios for M4-m-2 and M4-m-3
suggests an analogous Eu3+ local coordination. Therefore, the
larger concentration of tta ligands in M4-m-3, compared to that
in M4-m-2, leads to the presence of free (noncoordinated) tta
ligands, as detected in the FTIR and Raman studies. We will
come back to this point.

Figure 1. Infrared spectra in the region of the Amide I and Amide II
vibrations of (a) M4-m-1, (b) M4-m-2, and (c) Eu(tta)3 (H2O)2. The
deconvolution using a sum of Gaussian functions (shadowed areas)
and the overall fit (red circles) are also shown.

Figure 2. Far-infrared spectra of M4-m-2 (black line), Eu(tta)3(H2O)2
(red line), and tta−H (blue line).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01281
ACS Appl. Mater. Interfaces 2015, 7, 8770−8778

8773

http://dx.doi.org/10.1021/acsami.5b01281


The excitation spectra of M4-m-2 and M4-m-3 were
monitored around the 5D0 → 7F2 transition (Figure 3b)
showing three main components peaking at 270/280, 320, and
380 nm and two low-relative-intensity intra-4f6 transitions. The
relatively low intensity of the intra-4f6 lines indicates that the
Eu3+ excited states in M4-m-2 and M4-m-3 are mainly
populated via ligand-sensitization. The high-wavelength com-
ponents at 320 and 380 nm resemble those already observed
for isolated Eu(tta)3(H2O)2

61 and for organic−inorganic
hybrids incorporating Eu(tta)3(H2O)2 and Eu(tta)3phen
(phen = 1,10-phenantroline), being ascribed to the π−π*
electronic transition of the organic ligands.62 We should note
that the hybrid intrinsic excited states also contribute for the
excitation spectra. This conclusion is derived from the analysis
of the excitation spectra of M4-m-4 and M4-m-1 monitored
along the hybrid host emission (Figures S10 and S11 and in the
Supporting Information) that reveal a broad band with two
components at 280 and 320 nm. Moreover, these two
components are also present in the excitation spectrum of
M4-m-1 monitored at 612 nm. For this hybrid the relative
intensity of the intra-4f6 lines is higher than that of the hybrid-
related components indicating that the Eu3+ sensitization
occurs essentially through direct intra-4f6 excitation. Apart
from changes in the relative intensity, the UV−visible
absorption spectrum (inset Figure 3b) reveals the same
components already detected in the excitation spectra.

Moreover, an increase in the maximum absorption coefficient
(α) at 395 nm from 67 to 77 cm−1 is observed as the tta ligand
amount increases from M4-m-2 to M4-m-3.
The 5D0 emission decay curves were monitored under direct

intra-4f6 excitation (393 nm, 5L6, and 465 nm, 5D2) revealing a
single exponential behavior (Figure S12 in the Supporting
Information). From the data best fit, 5D0 lifetime values of
0.266 ± 0.002 ms (M4-m-1), 0.395 ± 0.002 ms (M4-m-2) and
0.392 ± 0.002 ms (M4-m-3) were found. The higher values
found in the presence of tta-H are in good agreement with the
ligand coordination to the Eu3+ ions in M4-m-2 and M4-m-3.
Moreover, the identical values measured for M4-m-2 and M4-
m-3 reinforces that the Eu3+ local coordination is similar in
both hybrids, and therefore independent of the tta ligand
concentration (as suggested above).
The 5D0 lifetime values of M4-m-2 (0.47 ± 0.01 ms) and

M4-m-3 (0.52 ± 0.01 ms) excited at 380 nm are larger than the
value reported for Eu(tta)3(H2O)2 (0.190 ms) excited at 389
nm,63 which clearly points to minimization of radiationless
deactivation in a coordination environment devoid of water
molecules.50 To further confirm it, the 5D0 radiative (Ar) and
nonradiative (Anr) transition probabilities and the 5D0 quantum
efficiency (η) and the number of water molecules (nw) were
determined following a methodology described in detailed
elsewhere64 (see also the Supporting Information). For M4-m-
2/M4-m-3 analogous values of η (32/31%), Ar (0.846/0.802

Figure 3. (a) Emission spectra of M4-m-1 (black line) excited at 393 nm and of M4-m-2 (red line) and M4-m-3 (blue line) excited at 380 nm and
(b) excitation spectra monitored at 612 nm. The insets in a and b show a magnification of the emission spectrum (× 3) of M4-m-1 and the UV−vis
absorption coefficients of M4-m-2 and M4-m-3, respectively.

Figure 4. (a) Emission and (b) excitation spectra of F6 excited at 380 nm and monitored at 612 nm, respectively. The inset shows the UV−vis
absorption coefficient.
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ms−1), Anr (1.686/1.749 ms−1), and identical nw = 1.5 ± 0.1 was
calculated, reinforcing the similarity of the Eu3+ local
coordination sites in both hybrids. Maximum q values of 0.22
± 0.02 and 0.34 ± 0.03 (excited at 320 nm) were measured for
M4-m-2 and M4-m-3, respectively (Table S2 in the Supporting
Information). Lower values (0.12 ± 0.01) were measured at
higher excitation wavelengths (400 nm). Independently of the
selected excitation wavelength, significantly lower values were
measured in the absence of the tta ligand (M4-m-1), q = 0.02 ±
0.01, excited within 260−393 nm.
Featuring applications in the field of LSCs, the M4-m-2

hybrids were processed as thin films (by spin-coating) because
when compared with the M4-m-3 systems they combine similar
quantum yield at higher excitation wavelengths with lower
incorporation of tta ligand. The role of the P4-m precursor
concentration, the aging time of the solution to be deposited,
the spinning conditions and the solvent were varied aiming at
optimizing the optical properties of the films (Table S1 in the
Supporting Information). On the basis of the higher emission
quantum yield, seven films were selected to be tested as LSCs.
Apart from minor differences in the energy and relative

intensity, the excitation and emission spectra are independent
of the processing conditions (Figure 4 and Figure S13 in the
Supporting Information). The emission spectrum of F6 (Figure
4a) is composed of the 5D0 →

7F0−4 transitions, whose energy
and relative intensity (I02/I01 and I02/I04 of 11.9 and 4.4,
respectively) are closer to those of M4-m-2 (I02/I04 and I02/I01
of 11.7 and 6.6, respectively. The excitation spectrum of F6,
monitored within the 5D0 →

7F2 transition (Figure 4b), shows
the presence of the hybrid intrinsic excited states (270 nm) and
the organic ligands-related states (320 and 380 nm) that are
blue-shifted when compared with that found in M4-m-2. This
blue shift, also detected in the UV−visible absorption spectrum
(Figure 4c), was already reported for analogous hybrids, being
ascribed to the distinct gelification and condensation rates of
the spin-coated thin films.28 The maximum absorption
coefficient values (∼104 cm−1) are of the same order of
magnitude as those measured for Eu3+-containing urea-
bipyridine bridged organosilanes.28 The 5D0 emission decay
curves were monitored at 612 nm and excited at 360 nm. The
5D0 lifetime values are approximately independent of the
deposition conditions, except for F4 and F7 (Table S3 in the
Supporting Information).
Despite analogous steady-state photoluminescence and

lifetime values, q is strongly affected by the preparation

conditions. The highest q value (0.60 ± 0.06) was measured for
F1 under excitation of 345 nm (Table 1 and Table S1 in the
Supporting Information).
The photograph in Figure 5 illustrates the potential of the

films to be used as LSCs because under AM1.5 illumination the

light emitted at the surface is guided and concentrated at the
substrate edges, where it can be collected by a PV cell.
The performance of the films as LSCs was quantified through

the measurement of ηopt under AM1.5G illumination. The ηopt
is given by the ratio between the power of the photodiode
attached to the LSC (Pout) and the power of the photodiode
exposed directly to the solar radiation (Pin)
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where ISC
L and V0

L represent the short-circuit current and the
open voltage when the photodiode is coupled to the LSC (Isc
and V0 are the corresponding values of the photodiode exposed
directly to the solar radiation), G=As/Ae is the ratio between
the surface area (As) and the area of the plate edges (Ae), ηsolar
is the efficiency of the photodiode relatively to the total solar
spectrum and ηPV is the efficiency of the photodiode at the LSC
emission wavelengths. The ratio

∫
∫

η
η

λ λ λ

λ λ λ
= =

I d

I d

EQE ( ) ( )

EQE ( ) ( )
1.15solar

PV

device AM1.5G

PD AM1.5G (2)

Table 1. Concentration of Precursor in Solvent (%), Spinning Rotation (rpm), Aging Time Prior to Coating (min), Thickness
(t, nm), Maximum Absorption Coefficient (α, cm−1), Absolute Emission Quantum Yield (q) at Distinct Excitation Wavelengths
(λexc, nm), and nopt (%) of Selected Films

films concentration of precursor spinning speed aging time thicknessa (σ) α q (λexc (nm)) nopt

F1 3 1000 1 430 (5.8) 1158 0.60 ± 0.06 (345)
F2 4 0.39 ± 0.04 (345)
F3 8 0.31 ± 0.03 (365)
F4 14 100 (19.2) 3466 0.30 ± 0.03 (365)
F5 9 2000 1 90 (9.3) 45043 0.23 ± 0.02 (345) 12.3b

0.43c

F6 5000 11 201 (2.6) 15294 0.21 ± 0.02 (365) 11.0b

0.38c

F7 12 1000 1 375 (25) 20239 0.36 ± 0.04 (365) 6.4b

0.22c

aValues measured by profilometry, σ is the standard deviation. bηopt calculated considering the solar irradiance in the absorbed region (53 W m−2).
cηopt calculated considering the total solar irradiance (1000 W m−2).

Figure 5. Photo of F6 under AM1.5G illumination.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01281
ACS Appl. Mater. Interfaces 2015, 7, 8770−8778

8775

http://dx.doi.org/10.1021/acsami.5b01281


where EQEdevice and EQEPD are the external quantum
efficiencies of the LSC coupled to photodiode and of the
photodiode, respectively. We note that despite the photodiode
is coupled to a single edge, G is calculated considering Ae as the
area of the four extremities, as the same light concentration is
expected at each LSC end. The nopt values were calculated
considering the fraction of absorbed photons (53 W m−2) and
the total solar spectral irradiance (1000 W m−2). Concerning
the mismatch in the UV spectral region between the AM1.5G
solar irradiance and that of the Xe lamp of the solar simulator
used (Figure S14 in the Supporting Information), IAM1.5G in eq
2 is replaced by the emission spectrum of the solar simulator,
ηsolar/ηPV = 0.9, yielding ηopt values listed in Table 1. As far as
we are concerned, these are the first ηopt measured under
AM1.5 illumination for Ln3+-based LSC. Thus, the performance
of the F5, F6, and F7-based LSCs is compared with the figures
of merit known for planar single-layer LSCs, whose optically
active centers are QDs42−44 and dyes.39−42 We note that as
distinct definitions and experimental conditions may be
employed to estimate ηopt, the comparison will be performed
using the figure of merit calculated using eq 1, or an identical
definition, under AM1.5G solar illumination. Examples
involving illumination using other standard conditions (e.g.,
diffuse cloudy day indoor illumination65) or ηopt measured at a
particular excitation wavelength28,35,47,48 are not consider. The
maximum ηopt value here reported calculated using the fraction
of absorbed photons (12.3% for F5) is of the same order of
magnitude of LSCs based on CdSe/CdS QDs incorporated in
poly(methyl methacrylate) (PMMA) (10.2%)43 and LSCs
using red305-doped PMMA (16.3%).39 In the case of ηopt
values calculated considering the total number of incident
photons, the highest value measured for F5 (0.43%) is similar
to that found for CdSe and ZnS QDs in toluene (0.3%)42

being, however, 1 order of magnitude smaller than the ηopt of
LSCs containing PbS QDs (1.4%),44 Rhodamine B (2.6%),42

and RedF (3.4%)42 in toluene and PMMA codoped with
LumogenF and Red305 (2.8%).41

We note that F5 and F6 reveal similar ηopt values, whereas for
F7 a lower value was found. Aiming at further interpret the
differences in the measured ηopt values, spectroscopic
ellipsometry was used to characterize the dispersion curves
for F6 and F7 (Figure 6 and Figure S15 in the Supporting
Information), enabling the determination of the trapping
efficiency, ηtrap = (1 − 1/np

2)1/2, where np is the refractive
index of the emitting medium at the emission wavelength (612

nm). The ηtrap defines the fraction of photons confined within
the substrate. The refractive index values of F6 are higher than
those of F7 reinforcing the role of the deposition conditions on
this optical parameter, as recently highlighted for analogous
hybrid materials.35 The calculated thicknesses are t = 205.0 ±
4.8 nm (F6) and t = 407.0 ± 3.3 nm (F7), which are in good
agreement with the complementary profilometry studies (Table
1), suggesting that the modeling of the ellipsometric data
yielded realistic parameters. Despite the larger refractive index
of F6 (1.525) at the Eu3+ maximum emitting wavelength (612
nm) compared with that of F7 (1.489) an analogous ηtrap = 75%
is calculated for the LSCs based on F6 and F7. Therefore, we
suggest that the larger thickness of the optical active layer in F7
may induce larger transport losses because of the scattering of
the emitted light in the film28 explaining the lower ηopt value
relatively to F5 and F6.

■ CONCLUSIONS
In this work, the synthesis of the new ethane tetracarboxamide-
based organosilane (P4-m) and its hydrolysis−condensation
under nucleophilic catalysis in the presence of Eu3+ with and
without tta−H have been achieved. Specific Eu3+ local
coordination in M4-m-2 (with tta-H) compared to M4-m-1
(tta-H free) is suggested from vibrational and photolumines-
cence results. A Eu3+ cooperative complexation by tta−H and
hybrids lead to a very significant increase of q. In addition, M4-
m-2 was processed as thin films by spin-coating on glass
substrates, where the P4-m concentration, aging time, spinning
conditions and solvent type were varied to optimize the optical
properties. Films with q value of 0.60 ± 0.06 excited at 345 nm
and ηopt of 12.3% in the absorbing spectral region of the active
layer (300−380 nm) were produced. These are the first
quantitative reports for Ln3+−LSCs providing evidence of the
potential of Ln3+-based hybrid coatings in the development of
LSC prototypes.
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(FCT/MEC) and when applicable cofinanced by FEDER
under the PT2020 Partnership Agreement. The Portugal-
France bilateral action (CRUP, TC-11-13), the COST Action
MP1202 “Rational design of hybrid organic-inorganic inter-
faces” and the Portuguese National NMR Network (RNRMN)
are also acknowledged. VTF acknowledges FCT for the grant
SFRH/BD/87403/2012 and Campus France for the EiffelFigure 6. Refractive index dispersion curves of F6 and F7.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01281
ACS Appl. Mater. Interfaces 2015, 7, 8770−8778

8776

http://pubs.acs.org
http://pubs.acs.org
mailto:Jean-Louis.Bantignies@univ-montp2.fr
mailto:lcarlos@ua.pt
http://dx.doi.org/10.1021/acsami.5b01281


grant (812632A). SFH Correia (University of Aveiro) and D
Maurin (L2C Montpellier) are gratefully acknowledge for their
contribution in the optical conversion efficiency/ellipsometry
and FT-IR measurements, respectively.

■ REFERENCES
(1) Carlos, L. D.; Ferreira, R. A. S.; de Zea Bermudez, V.; Ribeiro, S.
J. L. Lanthanide-Containing Light-Emitting Organic-Inorganic Hy-
brids: A Bet on the Future. Adv. Mater. 2009, 21, 509−534.
(2) Bunzli, J. C. G. Lanthanide Luminescence for Biomedical
Analyses and Imaging. Chem. Rev. 2010, 110, 2729−2755.
(3) Armelao, L.; Quici, S.; Barigelletti, F.; Accorsi, G.; Bottaro, G.;
Cavazzini, M.; Tondello, E. Design of Luminescent Lanthanide
Complexes: From Molecules to Highly Efficient Photo-Emitting
Materials. Coord. Chem. Rev. 2010, 254, 487−505.
(4) Bünzli, J. C. G.; Eliseeva, S. V. Intriguing aspects of Lanthanide
Luminescence. Chem. Sci. 2013, 4, 1939−1949.
(5) Sun, L. D.; Wang, Y. F.; Yan, C. H. Paradigms and Challenges for
Bioapplication of Rare Earth Upconversion Luminescent Nano-
particles: Small Size and Tunable Emission/Excitation Spectra. Acc.
Chem. Res. 2014, 47, 1001−1009.
(6) Brites, C. D. S.; Lima, P. P.; Silva, N. J. O.; Millań, A.; Amaral, V.
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(14) Escribano, P.; Juliań-Loṕez, B.; Planelles-Arago,́ J.; Cordoncillo,
E.; Viana, B.; Sanchez, C. Photonic and Nanobiophotonic Properties
of Luminescent Lanthanide-doped Hybrid Organic-Inorganic Materi-
als. J. Mater. Chem. 2008, 18, 23−40.
(15) Binnemans, K. Lanthanide-Based Luminescent Hybrid Materi-
als. Chem. Rev. 2009, 109, 4283−4374.
(16) Carlos, L. D.; Ferreira, R. A. S.; de Zea Bermudez, V.; Juliań-
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