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A B S T R A C T

Lanthanide (Ln3+)-doped suitable matrices exhibit unique luminescent properties which are important for ap-
plications in optoelectronic devices. Most of the Ln3+-based luminescent materials are, however, prepared in
powder form using suitable robust inorganic host matrices. These matrices, often, experience lack of flexibility
which is important for many applications such as LEDs and wearable devices, among others. To address this
aspect, we report the preparation of flexible and highly transparent luminescent membranes based on poly-
dimethylsiloxane-hydroxyurethanes (PDMSUr) as the hybrid framework and Europium-polyoxometalate (Eu
(PW11)2) complex as the luminescent component. The PDMSUr, besides acting as green, transparent and flexible
matrix, is found to increase the emission decay lifetime (from 1.5ms to 3.0 ms) when Eu(PW11)2 is incorporated
in the hybrid matrix. Moreover, upon UV excitation, the matrix exhibits a broader emission around 450 nm
which, together with the characteristic emission of Eu3+ ions, leads to the generation of white light.

1. Introduction

Lanthanide (Ln3+)-doped materials have several applications such
as in the development of new phosphors for display and lighting and
laser crystals, to name a few [1–5]. The most interesting characteristic
of Ln3+ ions is their sharp transitions arising due to intra 4f transitions,
which are generally shielded by the outer 5s and 5p orbitals [6–8].
Despite the fact that these parity forbidden transitions have low ab-
sorption coefficients, the longer luminescence lifetime (µs to ms) pos-
sessed by the Ln3+ excited states are explored for many optoelectronic
applications [9–12]. In addition to the ligands-induced Stokes shifted
luminescence, they possess the ability to exhibit anti-Stokes emissions,
a phenomenon generally known as the upconversion process [13–15].

The Ln3+ ions, however, usually do not exhibit downshifting (or
downconversion) and upconversion (UC) luminescence in their free
state (except Ln3+ ions in gas or liquid state) at room temperature. In
order to resolve this issue, Ln3+ ions are necessary to be doped in ap-
propriate host matrices, either by incorporation [16] or by direct
covalent binding [17,18]. Generally, a suitable host material is one
which has high transparency in the wavelength range of interest, has

low phonon energy and good photostability. The most common ma-
trices for Ln3+ ions include inorganic oxides (Y2O3, Gd2O3) [19–21],
halides (NaYF4, LiYF4) [22], vanadate (YVO4, GdVO4) [23–25], sulfate
(NaGd(SO4)2) [26] and polyoxometalates (POMs) and their derivatives
[27]. The halides-based materials possess low phonon energies
(< 350 cm−1) but they are hygroscopic in nature. Oxides, on the other
hand, are chemically stable but their phonon energies are relatively
high (> 500 cm−1) [28,29]. The inorganic matrices mentioned above
thus present some disadvantages considering their poor mechanical
properties and challenging processing. From application point of view,
high processability and good flexibility are other important parameters
for selection of a suitable host material. Thus the development of
polymer and/or hybrid-based matrices as flexible substrates for Ln3+

ions is an interesting strategy to obtain advanced functional materials
[3,16,30]. Polymeric and hybrid matrices are important as they carry
inherent advantages such as easier patterning, higher flexibility, im-
proved mechanical, thermal and optical properties, raising the number
of possible applications of lanthanides-based materials [30]. Moreover,
these matrices are of great interest for optical and photonics application
as they may be obtained through environmental friendly and
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sustainable routes, leading to the development of so-called green pho-
tonics [31]. For instance, increasing CO2 concentration and its effects
on climatic changes, as stated by the Intergovernmental Panel on Cli-
mate Change (IPCC), are problems that need to be addressed as soon as
possible [32] and any chemical strategy that consumes or fixes CO2 and
converts it into innovative materials are highly welcomed [33–37].

Keeping in view the flexibility and practicality of polymeric mate-
rials and the importance of synthetic strategies for CO2 mitigation, we
have come up with the idea to utilize PDMSUr hybrid, self-supporting
membranes as a green flexible matrix material for immobilizing Eu-
polyoxometalates (Eu(PW11)2) complex which renders the polymeric
films their luminescent properties. The PDMSUr hybrid matrix is de-
rived from cyclic carbonates (CC) which are in turn obtained from
chemical fixation of CO2 into oxirane rings. Besides the CO2 fixation,
this methodology also provides a way to substitute the polyurethanes
(PUs) and consequently avoiding the utilization of known toxic and
hazardous phosgene and isocyanates [38–41]. Moreover, the additional
hydroxyl group provides higher chemical and hydrolysis resistance to
polyhydroxyurethanes (PHUs) compared to traditional PUs [41]. Con-
sidering these features, PHUs finds applications in a wide range of
technological fields, highlighting foams [42,43], drug delivery [44],
protective coatings [38,45], insulators [43] and adhesives [46]. How-
ever, these materials have not been exploited for their applications in
optic and photonic fields, an aspect that is the subject of this study.

In this work, telechelic diglycidylether polydimethylsiloxane
(PDMS) was converted to the corresponding cyclic carbonate
(CCPDMS) which on reaction with isophorene diamine (IPDA) as chain
extender and with 3-aminopropyltriethoxysilane (APTES) as end-
stopper yielded PDMSUr hybrid matrix. To the best of our knowledge,
there is no report on the use of this flexible and greener matrix (ob-
tained from a CO2 fixation route in an environmental friendly way) for
photonic applications. The proposed matrix presents high transmittance
(> 96%) over all visible region and allows easy processing to obtain
self-supporting films modified with europium polyoxometalate complex
[Eu(PW11)2], thus leading to development of white emitters.
Considering the innate emission from the matrix and its filmogenic
nature, we show the suitability of the hybrid PDMSUr matrix to achieve
self-supporting and flexible white-emitting membrane. The results ob-
tained could be considered as step forward towards the development of
green photonics.

2. Materials and methods

2.1. Synthesis of telechelic cyclic carbonate polydimethylsiloxane
(CCPDMS)

Synthesis of CCPDMS precursor was performed as previously de-
scribed [47]. Briefly, 10 g of diglycidylether terminated PDMS (Sigma-
Aldrich) were dissolved in 40mL of 2-ethoxyethanol (Merck) con-
taining 0.1 g of tetrabutylammonium bromide (Sigma-Aldrich) as cat-
alyst. The resulting solution was transferred to a stainless-steel Parr
Reactor (model 4843), purged with CO2 (Linde), sealed and heated at
150 °C under 160 PSI of CO2 for 8 h. Afterwards, the material was
purified via solvent extraction (water-ethyl acetate) and the catalyst
was recovered.

2.2. Synthesis of europium polyoxometalate complex

Organics-soluble Eu(PW11)2 was synthesized according to previous
report with minor modifications [48]. For this purpose, we first syn-
thesized the ligand PW11 as follows: 22mmol of Na2WO4·2H2O (Fluka)
were dissolved in 15mL of deionized water, followed by the addition of
2.5 mL of H3PO4 (1mol L−1) and 4.4 mL of glacial acetic acid. The re-
sulting solution was refluxed at 90 °C for 1 h using an oil bath. The
resulting solution was allowed to cool down to room temperature and
formation of K7(PW11O39)·xH2O (PW11) crystals was induced by the

addition of KCl. The obtained PW11 crystals were filtered off and dried
at 60 °C during 24 h. An aqueous solution (9mL) containing 0.5mmol
of the synthesized ligand (PW11) was prepared and then mixed with
1mL of EuCl3 solution (0.25mmol) obtained by dissolving Eu2O3

(Sigma-Aldrich) in HCl. The mixed solution was refluxed for 1 h and
then allowed to cool down to room temperature. The organic soluble Eu
(PW11)2 complex was precipitated from addition of excess of tetra-
butylammonium bromide, where tetrabutylammonium acts as counter-
ion for the complex Eu(PW11O39)211-. The complex was filtered off and
dried at 60 °C for 24 h.

2.3. Synthesis of PDMSUr films containing Eu(PW11)2

0.45 g of purified CCPDMS was mixed with 69.3 μL of isophorene
diamine (IPDA – Sigma-Aldrich) and the mixture was heated at 70 °C
under magnetic stirring. After 20min of reaction, 263 μL of APTES
(Sigma-Aldrich) was added and the reaction mixture was held for
20min at 70 °C, yielding the PDMSUr hybrid matrix. To prepare the
membranes containing the Eu(PW11)2, the freshly prepared PDMSUr
matrix was solubilized in 2.5 mL of N,N-dimethylacetamide (Sigma-
Aldrich) containing 45mg of the solubilized Eu(PW11)2. The resulting
solution was homogenized under vigorous magnetic stirring for 30min
and then transferred to a Teflon® mold to obtain self-supported films by
casting method. The materials were allowed to dry at 60 °C for 24 h.

2.4. Characterizations

Fourier transformed infrared analysis (FTIR) spectra of the sample
mixed KBr were acquired with a Shimadzu (model IRAffinity)
Spectrophotometer at a resolution of 4 cm−1 in transmittance mode
(4000–400 cm−1) or attenuated total reflectance (ATR) mode
(4000–650 cm−1) employing a ZnSe crystal. Raman spectra were col-
lected with a CRAIC microspectrophotometer, employing an 830-nm
laser, 49.8 mW power, 10 s exposure time and 15 scans.
Photoluminescence (PL) studies were performed using a Horiba Jobin
Yvon Fluorolog-3 machine (USA); FL3-122 model; spectrometer
equipped with 450W Xe continuous lamp. A double grating mono-
chromator (resolution of 0.3 nm) was used to disperse the excitation
and emission radiation and a photomultiplier tube (model R 928 P from
Spex 180-850/860 nm) was used as the photon detector. For measure-
ment of the PL emission spectra, the excitation and emission slit widths
were fixed at 5 nm and 0.5 nm, respectively and the integration time
was set to 1 s. For low temperature (77 K) measurements, the sample
membrane was cut into small piece held inside a quartz tube. The
quartz tube was then placed inside a Dewar flask filled with liquid ni-
trogen. The PL lifetime measurements were performed in triplicate
using a Xenon pulsed bulb with 0.15 J per flash. The transmittance of
the films in the 200–1000 nm range was measured using a Shimadzu
UV–Vis spectrophotometer (model UV1800). For measurement of the
%T, the sample precursor was coated as a film (of thickness similar to
that of self-supporting hybrid membranes) on quartz plates and it
electronic spectra were obtained using a clean quartz plate as reference
or background. Thermogravimetric analysis was performed with a
Shimadzu TGA 50 instrument (heating rate 5 °Cmin−1, temperature
window 25–800 °C, N2 flow).

3. Results and discussion

3.1. Characterization of PDMSUr matrix containing Eu(PW11)2

Before studying their photoluminescence behavior, the PDMSUr-Eu
(PW11)2 materials were characterized by FTIR spectroscopy, electronic
spectroscopy and Raman spectroscopy. A more detailed description of
the PDMSUr materials can be found in previous reports by our research
group [45,47].

The preparation of the CCPDMS precursor from CO2 fixation and the
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subsequent formation of the hybrid PDMSUr material was monitored by
FTIR (Fig. 1). The appearance of a sharp and intense band in the
1800 cm−1, which corresponds to the carbonyl group of cyclic carbo-
nates, confirms the formation of CCPDMS. The vibrational modes ob-
served in the 3000–2800 cm−1 region correspond to the methyl groups
of PDMS segment and those observed at 1257 cm−1 and 777 cm−1

correspond to the Si‒CH3 groups. The vibrational peaks in
1100–1000 cm−1 region are related to the siloxane bonds [47]. After
reaction with the amino groups from IPDA and APTES, poly-
hydroxyurethane are obtained as confirmed by the emergence of a
broad peak in 3300 cm−1 (OH groups) and dislocation of the char-
acteristic peak of carbonyl group (urethane bond) to 1703 cm−1.
Moreover, the new peak emerging at around 1537 cm−1 is also attrib-
uted to the NH-urethane bond [47].

One key feature of this hybrid PDMSUr matrix is its ability to allow
easy patterning and form self-supporting transparent films and coat-
ings. Since one of the desired properties of any matrix for potential
applications in photonic and optical fields is adequate transparency in
the wavelength range of interest, we evaluated the transmittance
characteristic of PDMSUr matrix in the 200–1000 nm region (Fig. 2).

Importantly, the hybrid PDMSUr matrix presents high transmit-
tance, over 96%, in the whole visible to near infrared (NIR) region
(400–1000 nm), making this material particularly relevant for photonic
and optical applications, especially the development of white light
emitters. In the UV region, however, strong absorption is observed
slightly above 250 nm (π-π * transition) and around 277 nm (n-
π * transitions) of the carbonyl groups of urethane bond [49].

3.2. Characterization of Eu(PW11)2 Complex

Considering the high transparency of the PDMSUr matrix in visible/
NIR region (Fig. 2) and its flexibility, we modified this material with
luminescent ions to evaluate its potential application in photonics.
Considering its luminescent characteristics [48] and its positive con-
tribution on the mechanical properties of the PDMSUr matrix [45], we
chose Eu(PW11)2, a complex between Eu3+ and a lacunary specie of
Keggin-type polyoxometalate ((PW11O39)7-), to modify the PDMSUr
matrix and obtained very homogenous, self-supporting hybrid lumi-
nescent films which emit white light upon UV excitation.

The Eu(PW11)2 complex, however, was separately characterized
before being added to the PDMSUr matrix. The polyoxometalate we
employed is a lacunary species with 4 chelating points which can
complex Eu3+ ion in an octacoordination mode, protecting the lan-
thanide ion from possible quenchers from the matrix and/or medium.
Thus, the first step was the synthesis of the PW11 lacunary ligand, fol-
lowed by a stoichiometric reaction with Eu3+ ions to obtain Eu(PW11)2
complex. This complex is usually obtained as sodium and/or potassium
salts, but we modified the method to obtain it as tetrabutylammonium
salt which gives higher solubility in organic medium [50,51], making it
more compatible and soluble in PDMSUr matrix. The formation of Eu
(PW11)2 complex was followed by FTIR and Raman spectroscopies (Fig.
S1, Supplementary information).

The FTIR spectra of PW11 ligand shown in Fig. S1a exhibits vibra-
tional modes at 732, 810, 860, 900 cm−1 (W‒O‒W, asymmetric vi-
bration), 960 cm−1 (terminal W‒O) and 1045 and 1086 cm−1 (P‒O,
asymmetric vibration). The presence of all these peaks is characteristics
of the PW11 ligand [51,52], confirming its successful formation. When
comparing the FTIR spectra of the PW11 potassium salt with the Eu
(PW11)2 tetrabutylammonium salt, we observed some minor shifts of
the bands. Since the counter-ions do not affect the FTIR spectra of these
polyoxometalates [51], the minor peaks dislocation was attributed to
the interaction of the ligand with the Eu3+ ion. Moreover, the dis-
appearance of a band below 750 cm−1 indicates that the interaction of
the PW11 with Eu3+ ion restores the symmetry of the lacunary species
to a closed structure similar to phosphotungstic acid (H3PW12O40) [53].

Raman spectra of both PW11 and Eu(PW11)2 exhibit the character-
istic Raman bands of Keggin-type polyoxometalates at 987, 900, 517
and 225 cm−1 [54] and the new bands above 1000 cm−1 observed only
for the Eu(PW11)2 are related to the counterion tetrabutylammonium
[55] of the europium complex (Fig. S1b). To study the Eu(PW11)-matrix
interaction, we compared the Raman spectra of pure matrix, pure Eu
(PW11)2 and Eu(PW11)2-PDMSUr hybrid membranes (Fig. S2). The peak
position and relative intensity of the Eu(PW11) species remained un-
changed after incorporation in the matrix, confirming its incorporation
and structural integrity inside the matrix. For the same reason, we could
not get any information on Eu(PW11)-matrix interaction in the sample.

Thermogravimetric analysis (TGA) also confirms the formation of
both materials (Figs. S3 and S4). While for PW11, a single weight loss
(loss of water molecules) of 3.8% in the 100–200 °C range, a two-step
weight loss was observed in case of Eu(PW11)2 material. The first one
between 100–200 °C (1.1%) corresponds to the loss of water molecules
and the second one between 200 and 450 °C is due to the degradation of
tetrabutylammonium counterion (24%). This weight loss is smaller
than the theoretical loss expected for full substitution of 11 K+ ions by
tetrabutylammonium ions and thus indicates the presence of some re-
sidual K+ as counterions. Nevertheless, the Eu(PW11)2 complex pre-
sented high solubility into organic solvents, enabling its utilization for
the modification of PDMSUr matrix.

3.3. Photoluminescent properties of the PDMSUr-Eu(PW11)2 hybrid films

Photoluminescent (emission and excitation) properties of Eu
(PW11)2 (powder) as well as PDMSUr-Eu(PW11)2 hybrid films were well
characterized. Due to the presence of Eu(PW11)2 complex as

Fig. 1. ATR-FTIR spectra of the PDMS, CCPDMS and PDMSUr materials.

Fig. 2. Transmittance spectrum of the PDMSUr matrix. Inset: digital photo-
graph showing the high transparency of the PDMSUr film.
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luminescent centers, the obtained hybrid films exhibited photo-
luminescent properties which are dominated by the luminescent char-
acteristics of Eu3+ ions along with small contribution from the PDMSUr
matrix. As discussed in details below, the PDMSUr matrix itself showed
emission in the blue-green region which, together with the character-
istic red emission of Eu(PW11)2 centers, led to the generation of white
light. Moreover, the emission decay life time of Eu(PW11)2 centers also
increased upon its incorporation in the matrix. These optical features of
the hybrid membranes are discussed in more details below.

The room temperature excitation spectra of Eu(PW11)2 complex (in
powder form) and Eu(PW11)2 complex immobilized in hybrid PDMSUr
membranes are shown in Fig. 3a. Similar results were obtained when
the spectra were measured at 77 K (Fig. S5). A prominent excitation
peak at around 395 nm, assigned to 7F0⇾5L6 transition of Eu3+, is
observed in both samples. We could not observe the expected LMCT
band in spectra of Eu(PW11)2 complex at room temperature as this band
appears only at lower temperature (14 K) [48]. Upon UV (395 nm)
excitation, the Eu(PW11)2 complex in both free and immobilized form
exhibits strong luminescence emission (Fig. 3b). The emission peak at
around 595 nm is assigned to the 5D0⇾

7F1 transition, whereas the
emission at 616 nm is ascribed to the 5D0⇾

7F2 transition. The other
three emissions appearing at 582, 652 and 695 nm are assigned to the
5D0⇾

7F0, 5D0⇾
7F3 and 5D0⇾

7F4 transitions of Eu3+ ions, respectively.
Closer observation of the emission spectra of Eu(PW11)2 complex

and Eu(PW11)2-PDMSUr sample shows some difference in the
610―630 nm region pertaining to the 5D0⇾

7F2 emission peak. This
peak shows a prominent splitting and thus an additional component at
around 623 nm in Eu(PW11)2 complex as compared the PDMSUr-Eu
(PW11)2 sample. In the later, the principle peak poorly splits and the
additional component appears as shoulder on the longer wavelength
side of the principle 616 nm peak. Since this 5D0⇾

7F2 emission is hy-
persensitive in nature and depends on the local environment of Ln3+

ions, we infer that Eu3+ ions are in somewhat different chemical en-
vironment in the two samples (Eu(PW11)2 and Eu(PW11)2-PDMSur). A
comparison of the normalized intensity of emission peaks of the two
samples shows that the emission intensity of PDMSUr-Eu(PW11)2 films
is lower than powder Eu(PW11)2. Such differences in the relative in-
tensity of the emission peaks are clearly related to the quantity of Eu3+

centers in the two samples. Thermal deactivation may be another
reason for the lower emission intensity in the Eu(PW11)2-PDMSUr films.
However, this hypothesis is ruled out by the fact that the spectra of Eu

(PW11)2-PDMSUr measured at room temperature and liquid nitrogen
temperature are identical (inset in Fig. 3b).

Interesting to note is the presence of an additional broad band in the
blue-green region (400―550 nm) in the emission spectrum of the
PDMSUr-Eu(PW11)2 hybrid film. To verify the origin of this emission
band observed in the hybrid film, emission spectrum of pure PDMSUr
matrix was collected under 395 nm excitation. As shown in Fig. S6, the
emission spectrum of pure PDMSUr matrix also exhibits the same band
in the blue-green region, thus confirming that this broad band in the
spectrum of Eu(PW11)2-PDMSUr hybrid film arises from the matrix. This
type of blue-green emission has already been observed in silica-based
materials [56] and biopolymers [57] and it is related to the electron-
hole recombination in such hybrid matrices. As shown in Fig. 4, this
blue-green emission plays an important role in the generation of white
light. Considering the emission from both PDMSUr matrix and Eu3+

Fig. 3. Normalized excitation (a) and emission (b) spectra of the Eu(PW11)2 complex in solid state and PDMSUr-Eu(PW11)2 hybrid film at room temperature. The
spectra in a and b were normalized by the 7F0⇾5L6 and 5D0⇾

7F1 emission peaks, respectively. The inset in b compares the emission spectra of Eu(PW11)2- PDMSUr
hybrid at room temperature (black line) and liquid nitrogen temperature (red line).

Fig. 4. The CIE 1931 color coordinate diagram demonstrating that the calcu-
lated color coordinate (x, y) values for the PDMSUr modified with Eu(PW11)2
films lie in the white region (marked circle). Inset: digital photograph of the
material irradiated under 395 nm showing its white emission.
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ions, upon 395 nm excitation, the PDMSUr-Eu(PW11)2 hybrid film is
able to generate white light (see digital photo in inset of Fig. 4). Ana-
lysis of color coordinates presents an intersection at x= 0.313 and
y=0.332 that falls within the white light region of the chromaticity
diagram. Moreover, the calculated color correlated temperature (CCT)
of the sample is 4888 K which may be considered as neutral white light.
The color rendering index (CRI) was found to be 61. Although this CRI
value is considered low, it is important to mention that the CRI calcu-
lations underestimate this value for emitters with sharp emission band
[58], such as the Eu3+ ion in our case. Moreover, an increase in
emission decay lifetime of Eu3+ from 1.49 ± 0.01ms to
3.04 ± 0.1ms (Figs. S7 and S8) is observed once Eu(PW11)2 is in-
corporated in the PDMSUr matrix. We assume that the difference in
lifetime of the excited state 5D0 may be related to the difference in
concentration of Eu3+ ion in the two samples. A higher concentration of
Eu3+ ions (decreased distance between Eu3+ ions) in Eu(PW11)2
powder sample possibly leads to an increase in nonradiative decay rate
of Eu3+ ions, thus decreasing their average lifetime. The photostability
of the Eu(PW11)2-PDMSUr hybrid films was studied under continuation
UV irradiation at 395 nm. No significant changes in the emission
characteristic were observed after continuous UV irradiation for two
hours (Fig. S9), confirming the photostable nature of the hybrid films.
The combination of PDMSUr matrix and Eu(PW11)2 emission centers in
the form of luminescent, flexible and self-supporting films not only
provides white light upon UV excitation but can also offer other re-
levant advantages such as high flexibility and processability, empha-
sizing the potential of this material for potential application as a white
emitters [57].

4. Conclusions

We have successfully prepared luminescent and highly transparent
self-supporting hybrid films capable of generating white light upon UV
excitation. These hybrid films are based on PDMSUr as polymeric ma-
trix and Eu(PW11)2 as the luminescent component. The greener
PDMSUr matrix, which is obtained from CO2 fixation in the polymer
backbone, plays important role in obtaining materials with desired
mechanical and optical properties. Together with the characteristic red
emission of Eu3+, the blue-green emission from the PDMSUr matrix
itself allows to generate white light upon UV excitation. Moreover, an
increase in emission decay lifetime (from around 1.5 ms to 3 ms) is
observed when Eu(PW11)2 is incorporated in the hybrid matrix. Finally,
the hybrid films obtained are flexible and self-supporting in nature and
can be considered as suitable candidates for potential applications
based on white light generation, opening a new field of the CO2 derived
PHUs into the optoelectronic materials.
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