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A B S T R A C T

The most extended Si based conventional photovoltaic cells show low efficiency in the UV region, however this
low efficiency can be enhanced by the use of suitable down-shifters or down-converters which transform the
wavelength of the incoming radiation into a wavelength for which the Si based cells have high efficiency. In this
sense europium(III) luminescent benzoate and phenanthroline (and derivatives) complexes are good candidates
for such purposes since they exhibit large absorption at wavelengths below 400 nm and significant emissions at
the VIS range. In this work we report the synthesis the crystal structure and the spectroscopic properties of two
new Eu3+ and Gd3+ complexes with the ligands 4,7-biphenyl-1,10-phenanthroline (bphen) and benzoate (bz),
namely, [Eu2(bphen)2(bz)6] (1) and [Gd2(bphen)2(bz)6] (2). The X-ray single crystal study reveals a dinuclear
molecular structure for the Eu3+ complex with two bridging benzoate ligands between the two equivalent Eu3+

ions. The Powder X-ray diffraction study shows that the Eu3+ and Gd3+ compounds are isostructural and allows
the use of the Gd3+ compound for the characterization of the excited states of the complexes which were
investigated to explain the sensitization process that lead to intense red emission of Eu3+ ions under UV ex-
citation. The photoluminescence study of the lanthanide complexes at 15 K and 297 K revealed very efficient
energy transfer processes from the antenna to the emitting Eu3+ ions and a high overall quantum yield.
Moreover, the ligands provide rigidity, high stability and solubility to the complex in CH2Cl2, allowing the
preparation of poly(methylmethacrylate)-doped films that can be used to cover photovoltaic devices. The
analysis of external quantum yield and quantum efficiency (EQE) show its potential application to the solar cell
technology with an enhancement EQE in the UV region (280–360 nm) that reaches a 4.5% at 300 nm.

1. Introduction

Photovoltaic cells and modules directly convert solar radiation into
electricity, reaching more than 295 GW of cumulative installed capacity
worldwide in 2016, showing a continuous increase that has doubled
global production in the las three years (140 GW in 2013) [1]. Several
technologies are available in this area of continuous research, but about
93% of the global PV production is based on silicon [2]. Most of these
cells show low efficiencies in the UV region because of: (i) absorption
and reflection losses caused by the front glass; (ii) absorption in the
encapsulation material; (iii) parasitic absorptions and reflections due to
the optimized λ/4 anti-reflective coatings at 600 nm; and (iv) high re-
combination rates in the heavily doped emitter [3]. One of the tech-
nologies that can increase the external quantum efficiency (EQE) in the
UV range for standard solar cells is based on the down-conversion (DC)

and down-shifting (DS) of UV photons to longer wavelength radiations
in the visible range, where the EQE of solar cells is closer to 1 [4–10]. In
this sense, lanthanide-organic hybrid materials have attracted great
interest due to their excellent luminescent properties featuring, for in-
stance, long decay times and sharp emission bands that have led to
excellent technological applications in flat-panel displays, solid-state
lighting, lasers and UV or oxygen sensors [11–13]. Nevertheless, our
interest in this field arises from the ability of some of these hybrid
materials to convert the UV radiation into visible light and their ap-
plication in PV cells [14].

Red emission of Eu3+ complexes has led to many theoretical and
experimental studies where the luminescent properties and the me-
chanism of the phenomenon have been deeply investigated [15–18].
The lanthanide ions themselves have very poor absorption properties,
but this can be considerably improved by the antenna effect produced
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by organic sensitizers. A simplified version of the sensitized lumines-
cence process comprises the following steps: i) the transition from the
ground singlet state (S0) to excited singlet states (Sn*) of the complex
molecule which involves the organic ligands, ii) the succeeding inter-
system crossing (ISC) to one of its lower energy triplet states iii) the
energy transfer to the emissive states of the Ln3+ ions and finally iv) the
Ln3+ emission. The energy and features of the emissive states of the
Ln3+ ions are well known and their energies are little affected by the
organic ligands so it becomes of high importance the knowledge of the
energy of the excited (either singlets and triplets) states of the organic
chromophores, which is performed by spectroscopic studies of the
isostructural Gd3+ complexes. The energy of the excited states of the
Gd3+ ions is much higher than the energies of the excited states of the
antennas and the ligand to metal energy transfer doesn’t occur. Thus
the luminescence of the Gd3+ complexes is due to the ligand centered
fluorescence and phosphorescence which gives the energy of the ex-
cited singlet and triplet states of the antennas [13,16–22].

The ligand 1,10-phenanthroline (phen) is a “classic” and very sui-
table molecule for the synthesis of luminescent Eu3+ complexes for the
following reasons: i) it shows a strong absorbance in the UV region that
leads to a high population of its low-lying singlet states whose energy
can be transferred to its triplet states; ii) the energy of the triplet states
of the molecule are sufficiently above the lower lying emissive states of
the Eu3+ (the 5D0,1,2); and iii) the rigid structure imposed by the central
ring and the direct Eu3+–N bond lead to an efficient energy transfer
between the excited states of the ligand and the emissive states of the
Eu3+. In particular, the complex [Eu2(phen)2(bz)6] was prepared and
studied by Hui-Juan et al., they found the largest intrinsic luminescence
quantum yield for Eu3+ in this complex compared with a series of
Eu3+-complexes [23]. All these interesting features apply for many
phenanthroline derivatives and several works have been devoted to
study and compare the phenanthroline and its derivatives [16–22]. It
has been proved that the addition of substituents to an antenna chro-
mophore leads to a change in the energy of its excited states which
results in a change (and a tune, therefore) of the emissive properties of
the complex [20,24–26]. Our contribution will deal with the changes in
the structure and properties of the complex formed by the 4,7-biphenyl-
1,10-phenanthroline compared to that formed by the 1,10-phenan-
throline (bphen).

Because of the neutral character of the 4,7-biphenyl-1,10-phenan-
throline ligand, it requires the concurrence of other anions in the
complex formation to balance the + 3 charge of the Eu3+ ions. Our
choice has been the benzoate (bz, the conjugate base of the benzoic
acid), a simple and low-cost anionic ligand that shows strong absor-
bance in the UV region and very high quantum yields in the emissive
processes [13].

Therefore, we have synthesized the complexes [Eu2(bphen)2(bz)6]
(1) and [Gd2(bphen)2(bz)6] (2), and herein we show their crystal
structure, thermal analyses and spectroscopic characterization. Finally,
the performance for Si solar cells in the UV–VIS region was analysed via
EQE measurements.

2. Experimental

2.1. Materials

Europium(III) oxide (99.99%), gadolinium(III) oxide (99.99%) 4,7-
biphenyl-1,10-phenanthroline (bphen, 97%), phenanthroline (phen,
99%), analytic grade 1M HCl solution, benzoic acid (Hbz, 99.99%),
NaOH (99%) and spectroscopic grade CH2Cl2 were purchased from
commercial sources and used as received. Poly(methylmethacrylate),
PMMA, average Mw 996,000 was purchased from Aldrich (ref.
182265). Europium chloride, stock solution (0.2 M), was prepared by
suspending 3.52 g of anhydrous europium oxide in 60ml of 1M HCl
and digesting on a steam bath until completely dissolved. Then the
solution was made up to a volume of 100ml and kept in the refrigerator

at 4 °C. Similarly, a stock solution of GdCl3 (0.2M) was also prepared.

2.2. Synthetic procedures

2.2.1. Synthesis of [Eu2(bphen)2(bz)6] (1) and [Gd2(bphen)2(bz)6] (2)
4,7-biphenyl-1,10-phenanthroline (100mg, 0.301mmol) was dis-

solved in 10ml of ethanol, mixed with 1.5ml of the EuCl3 stock solu-
tion (0.3 mmol) and the mixture was heated at 60 °C under stirring in a
round flask. In a separated beaker, benzoic acid (110.17 mg,
0.903mmol) in ethanol (10ml, 90%) was neutralized with an aqueous
solution of NaOH 2M (0.45ml) and added under stirring to the pre-
viously prepared hot solution, a small amount of a white precipitate
was formed. Then the mixture was refluxed for 3 h. After that time, a
white product was obtained that was filtered, washed with water and
dried in an oven at 80 °C overnight (yield 0.2019 g, 80%). IR (KBr) main
bands: 3060-3030 (s, C–H aromatic), 1605(m, νasC˭O) 1564, 1535 (m,
C˭C, C˭N, aromatic), 1413 (s, νsC˭O), 718 (s, mono-substituted ben-
zene). Elemental analysis calculated (%) for C90H62N4Eu2O12: C, 64.23;
H, 3.69; N, 3.31. Found: C, 63.93; H, 3.75; N, 3.30. Formula weight:
1695.36 gmol−1. Single crystals were obtained by diffusion of diethy-
lether vapour into a chloroform solution of [Eu2(bphen)2(bz)6].

[Gd2(bphen)2(bz)6] was prepared in a similar way by using the
appropriate amount of GdCl3 solution instead of the EuCl3 solution. IR
(KBr) main bands: 3060-3030 (s, C–H aromatic), 1609(m, νasC˭O) 1570,
1527 (m, C˭C, C˭N, aromatic), 1409 (s, νsC˭O), 722 (s, mono-sub-
stituted benzene). Elemental analysis calculated (%) for
C90H62N4Gd2O12: C, 63.36; H, 3.66; N, 3.28. Found: C, 63.96; H, 3.67;
N, 3.15. Formula weight: 1705.94 gmol−1.

2.2.2. Synthesis of [Eu2(phen)2(bz)6]
The compound was prepared following the same procedure using

phenanthroline instead of 4,7-biphenyl-1,10-phenanthroline. This
compound was synthesized for comparison purposes. (yield 0.1495 g,
72%). IR (KBr) main bands: 3060-3030 (s, C–H aromatic), 1611(m,
νasC˭O) 1568, 1532 (m, C˭C, C˭N, aromatic), 1423, 1408 (s, νsC˭O), 720
(s, mono-substituted benzene). Elemental analysis calculated for
C66H46N4Eu2O12: C, 56.98; H, 3.33; N, 4.03. Found: C, 57.02; H, 3.34;
N, 3.94. Formula weight: 1390.95 gmol−1 [14,23,25].

2.2.3. Preparation of the polymeric luminescent films
Samples containing 3.5 and 7.0 mg of [Eu2(bphen)2(bz)6] complex

were dissolved in 7ml of CH2Cl2 in a refrigerated ultrasonic bath, then,
70mg of PMMA were added and the mixture stirred until complete
solution of the polymer, obtaining samples with relative weight con-
centration of the active species of 5% and 10.0% respect to the PMMA.
Spin-coating method (800 rpm for 7 s) was used to prepare the films on
commercial PV glass substrates (20× 20mm, Pilkington). Once the
solvent is evaporated the film contains a solid solution of the active
species, [Eu2(bphen)2(bz)6], which keeps its composition and structure
in PMMA.

2.3. Characterization

Elemental analyses (C, H and N) were performed on an EA 1108
CHNS-O microanalytical analyzer. IR spectra (400–4000 cm−1) were
recorded on a Thermo Nicollet avatar 360 FT-IR spectrometer with the
sample prepared as KBr disks.

Simultaneous TG-DTA measurements were performed to
[Eu2(bphen)2(bz)6] on a Perkin-Elmer differential thermal analyzer.
Experiments were carried out in static air with a heating rate of 5 °C/
min, in a temperature range of 25–875 °C. The sample mass was
3.25mg.

UV–VIS spectra in dichloromethane (CH2Cl2) solution were per-
formed for the benzoic acid, the bphen and phen ligands and the
[Eu2(phen)2(bz)6] and [Eu2(bphen)2(bz)6] complexes in a concentra-
tion range of 1× 10−6 M to 5× 10−6 M, from 200 nm to 800 nm in a
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Varian Cary 50 Bio UV–visible spectrophotometer at 25 °C. The phe-
nanthroline ligand and derivative complex were included for compar-
ison purposes.

Emission and excitation spectra were obtained by exciting the
samples with light from a 300W Xe arc lamp passed through a 0.25m
double-grating monochromator and detecting with a 0.25m mono-
chromator with a R928 photomultiplier. Low temperature emission
spectra were acquired by using a He cycling cryogenerator.

Luminescence lifetimes were obtained by recording the emission
decays after pulsed excitation at 355 nm by the 3rd harmonic of a
YAG:Nd laser. The signal was detected by using a PMT together with a
digital storage oscilloscope controlled by a personal computer. The time
resolution of this setup was 20 ns.

The external quantum efficiency (EQE) measurements in the
280–1200 nm range have been acquired using a 100W Xe arc lamp,
double monochromator and a digital lock-in amplifier, integrated in the
SPECLAB commercial setup at Fraunhofer ISE Laboratory and
Servicentre (Gelsenkirchen, Germany). The different DS layers (de-
posited on glass) were directly placed on top of a p-type mc-Si solar cell
(non-textured and with a SiNx antireflecting coating optimized at
600 nm and encapsulated) to measure the improvements in EQE. The
homogeneity of the DS layer for the different samples was also checked.

2.4. Crystallography

2.4.1. X-ray data collection and structure refinement
X-ray diffraction data on a single crystal of 1 was collected with a

Rigaku SuperNOVA diffractometer with microfocus X-ray using Mo Kα
radiation (λ=0.71073 Å). CrysAlisPro software was used to collect,
index, scale and apply numerical absorption correction based on
gaussian integration over a multifaceted crystal model and empirical
absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm into CrysAlisPro [27]. The struc-
ture was solved applying the novel dual-space algorithm implemented
in SHELXT program [28]. Fourier recycling and least-squares refine-
ment were used for the model completion with SHELXL-2014 [29]. All
non-hydrogen atoms have been refined anisotropically, and all hy-
drogen atoms have been placed in geometrically suitable positions and
refined riding with isotropic thermal parameter related to the equiva-
lent isotropic thermal parameter of the parent atom. The geometrical
analysis of interactions in the structure was performed with the Olex2
program [30]. The hydrogen atoms were geometrically positioned with
C-H=0.93 Å and Uiso(H)=1.2 Ueq(C). Crystal data, collection pro-
cedures and refinement results are summarized in Table 1.

X-ray powder diffraction patterns on polycrystalline samples of
[Eu2(bphen)2(bz)6] and [Gd2(bphen)2(bz)6] were collected with a
PANanalytical X′pert X-ray diffractometer (Cu Kα
radiation=1.54184 Å) at room temperature (Fig. S2).

3. Result and discussion

3.1. Synthesis

The synthetic procedure provides a white crystalline material for all
the compounds in high yields. However crystals suitable for single
crystal X-ray diffraction had to be obtained by vapour-liquid diffusion
and by this procedure very small single-crystal were obtained only for
compound 1. Nevertheless, these single-crystals were of enough quality
to solve the structure of the compound. The polycrystalline material of
1 and 2 was of good quality for the thermogravimetric, X-ray powder
diffraction and spectroscopic experiments. Moreover it had good solu-
bility in CH2Cl2 for the preparation of the doped polymeric films.

3.2. Thermogravimetric analysis

The thermogravimetric analysis of [Eu2(bphen)2(bz)6] is shown in

Fig. 1. Thermal decomposition of the complex starts about 300 °C with a
mass loss of about 40% in a first step which corresponds to the de-
composition of the bphen ligand [31]. It continues with the degradation
of the benzoic acid and ends up with the formation of Eu2O3 above
800 °C [32]. This study shows the thermal stability of the complex to
verify its applicability in the production process of PV modules where
the temperature remains below 200 °C. Therefore, the
[Eu2(bphen)2(bz)6] PMMA layer can be placed in any step of the
module assembly of crystalline silicon solar cells, as the whole standard
assembly process is performed at temperatures below 200 °C [33].

3.3. Description of the structure

The structure of [Eu2(bphen)2(bz)6], determined by single-crystal X-
ray diffraction, consist of centrosymmetric dinuclear molecules in
which the Eu atoms are octa-coordinated in an environment that could
be roughly described as bicaped pentagonal-bipyramidal (Fig. 2). Three
carboxylate-oxygens (O1B, O2B and O1Ci) and two bphen-nitrogen

Table 1
Crystallographic data for compound [Eu2(bphen)2(bz)6].

Compound [Eu2(bphen)2(bz)6]
Empirical formula C90H62N4O12Eu2
Formula weight (gmol−1) 1695.36
T (K) 150 (1)
Crystal system Triclinic
Space group P−1
a (Å) 11.6902 (6)
b (Å) 12.4766 (6)
c (Å) 14.2903 (7)
α (°) 102.448 (4)
β (°) 103.729 (4)
γ (°) 111.387 (5)
V (Å3) 1777.07 (17)
Z 2
Dcalc (g cm−3) 1.584
λ (Mo Kα) (Å) 0.71073
F(000) 852
Crystal dimensions (mm) 0.077× 0.070×0.042
2θ range for data collection (°) 3.11–56.47
Limiting indices − 14≤ h≤ 15

− 16≤ k≤ 16
− 18≤ l≤ 18

Reflections (collected/unique, (Rint)) 12788/7768/0.0289
Data/restraints/parameters 7768/0/487
R1

a, wR2 [F2> 2⌠(F2)]b 0.0333/0.0856
Goodness-of-fit on F2 1.072
Largest diff. peak and hole (e Å−3) 1.93/− 0.67
CCDC number 1494543

a R1 = Σ||F0|-|Fc||/Σ|Fc|.
b wR2 = (Σ[w(F02-Fc2)2]/Σ[w(F02)2)1/2.

Fig. 1. Thermogravimetric plot for [Eu2(bphen)2(bz)6].
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atoms (N1 and N2) fill the pentagonal equatorial plane and three car-
boxylate-oxygens (O1A, O2A and O2C) fill the axial positions (sym-
metry code i= 1-x; 2-y; 1-z). The compound lacks of coordination
water molecules which is a very interesting feature for its luminescent
properties. In the dinuclear complex the two bphen and four benzoate
molecules work as terminal ligands with a η2-coordination mode for this
latter ligand: atoms O1A, O2A, O1B, O2B and symmetry related O1Ai,
O2Ai, O1Bi, O2Bi. Whereas the other two benzoate molecules bridge the
Eu3+ ions with the two carboxylate groups adopting a syn-syn bridging
mode (μ:η1-η1), atoms: O1C, O2C, O1Ci, O2Ci. The Eu—O and Eu—N
distances span in their normal ranges from 2.3138(1) Å to 2.4494(1) Å
and 2.5728(1) Å to 2.5817(1) Å, respectively. The structure and the
Eu—O and Eu—N distances are very similar to those found in
[Eu2(phen)2(bz)6] (Table 2) with the exception that in that case four
benzoate molecules acted as bridging ligands (and only two in the case
of [Eu2(bphen)2(bz)6]). This resulting in a rather long Eu···Eu distance
in 1, 5.5441(1) Å, compared to that found in [Eu2(bphen)2(bz)6],
3.9604(1) Å [34,35], Fig. S1 (c). In the formation of the luminescent
films, the structure of the complex is maintained, so the Eu3+-Eu3+

distance is that of the molecular structure.
The two phenylene rings of the bphen ligands appear twisted re-

spect to the plane of the phenanthroline skeleton and another re-
markable feature of the compound is the almost parallel orientation of
the bridging benzoate ligand respect to the phenanthroline central

aromatic ring, see Fig. S1 (a) (ESI). Molecular packing consist on weak
hydrogen bonds with inter and intra molecular bonds and very weak π-
π and π-Centroid interactions (Table S1). The molecular structure of the
compound favours its solubility in organic solvents such as CH2Cl2.

The simulated powder diffraction pattern of the crystalline structure
of single-crystals of 1 completely matches with the powder diffraction
pattern of the polycrystalline material of 1. So single-crystals and
polycrystalline material have the same structure, Fig. S2. In the same
way, powder diffraction patterns of [Eu2(bphen)2(bz)6] and
[Gd2(bphen)2(bz)6] are equivalent which means unequivocally that
both compounds display the same structure, Fig. S2.

3.4. Solution studies. UV–VIS spectra

UV–VIS absorption spectra of [Eu2(phen)2(bz)6] and
[Eu2(bphen)2(bz)6] complexes in CH2Cl2 are presented in Fig. 3. The
spectrum of [Eu2(bphen)2(bz)6] shows one intense absorption with a
maximum at 290 nm with a corresponding molar absorption coefficient

Fig. 2. (a) Molecular structure of [Eu2(bphen)2(bz)6]. (b) Space-filling view of the molecule showing the aromatic rings on the periphery of the molecule enhancing
its solubility in organic solvents.

Table 2
Selected distances for compound [Eu2(bphen)2(bz)6] and [Eu2(phen)2(bz)6]
[34].

[Eu2(bphen)2(bz)6] [Eu2(phen)2(bz)6]

Atoms [Å] Atoms [Å]

Eu1—O2A 2.4398(2) Eu1—O2 2.4933(11)
Eu1—O1A 2.4494(2) Eu1—O1 2.4974(11)
Eu1—O1B 2.3988(1) Eu1—O6ii 2.3818(10)
Eu1—O2B 2.4376(1) Eu1—O4 2.4571(11)
Eu1—O1C 2.3138(1) Eu1—O3ii 2.3669(9)
Eu1—O2Ci 2.3239(2) Eu1—O5 2.3667(9)
Eu1—N1 2.5728(1) Eu1—N1 2.5636(11)
Eu1—N2 2.5817(1) Eu1—N2 2.6134(11)
Eu1—Eu1i 5.5441(3) Eu1—Eu1ii 3.9604(1)
(i) 1-x, 2-y, 1-z. (ii) 2-x, -y, 1-z.

Fig. 3. Absorption spectra of [Eu2(phen)2(bz)6] and [Eu2(bphen)2(bz)6] in
CH2Cl2 at 2.5×10−6 M.
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of 88400 Lmol−1 cm−1. Other lower absorption maxima are observed
at 242 and 276 nm and some shoulders are found at 316, 340 and
355 nm. Compared to [Eu2(phen)2(bz)6], [Eu2(bphen)2(bz)6] shows a
considerable increase in the absorption coefficient that is almost dou-
bled at the maxima. Also, the absorbance is higher than that of the
reference complex in all analysed wavelengths. This is somewhat ex-
pected since the bphen ligand itself exhibits higher absorption com-
pared to phen (Fig S3, ESI). This increase in the absorption is usually
correlated with an increase in the emission so, for instance, this points
to an enhancement of the properties of [Eu2(bphen)2(bz)6] compared to
the reference complex, [Eu2(phen)2(bz)6]. Maxima and shoulders va-
lues observed in the spectrum give the energy of the allowed
S0— > Sn* transitions. With this information, the energy of the excited
singlet states can be inferred.

3.5. Photophysical properties (PMMA films)

The excitation and emission spectra of [Eu2(bphen)2(bz)6] at 5%
and 10% in PMMA films are shown in Fig. 4. The excitation spectra of
the 5D0→

7F2 emission of Eu3+ ions at 614 nm display a broad band
between 250 and 350 nm with a maximum at 280 nm. This result shows
an efficient UV sensitization of these ions by means of ligand to metal

energy transfer processes, with the ligand acting as antenna. Its max-
imum value is close to the maximum observed in the UV–VIS absorption
spectrum and presents a similar behaviour. The excitation spectra show
a discrete vibrational structure that enables the detection of vibronic
transitions with creation of 0, 1 or 2 phonons, as indicated in Fig. 4
(left). This vibrational structure is also similar to the one observed in
the absorption spectra of this complex shown in Fig. 3. The observed
peak at 280 nm results from the overlap of different multiphonon side
peaks, which are not well resolved and therefore appears as a multi-
phonon band.

The emission spectra, under 280 nm excitation, reveals the char-
acteristic emission peaks of Eu3+ ions corresponding to the transitions
5D0→

7F0–4, being the emission at 614 nm (5D0→
7F2) the most intense

transition and responsible for the brilliant red emission of this complex.
Only the emissions from the 5D0 level are observed due to fast non-
radiative decays from upper levels to this emitting level. These spectra
present large inhomogeneous broadening, not being possible to resolve
the Stark components of the different emission peaks. This broadening
is caused by distortion of the local environment of the Eu3+ ions. The
intensity of the excitation and emission spectra obtained for the active
film is increased by a factor of almost 2 when the concentration of the
luminescent complex is doubled, as seen in Fig. 4. These spectra show
only emission from Eu3+ ions, without any appreciable contribution
from the triplet state, indicating that the energy transfer from the an-
tenna to the lanthanides is highly efficient.

A study of the luminescent properties (fluorescence and phosphor-
escence) of [Gd2(bphen)2(bz)6] was carried out, at room and low
temperature, to determine the triplet and singlet state energies of the
compound, Fig. 5. The emitting levels of the Gd3+ ions are far above
the triplet levels of the ligands and therefore metal-centered emissions
do not take place in these complexes. Moreover, its paramagnetic
character is known to enhance the intersystem crossing and further-
more the presence of the Gd3+ ion reduces the decay time of the triplet
states. So, all these conditions make the Gd3+ derivatives good candi-
dates to study the energy of the singlet and triplet states of the lan-
thanide luminescent complexes [13,15,21,22,36].

The photoluminescence spectra obtained for the film containing the
[Gd2(bphen)2(bz)6] complex at 10% in PMMA, under different condi-
tions, are shown in Fig. 5. These spectra have two main emissions, a
relatively weak UV-Violet emission at 380 nm coming from the excited
singlet state, together with a broad whitish emission arising from the
decay of the triplet state of these organic molecules. The whitish VIS
emission comprises three well resolved vibronic components at 480,
513 and 552 nm (corresponding to transitions with creation of 0, 1 or 2
phonons, respectively) and a multiphonon tail at long-wavelengths.

It would be noticed that the emission spectra obtained with the

Fig. 4. Antenna excitation (left) and corresponding Eu3+ emission (right) spectra of [Eu2(bphen)2(bz)6] at 5% (red line) and 10% (blue line) in PMMA.

Fig. 5. Photoluminescence (fluorescence and phosphorescence) spectra for the
film containing the [Gd2(bphen)2(bz)6] complex at 10% in PMMA under ex-
citation at 280 nm, at room temperature (RT-AP) and atmospheric pressure (red
line), RT and vacuum conditions (green line) and at 15 K and vacuum (blue
line). Dashed vertical lines point the direct excitation energies of Eu3+ ions
from the fundamental energy level.
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layer in air, at atmospheric pressure (RT-AP, Fig. 5), only shows the
singlet emission. Whereas the spectra obtained with the sample in va-
cuum present a relatively intense emission coming from the triplet
state. This behaviour is due to the quenching of the triplet emission by
the dioxygen molecules when the films are in contact with air. More-
over, this response results to be reversible, what turns this complex into
a good candidate for high resolution oxygen sensing [15,21]. On the
other hand, the compound shows moderate increase of the emission
when the temperature is lowered to 15 K, indicating a low thermal
quenching of the triplet states at room temperature [11,37,38].

The luminescence quantum yield Φ is a parameter used to evaluate
the efficiency of the emission process in luminescent materials, defined
as the ratio of number of emitted photons to the number of absorbed
photons per time unit. The luminescence quantum yield of lanthanide
complexes is given by [13,15]:

=Φ Φ ΦET Ln (1)

where ΦET is the efficiency of the energy transfer from the ligand to the
lanthanide and ΦLn is the intrinsic luminescence quantum yield of the
lanthanide, which can be obtained by

=

+

=
A

A A
τ
τ

ΦLn
rad

rad nrad

exp

rad (2)

where Arad and Anrad are the radiative and non-radiative decay prob-
abilities and τexp and τrad are the experimental and radiative lifetimes,
respectively.

In order to check the antenna-Eu3+ energy transfer efficiency we
have measured the photoluminescence emission of [Eu2(bphen)2(bz)6]
at 10% of PMMA at room and low temperature in vacuum and the
results are shown in Fig. 6. These spectra show that the antenna
emission from the triplet state (observed when the sample is doped with
Gd3+) is completely quenched when doping with Eu3+ (Fig. 5). This
behaviour indicates a high value for the antenna-Eu3+ energy transfer
efficiency, ΦET, close to 1.

On the other hand, the emission from the 5D0 level of Eu3+ usually
presents high quantum efficiency, ΦLn, due to the large gap to the un-
derlying level 7F6, about 12000 cm−1, which prevents non-radiative
decays. In our case, as shown in Fig. 6, the PL intensity does not change
appreciably when temperature is lowered from RT to 15 K, indicating
the absence of thermal quenching by nonradiative decays.

Low nonradiative decay rates are confirmed by the analysis of the
experimental lifetime results. An experimental lifetime of 0.96ms was
obtained for Eu3+ luminescence at room temperature, see inset in
Fig. 6. The radiative lifetime of the Eu3+ emitting level 5D0 is mainly
determined by the ratio 5D0→

7F2 / 5D0→
7F1 of the most intense

emissions. The transition 5D0→
7F2 is electric dipolar and hypersensitive

to the local environment of the Eu3+ ions. Meanwhile, the transition
5D0→

7F1 is magnetic dipolar and presents low dependence on the local
environment. The above ratio is indicative of how far is the local Eu3+

environment to be centrosymmetric. Following these considerations,
for low nonradiative rates, a correlation of the experimental lifetime
and the intensity ratio is expected, i.e., a decrease of the lifetime would
be found when the intensity ratio increases. Accordingly, longer life-
times of ∼ 1.8–1.9ms were obtained at 77 and 295 K for [Eu(phen)
(3,5-DNBenz)3], (3,5-DNBenz=3,5-dinitrobenzoate anion) indicating
low nonradiative rates, which is associated with a low intensity ratio of
about 2 [26]. Meanwhile, we obtained a experimental lifetime of
0.96ms with a higher intensity ratio of 6.0, from spectra in Fig. 6,
which is well correlated with results for other Eu3+ complexes, as
ternary methoxybenzoates [26]. Moreover, our results are comparable
with the values obtained for the complex [Eu2(phen)2(bz)6] of 1.26ms
and 5.7 for the lifetime and intensity ratio, respectively [39]. Ad-
ditionally, lower lifetimes of ∼ 0.6–0.9ms have been obtained with
high intensity ratios of ∼ 12–13 for β-diketonates [26]. These results,
shown in Fig. 7, corroborate that nonradiative processes are not sig-
nificant in our samples.

In the literature, the intrinsic luminescence quantum yield ΦLn for
the Eu3+ ions is frequently calculated by using the Eq. (2) with the
radiative lifetime obtained from the following expression [40–43]:

=τ
n A

I
I

1
rad

MD

MD

tot
3

,0 (3)

where AMD,0 = 14.65 s−1 is the spontaneous emission probability for
the 5D0→

7F1 transition in vacuo, (IMD/Itot) is the ratio between the
integrated intensity of the 5D0→

7F1 transition and the total integrated
emission intensity 5D0→

7FJ (J= 0–6) and n is the refractive index of
the medium related with Lorentz local field correction.

In this line, Eu3+ radiative lifetimes of about 2ms have been re-
ported for similar complexes using Eq. (3) and assuming a general value
for the refractive index of 1.5 [41,42]. This estimation of the radiative
lifetime would lead to a value for the efficiency ΦLn of about 0.5 in our
samples. Nevertheless, it is important to stress that a consistent de-
termination of the refractive index is necessary in order to obtain re-
liable results from Eq. (3), due to the strong dependence of the radiative
lifetime on this parameter.

Finally, a high luminescence quantum yield Φ is expected from Eq.
(1) in our Eu3+ complex, which would be at least 0.5, taking into ac-
count the estimated values for the efficiencies of the energy transfer to
the Eu3+ ions, ΦET, and the luminescence of the Eu3+ ions, ΦLn. This

Fig. 6. Emission spectra for [Eu2(bphen)2(bz)6] at 10% of PMMA film under
280 nm excitation at room temperature (297 K) and low temperature (15 K) in
vacuum condition. Inset shows the experimental lifetime of Eu3+ luminescence
at RT.

Fig. 7. Variation of the lifetime of the Eu3+ emitting level 5D0 with the
5D0→

7F2 / 5D0→
7F1 intensity ratio for different Eu3+ complexes (data from this

work and from Refs. [26] and [39]). Red line corresponds to linear fit.
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result would not be far from the highest values we have found in lit-
erature, which are about 0.8 ± 0.1 for Eu3+ in different complexes
such as [EuL(tta)3], with tta= 2-thenoyltrifluoroacetylacetonate and
L=4,7-dicarbazol-9-yl-[1,10]-phenanthroline ([24] and references
therein).

3.6. Energy level diagram and sensitized luminescence mechanism

Fig. 8 shows the energy level diagram of the singlet and triplet states
of the antenna and those excited states of the Eu3+, which are directly
related with the quantum yield of the overall luminescence process. The
vibrational levels into the singlet and triplet states of the antenna are
also displayed [44]. The diagram shows the excitation of the antenna
from the ground S0 to the excited S* singlet state, followed by ISC to the
triplet T state and energy transfer to Eu3+ ions. The UV–VIS absorption,
excitation and emission spectra (Figs. 3–5) allowed us to calculate the
energy of singlet and triplet states of the antenna, which display a se-
paration larger than 6000 cm−1. This satisfies the criterion for an ef-
ficient ISC according to different authors [45].

The transitions from the triplet state were determined from the
emission spectra in Fig. 5. This emission presents a large overlap with
the excitation of the 5D0,1,2 levels of Eu3+ from the ground level 7F0.
This can be verified from Fig. 5 where the wavelengths of these tran-
sitions have been indicated. Therefore, the 5D0,1,2 levels of Eu3+ would
be the main acceptors of energy transfer from the triplet states of
[Eu2(bphen)2(bz)6] complex. Some authors claim that efficient ET
transfer occurs when the energy difference between the triplet state of
the antenna and the Ln emissive levels is of approximately
~ 2000–3500 cm−1 (others extend this range from 1000 to 5000 cm−1)
[15,44]. This condition is also satisfy by [Eu2(bphen)2(bz)6].

Finally, the excited Eu3+ ions undergo to the 7F0 level involving 5D0

→7FJ radiative transitions, see Fig. 4. On the other hand, the emitting
5D0 level of Eu3+ is about 3590 cm−1 below the triplet state of the
antenna, see Fig. 8. Therefore, appreciable back-transfer from Eu3+ to
antenna would not be expected.

3.7. External quantum efficiency

The influence of the down-shifting film on a reference cell is cal-
culated by means of an external quantum efficiency measurement
(EQE). The EQE of the reference solar cell covered with a bare glass
substrate, and the reference solar cell covered with the same type of
glass substrate but coated with the luminescent film at different con-
centrations are displayed in Fig. 9. Consequently, a thin film of air is
located between the glass substrate and the reference cell producing a
discontinuity in refractive indexes and, consequently, lowering the
overall EQE values. This configuration was used to obtain reproduci-
bility of the results, to avoid any damage to the reference solar cell and

contamination using any other procedure involving chemicals to match
the refractive indexes. Measurements were taken with the downshifting
layer on the front side of the glass. EQE measured at the UV spectral
region diminish a 22% when the reference solar cell is only covered
with the bare glass, due to the absorption of UV photons by the glass
substrate and the discontinuity in refractive indexes. An enhancement
of the conversion efficiency in the UV range has been recorded for 5%
[Eu2(bphen)2(bz)6] and 10% [Eu2(bphen)2(bz)6] films with maximum
energy conversion at 290–300 nm. This increase in efficiency at the UV
spectral region correlates with the absorption and excitation spectra
analysed in Fig. 4. In comparison with the measurement only with the
bare glass, where a near-zero EQE is detected in the 280–360 nm
spectral range, significative EQE signals are detected for the reference
solar cells with the luminescent film deposited on glass and placed on
top, reaching a 4.6% peak for the 10% [Eu2(bphen)2(bz)6] PMMA film
and a 3.5% peak for the 5% [Eu2(bphen)2(bz)6] PMMA film. The EQE
spectra measured in the 280–1200 nm spectral range (Fig. 9b) show the
transparency of the active layer in the visible spectrum, at these con-
centrations. Of course, the EQE is expected to be substantially improved
by increasing the concentration of [Eu2(bphen)2(bz)6] and avoiding the
air gap between the glass and the reference solar cell via encapsulation
processes with EVA or any other transparent polymer matching the
refraction index between both media.

4. Conclusions

The complexes [Eu2(bphen)2(bz)6] (1) and [Gd2(bphen)2(bz)6] (2)
have been successfully obtained by direct synthesis and characterized
by FT-IR, TGA, X-ray diffraction and elemental analyses. The match of
the X-ray powder diffraction patterns of both compounds shows their
isostructural character and the X-ray analysis of single-crystals of 1
reveals their molecular structure, in which the organic ligands wrap the
Ln3+ ions avoiding coordination water molecules and giving good so-
lubility in organic solvents such as CH2Cl2. PMMA films containing this
luminescent complexes have been prepared by simple spin-coating on
glass substrates to cover a reference solar cell, showing enough thermal
stability to be incorporated in the processing of PV cells and modules in
any step of the production process. The bphen and bz ligands absorb UV
photons and efficiently transfer energy to the Eu3+ ions, which are
promoted to the 5D0–2 excited states and subsequently decay from the
5D0 to the 7F0–6 states, by emitting intense red radiation. The study of
the energy levels of the singlet and triplet states of the organic chro-
mophore has shown the existence of vibrational levels in the ground
and excited singlet states of the antenna where the involvement of 0, 1
or 2 phonons has been detected. Initial results show that the down-
shifting of the UV photons increases the delivered power of PV cells in
the region between 280 and 360 nm for PMMA films containing the
luminescent compound, reaching a 4.6% increment of EQE at 297 nm.
Finally, the PPMA films prepared with the [Gd2(bphen)2(bz)6] complex
show high sensitivity to O2 which may result in application as oxygen
sensor.
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Appendix A. Supplementary material

Crystallographic data for the structure reported in this contribution
has been deposited within the Cambridge Crystallographic Data Centre
as supplementary publication 1494543. Copies of the data can be ob-
tained free of charge on application to the CCDC, Cambridge, U.K.
〈http://www.ccdc.cam.ac.uk/〉. Moreover, supplementary data asso-
ciated with this article can be found in the online version at 〈http://dx.

Fig. 8. Photophysical processes in [Eu2(bphen)2(bz)6] under UV excitation
taking to Eu3+ red emission (antenna effect). The wavelengths determined from
spectra in Figs. 3–5 are indicated.
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Fig. 9. EQE measurements in the UV range (a) and UV–VIS range (b), for the reference solar cell (RSC) covered with the clean glass (black dashed line) and with 5%
[Eu2(bphen)2(bz)6] (red line) and 10% [Eu2(bphen)2(bz)6] (blue line) PMMA films on top.
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