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a b s t r a c t

Two different types of mesoporous silicon-phosphate supports using different surfactants (a mix-
ture of (CH3)3C13H27NBr with an organophosphorus coupling molecule (HO-PO(i-C3H7)2) and with a
co-surfactant ((C2H5)3(C6H5)PCl), respectively) were synthesized. Trivalent europium (Eu) ions were
immobilized via ion-exchange on these supports. The resulting materials were characterized using nitro-
gen adsorption isotherms at −196 ◦C, thermogravimetric analysis, SEM, TEM, FT-IR, PXRD, CP/MAS.

1H29Si and 31P NMR, DR-UV–vis as well as steady-state and time-resolved photoluminescence spec-
troscopy. The results evidenced that the co-polymerization of silicon and phosphorous yielded a unique
morphology in these materials. Following calcination at 450 and 900 ◦C europium-exchanged silicon-

2 −1

esoporous materials

uminescence
anthanides

phosphates with great surface area (BET = 600–705 m g ) and 3.4 nm sized mesopores were obtained.
The differences among the optical properties of the non-calcined europium materials such as the emis-
sion lifetimes, local environment at the europium sites or the relative contribution of the upper excited
levels to the total photoluminescence were assigned to the surfactants used in the synthesis. Calcina-
tion of the silicon-phosphates at higher temperatures than 450 ◦C did not induce major changes in the
structural properties; in contrast, photoluminescence properties of europium were markedly improved

avera
in terms of intensity and

. Introduction

Silica based organic–inorganic hybrid materials offer a series of
dvantages that make them very attractive for applications due to
he multipurpose and relatively facile chemistry, easy shaping and
atterning, good mechanical integrity and excellent optical qual-

ty and luminescence properties [1–4]. Silicon phosphonates were
eported as a new interesting class of organic–inorganic materials
5–9]. The organic phosphonate in silicas can influence the adsorp-
ion selectivity of these materials [6,7] and therefore offers a strong

inding site for catalytic metal ions [8]. In addition, the choice of
he phosphorous-containing modifier controls the type- and size-
istribution of the pores. A narrow mesopore range was found
or the phosphonic acid-modified silicas in contrast to a bi-modal
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distribution of micro- and mesopores found in polysilsesquioxane-
modified materials [9,10]. Because phosphorylation modulates the
activity and biologic functions of proteins [11] the incorporation of
phosphorous compounds into silica networks can be thought for
bioactive materials based applications [12]. Phosphoryl and phos-
phate groups were also studied in connection with their hydrogen
bond properties [13,14]. Thus, it was found that the hydrogen bond-
ing properties of the phosphoryl group was approximately 100-fold
more effective than carbonyl group in a similar molecular structure
[14].

Based on this state of the art we intended to investigate the
superficial properties of a family of mesoporous silicon-phosphates
prepared by using different surfactants. Thus, the interaction of
these materials is expected to offer useful information in this sense.

For such a purpose we selected the ion-exchange technique with
trivalent europium (Eu) as the exchanged ions. The europium ion
was introduced as luminescence probe to assess for both the struc-
ture and luminescence properties. The silicon-phosphates were
obtained following a hydrothermal treatment under microwave

dx.doi.org/10.1016/j.jphotochem.2010.07.015
http://www.sciencedirect.com/science/journal/10106030
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ctivation using two different surfactant mixtures, (a mixture of
CH3)3C13H27NBr with an organophosphorus coupling molecule
HO-PO(i-C3H7)2) and with a co-surfactant ((C2H5)3(C6H5)PCl),
espectively). Structural and spectroscopic characterization of the
amples were performed using nitrogen adsorption isotherms at
196 ◦C, thermogravimetric (TG) analysis, PXRD, CP/MAS 1H, 29Si
nd 31P NMR, DR-UV–vis, FT-IR, SEM, TEM and luminescence
pectroscopy. In-depth investigation of the structural and emis-
ion properties of the silicon-phosphate materials exchanged with
uropium ions is pursued in relation with the temperature treat-
ent and the effects of the surfactant used in the synthesis.

. Experimental details

.1. Synthesis

Two types of silicon-phosphates were prepared. Type 1
as prepared starting from a mixture of (CH3)3C13H27NBr,

s structure directing agent (S1), (S1 was prepared via quat-
rnization of dimethyltridecylamine with CH3Br following a
ypical procedure) and HO-PO(i-C3H7)2 as organophosphorus cou-
ling molecule (S2) in H2O and decane in a molar ratio of
1:S2:H2O:decane = 0.05:0.03:1:0.09. A solution of phosphoric acid
85%) was added to adjust pH 2. After 3 h of mixing, tetramethy-
orthosilicate (TMOS) was added under vigorous stirring (molar
atio SiO2:S1 = 1:0.012).The resulting sol–gel mixture was loaded
nto a Teflon autoclave and exposed to microwave irradiation at
0 ◦C for 3 h. The obtained sample was denoted as OSP1. Type 2
as prepared using a similar procedure, but a starting mixture

f (CH3)3C13H27NBr (S1) with (C2H5)3(C6H5)PCl as co-surfactant
S2) in H2O and decane. The molar ratio S1:S2:H2O:decane was
.05:0.09:1:0.09. The sample was denoted as OSP2. In both cases,
he obtained products were separated by filtration and washed
ith bi-distilled water until the conductivity of the washing water
as determined to be below 10 �S. Finally, the samples were dried
nder vacuum conditions for 12 h at 100 ◦C. Immobilization of Eu on
he OSP1 and OSP2 supports was done via ion-exchange. A quan-
ity of 1 g of dried sample (OSP1 or OSP2) was vigorously stirred
n a 0.3 M Eu (NO3)3 solution. After stirring, the solid was sepa-
ated via centrifugation, washed, and dried at 100 ◦C for 12 h. The
btained samples were denominated as Eu–OSP1 and Eu–OSP2,
espectively. Calcination was pursued at 450 and 900 ◦C by heat-
ng the samples in air with a heating rate of 0.3 ◦C min−1. Chemical
omposition of these samples was determined by atomic emis-
ion spectroscopy using a Plasma 40, PerkinElmer equipment after
ppropriate dissolution of the solid samples following calcination
t 450 ◦C. Thus, OSP1 sample contains 35 wt% (Si) and 2.1 wt% (P)
hile OSP2 contains 39 wt% (Si) and 1.4 wt% (P), respectively. The
resence of exchanged Eu in the supports was confirmed by chem-

cal analysis via ICP-AES and DR-UV/vis spectroscopy. The chemical
nalysis indicated an amount of ca. 0.8 wt% of immobilized Eu ions
n the two samples.

.2. Material characterization

Structural characterization of the investigated samples was
erformed using nitrogen adsorption isotherms at −196 ◦C, ther-
ogravimetric analysis, PXRD, DR-UV/vis, FT-IR, TEM and SEM
icroscopy. The specific surface area of the samples and their
icro pore volume were determined from nitrogen adsorption
sotherms. The isotherms were collected at −196 ◦C with a Micro-
etrics ASAP2020 instrument, after degassing the samples in situ at

20 ◦C for 5 h. Powder X-ray diffraction patterns (PXRD) were col-
ected on a Siemens D-5000, using Cu K� radiation (� = 1.54050 Å)
nd quartz as an external standard. Fourier transform infrared
otobiology A: Chemistry 215 (2010) 17–24

spectra (FT-IR) were collected in a Nicolet 4700 FT-IR instrument
using the KBr pellet technique DR-UV/vis spectra were recorded
with a Specord250 (Analytik Jena). Scanning electron microscopy
(SEM) was performed using a Philips XL-20 microscope. Bright
(BF) field images (TEM) of the porous aggregated particle systems
were obtained with a JEOL 200 CX equipment working at an accel-
eration voltage of 200 kV. CP/MAS 1H, 29Si and 31P NMR spectra
were collected with a Bruker Avance 400 MHz spectrometer at
room temperature, using a 4 mm double resonance probe head. The
sample holder was spun with a frequency up to 15 kHz. Tetram-
ethylsilane (TMS) and 85% H3PO4 were used as references for the
chemical shift of the 1H, 29Si and 31P signals, respectively.

2.3. Photoluminescence (PL) measurements

All PL measurements were performed at room temperature
(20 ◦C). Time-resolved emission spectra (TRES) were recorded
using a wavelength tunable Nd:YAG-laser/OPO system (Spectra
Physics/GWU) operated at 20 Hz as excitation light source and an
intensified CCD camera (Andor Technology) coupled to a spec-
trograph (MS257 Model 77700A, Oriel Instruments) as detection
system. The TRES were collected using the box car technique. In
a typical experiment the sample was non-selectively excited at
�ex = 394 nm. The initial gate delay �t (delay after laser pulse) was
set to two �s and the gate width �t was adjusted to 50 �s. The
PL was detected in the spectral range of 500 nm < �em < 750 nm
with a spectral resolution of up to 0.08 nm. PL decays were also
measured by using the “decay by delay” feature of the phosphores-
cence mode of the Fluoromax 4 spectrofluorometer (Jobin Yvon).
The repetition rate of the flash lamp was 25 Hz, the integration win-
dow �t varied between 300 ms and 1 s, the delay after flash �t was
set between 0.05 and 1 ms and up to 75 flashes were accumulated
per data point. The slits were set from 0.1 nm to 5 nm bandwidth
in excitation as well as emission. The PL decay was measured by
monitoring the decay at 614 nm corresponding to the maximum
intensity of the emission spectrum. The PL decays were fitted with
a multi-exponential function f(t) using a commercial software (Ori-
gin, version 7.1):

f (t) =
n∑

i=1

Ai exp
(

− t

�i

)
+ B (1)

where Ai is the decay amplitude, B is a constant (the baseline offset)
and �i is the time constant of the decay i. The average decay times
were calculated using the following formula:

〈�〉 =
∑n

i=1Ai�i∑n
i=1Ai

(2)

PL decay times � (uncertainty ≤10%) given in Table 2 are the
average values from at least five separate measurements.

3. Results and discussion

3.1. Characterization

3.1.1. Adsorption–desorption isotherms, thermogravimetry
measurements and heat flow curves

The adsorption–desorption isotherms of nitrogen at −196 ◦C for
the investigated samples are shown in Figure S1 in the supplemen-
tary data. For the dried samples (OSP1 and OSP2) a specific surface

area of ca. 9 m2 g−1 was determined. The BET isotherms supported
the mesoporous character of the prepared samples. This small value
is not related to any structure collapse, but to the fact that for the
non-calcined materials the pores are still filled with the surfac-
tant. After calcination at 450 ◦C both, surface area and pore volume,
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Table 1
Textural characterization of Eu–OSP1 and Eu–OSP2.

Sample BET surface area (m2 g−1) t-Plot surface area (m2 g−1) Average pore size (nm) Pore volume (cm3 g−1)

Dried OSP1 10 – – –
Dried Eu–OSP1 9 – – –
Calcined OSP1 (450 ◦C) 667 554 4.0 0.19
Calcined Eu–OSP1 (450 ◦C) 648 542 4.0 0.18
Calcined Eu–OSP1 (900 ◦C) 642 535 4.0 0.18
Dried OSP2 10 – – –
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Dried Eu–OSP2 9 –
Calcined OSP2 (450 ◦C) 718 594
Calcined Eu–OSP2 (450 ◦C) 705 583
Calcined Eu–OSP2 (900 ◦C) 691 575

ncreased significantly for both the OSP1 and OSP2 supports. Differ-
nces between the two supports concerning surface area and pore
olume are shown in Table 1. According to these data, calcination
f the samples at higher temperatures than 450 ◦C was leading only
o slight changes.

TG measurements and heat flow curves corresponding to the
nvestigated samples show that both kinds of mixture surfactants

ere practically decomposed at 450 ◦C (curves not shown) and
hus surface area and pore sized were increased. The differences
etween the composition of OSP1 and OSP2 were reflected by slight
ifferences in the position of the peak maximums of the heat flow
urves.

.1.2. SEM analysis
SEM pictures of the investigated catalysts (Fig. 1) measured

fter the different stages of treatment confirmed the stability of
he materials and the morphologies. These properties were well
reserved even after calcination at 900 ◦C which is not unusual for
silicious material. Schemes S1 and S2 illustrate the interactions

ccurring in the synthesis of Eu–OSP1 and Eu–OSP2 samples. The
ormation of macropores, as a result of the surfactants association in
he presence of decane, is confirmed by SEM microscopy. According
o the SEM images, a low effect of surfactant and calcination on the

orphology and dimension of macropores has been evidenced. The
ormation and morphologies of surfactant-silicate mesostructures
re shaped by three processes [15]: (i) multidentate binding of sil-
cate oligomers to the cationic surfactant, (ii) preferential silicate
olymerization in the interface region, and (iii) the charge den-
ity matching between the surfactant and the silicate. The images
uggest that the co-polymerization of silicon and phosphorus in
queous phase ordered by surfactants leads to solids with a specific
orphology. The mixture of two typical ionic surfactants and their

igh molar corresponded to a higher surface area and pore volume
f OSP2 compared to OSP1. On the other side, OSP1 obtained with a
ixture of a cationic (S1) and anionic (S2) surfactants corresponds

o a more compact solid and to larger pores. In this case the inter-
ction of the two surfactants is leading to larger aggregates around
he non-polar phase (decane) (Table 1).

.1.3. TEM analysis
TEM analysis provided additional information on the

exture of these samples following calcination at 450 ◦C
Figure S2(a, b) in the supplementary data). Sample OSP1 cal-
ined at 450 ◦C shows a very porous material with pores with
iameters in the range 4–7 nm that is in a very good agreement
ith the values determined from the adsorption–desorption

sotherms (Table 1). The TEM images for both supports reveal
isordered morphology, close to wormhole-like pore morphology.

owever, compared with OSP1, the pores of OSP2 seem to be

lightly smaller and have a higher density in agreement with data
ive in Table 1. This might correspond to the larger pore volume
etermined for this sample from the adsorption–desorption
easurements.
– –
3.4 0.31
3.4 0.29
3.4 0.29

3.1.4. PXRD patterns
As expected, the PXRD patterns indicate that these materials

have an amorphous nature (Fig. 2). Calcination is not induc-
ing additional forces that can order such structures. The random
organization of the pores, in a good concordance with the
wormhole-like pore structure shown in TEM images, can also been
seen in the XRD patterns in the range 1–10◦ 2� that is in line
with data reported by other authors [5]. Similar PXRD patters were
obtained, regardless the treatment temperature or sample.

SEM analysis of the europium-exchanged samples showed that
the immobilization of the lanthanides did not cause any change in
the morphology. The XRD measurements were in line with the SEM
investigations with no changes observed in the XRD patterns after
Eu immobilization.

3.1.5. NMR spectra
The solid state NMR investigation of the OSP1 and OSP2 samples

indicated major differences among non-calcined and calcined sam-
ples (Fig. 3). The spectra deconvolution was made employing the
Dmfit program. [16] The identified structural units are presented
in Tables S1 and S2 in the supplementary data. The well-known Qn

notation was used for the PO4 units, where n represents the num-
ber of oxygen atoms from the phosphorus first coordination sphere
which link together two PO4 tetrahedra [16]. For the dried samples
31P CP/MAS NMR spectra displayed several Q 0

x lines (where x gives
the number of the Q0 line) which occur most probably due to a
sample hydration effect, namely, to remnant humidity after dry-
ing (Fig. 3) [17–19]. In contrast to the calcined samples, the spectra
of the dried Eu–OSP1 showed an additional Q 0

4 line (Table S1). For
the dried Eu–OSP2 sample the additional lines were Q 0

1 and Q 0
2

(Table S2).
In order to certify the influence of the humidity on the mate-

rial structure, the presence of hydrogen in the close proximity
of the phosphorus environment was checked by 1H–31P CP/MAS
NMR experiments with both dried and calcined samples [20]. The
1H–31P CP MAS NMR spectra of the dried Eu–OSP1 sample presents
the maximum at the same isotropic chemical shift as the Q 0

4 unit
(Fig. 3a). This proves that part of the hydrogen is placed nearby
the Q 0

4 units, most probably as OH groups. In the case of the dried
Eu–OSP2 sample, the 1H–31P CP MAS NMR spectra present a broad
line covering the isotropic chemical shift of the lines corresponding
to Q 0

1 and Q 0
2 units, confirming that these units have also hydrogen

in their neighborhood (Fig. 3b). In addition, the NMR results showed
that the other Qn units have no hydrogen in their surrounding. The
31P CP/MAS NMR spectra of the calcined samples indicated that the
Qn units without hydrogen in their surrounding were preserved.
While in the case of the calcined Eu–OSP1 sample the majority PO4
units are of Q0 type, in the calcined Eu–OSP2 sample the majority of

the PO4 units has one P–O–P bond (Q1). This in a perfect agreement
with the model of the interactions occurring during the synthesis of
these materials proposed in Schemes S1 and S2. 29Si CP/MAS NMR
spectra of calcined OSP1 and OSP2 samples show a rather small
population of the Q4-type Si-species that may account for the sur-
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ig. 1. SEM pictures of the SEM images of the as-synthesized (a) and calcined at 900
EM images with details on morphology for Eu–OSP1 calcined at 900 ◦C (e, f).

actant effect in the synthesis of these materials (see also Fig. 3c
nd Table S3 in the Supporting Information).

The population of the Q4 species is higher for the Eu–OSP1 sam-
le compared with Eu–OSP2. That may indicate an increased degree
f polymerization of silica for this material which is in a way cor-
elated with the degree of dimerization of phosphorus (see also
he 31P CP/MAS NMR spectra). The characterization methodology
onfirmed the fact phosphorus has been indeed inserted in the sur-
actant micelles via association of the ammonium quaternary salt
ith the surfactant containing phosphorus. The reason for which
e have used the different phosphorus containing surfactants was
irectly connected to the size of the pores (Table 1). The anionic sur-
actant was leading to an increase of the micelle (which was a direct
onsequence of the pore size) via the formation of the poorer elec-
ronic species like (OC2H5)3Si2+ during the hydrolysis of alkoxide. In
onclusion, the structural and textural characterization parameters

btained for these samples correspond to amorphous materi-
ls with mesoporous properties in which phosphor is present
s Q0 or Q1 units (see also Schemes S1 and S2). According to
his model these phosphorus species may constitute ion-exchange
ositions.
Eu–OSP2; SEM images of the as-synthesized (c) and calcined at 900 ◦C (d) Eu–OSP1;

3.1.6. FT-IR data
Figure S3 shows the FT-IR spectra of the Eu–OSP1 and Eu–OSP2

samples compared with the pure OSP1 and OSP2 supports. Materi-
als without europium present a band around 973 cm−1 which may
be assigned to the formation of the P–OH bonds. The exchange
of these materials with Eu led to the appearance of new bands at
919–923 cm−1 and 994–995 cm−1 which according with the liter-
ature data correspond to the formation of P–O–Eu bonds [21]. In
addition, the band located at 1340 cm−1 provided evidence for the
formation of the Si–O–P bonds [22].

3.2. Optical properties

3.2.1. Absorption and photoluminescence excitation spectra
Fig. 4 shows the DR-UV/vis as well as the PL excitation spectra of

the Eu–OSP2. The f–f absorption transitions of europium are barely

observable with the DR-UV/vis spectra. According to the PL excita-
tion spectra the f–f transitions of Eu arising from the fundamental
and thermally populated 7F0 and 7F1 levels are superimposed
on a large absorption band centered at about 370 nm (dried
sample). The broad band was tentatively assigned to the charge-
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Fig. 3. (a) 31P CP/MAS NMR spectra of Eu–OSP1; (b) 31P CP/MAS NMR spectra of
Eu–OSP2; (c) 29Si CP/MAS NMR spectra of Eu–OSP1 and Eu–OSP2 calcined at 450 ◦C.
Fig. 2. PXRD patterns of Eu–OSP1 and Eu–OSP2 calcined at 450 ◦C.

ransfer (CT) band of europium. The most intense f–f absorption of
uropium corresponds to the 7F0–5L6 transition at 394 nm which
as used as excitation wavelength in the steady-state as well as

ime-resolved photoluminescence measurements. Less intense f–f
ransitions were observed at about 464 nm (7F0–5D2 transition) or
20–540 nm (7F0,1–5D1 transitions). With increasing sample treat-
ent temperature, the intensity of the CT transfer band is markedly

ecreased and narrowed being shifted toward smaller wavelengths
see also Figure S4 in the supplementary data). For the sample cal-
ined at 900 ◦C, the CT band is centered at about 290 nm.

Similar behaviour of the DR-UV/vis spectra was obtained with
u–OSP1 samples except for the slight differences observed for the
ase of dried samples. It is established that the peak position of the
T band of europium in various oxide materials depends on both
he Eu–O bond length and the coordination environment [23,24].
ccordingly, the small differences between the dried Eu–OSP1 and
u–OSP2 indicate the effects of the surfactant on the europium
nvironments. After calcination at 900 ◦C the absorption maximum
s located at 290 nm in both materials, showing that the nature of
he europium species is not anymore controlled by the character-
stics of the silicon-phosphate. The spectral shift observed in the
pectra collected for the samples calcined at 900 ◦C compared with
hose dried or calcined at 450 ◦C accounts for a certain agglomer-
tion of the Eu species with the increase of the temperature. The
R-UV/Vis spectra shows also an absorption at about 250 nm which

ncreases with calcination temperature. This band was related to
he support only (OSP1 or OSP2) being responsible for a broad
hort-lived luminescence peaked at 400 nm (see below).

.2.2. Time-resolved photoluminescence spectra and
xcited-state dynamics

The time-resolved PL spectra (TRES) of the dried Eu–OSP1 and
u–OSP2 samples following laser excitation at �ex = 394 nm are
hown in Fig. 5. The PL spectra are composed of the characteristic
u transitions centered at about �em = 579 nm (5D0–7F0), 590 nm
5D0–7F1), 614 nm (5D0–7F2), 653 nm (5D0–7F3) and 702 nm
5D0–7F4). The 5D1 related emission with a lifetime of a few �s was
lso detected for both samples. At short delay after the laser pulse,

5
t = 2 �s, the intensity of the D1 emission accounts for almost 25%
f the total emission in Eu–OSP2 compared to only 10% in case of
u–OSP1. The different non-radiative relaxation paths of this emis-
ion in the two samples may be assigned to the different surfactants
sed in the synthesis of the two samples.
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ig. 4. DR-UV/vis (bold lines) and PL excitation (thin lines) spectra of Eu–OSP2
easured at �em = 614 nm.

Steady-state PL spectra display, besides the characteristic
uropium emission, a broad (FWHM = 60 nm) short-lived emis-
ion peaked at 400 nm for all samples for excitation wavelengths
40 nm < �ex < 290 nm (Figure S5). The corresponding excitation
pectra were peaked at about 250 nm which is also observed in
ll DR-UV/vis spectra (Fig. 4). With increasing treatment temper-
ture, the ratio of the integrated intensity of the broad emission
elative to that corresponding to the intraconfigurational 4f–4f Eu
mission increased from about 1.6 for the dried samples to about
.5 at 900 ◦C. To decide whether this emission is related to the 4f6

d1 → 4f7 5d0 emission of the Eu2+ or the support, the emission
f the un-doped supports OSP1 and OSP2 following excitation at
250 nm was measured. The occurrence of the 400 nm centered
mission confirmed its support-related origin.

The observation of the forbidden 5D0–7F0 transition at
em = 579 nm indicates that Eu is located in low symmetry sites
C2v or less) [25,26] in both OSP1 and OSP2 materials. Due to the
lectric and magnetic dipolar nature of the 5D0–7F2 and 5D0–7F1
ransitions, respectively, the intensity ratio (asymmetry ratio, R) of
he two transitions is used as an indicator of the local asymmetry

nd degree of covalency of the Eu bonding environment [27].

The asymmetry (R) values support a distorted environment at
he europium sites, with more asymmetric europium coordina-
ion in Eu–OSP1 compared to Eu–OSP2. This may be explained by

ig. 5. Comparison between PL spectra of the dried europium–OSP1 and
uropium–OSP2 following laser excitation at 394 nm. Inset: the PL spectra for the
ried and calcined Eu–OSP2 (450 ◦C). All spectra were measured at time delay,
t = 2 �s after the laser pulse and normalized to the intensity of 5D0–7F1 transition.
pectra for the dried samples were normalized to the intensity of 5D0–7F1 transition
fter the 5D1 related emission was extracted from the total emission.
Fig. 6. Time-resolved PL spectra of dried and calcined (450 ◦C). Inset:
Europium–OSP1 measured at various time delays (�t) after the laser pulse.

a more distorted oxygen environment induced by the mixture of
the cationic and anionic surfactants at the exchange positions for
europium (see also Schemes S1 and S2 in the supplementary data).

Following the calcination of Eu–OSP1 and Eu–OSP2 at 450 and
900 ◦C, the PL spectra of both materials were broadened. The peak
maxima of the emission shifted to the blue (5D0–7F1, 5D0–7F2)
or red (5D0–7F3 and 5D0–7F4) spectral region relative to the val-
ues measured for the dried samples. The asymmetry values, R of
Eu–OSP1 and Eu–OSP2 show a similar increase with calcination
temperature, about 4. 1 at 450 ◦C or 4. 4 at 900 ◦C. These effects
are assigned to the OH removal from the first coordination sphere
of europium with subsequent modification of the crystal-field at
the europium sites. The intensity of the 5D0–7F4 increased rela-
tive to the 5D0–7F1 transition by a factor of 1.4–1.5 in the calcined
samples (450 ◦C). Because the oscillator strength of the 5D0–7F4
transition is attributed to bulk properties, such effect might sup-
port the long-range effects induced by calcination [27]. In addition,
the 5D1 emission was quenched in both supports (see inset of Fig. 5).
In contrast with the 5D0, the 5D1 level provides a cross relaxation
pathway of the europium emission via the Eu–Eu interactions [28]
therefore the absence of this emission in the calcined samples may
support for the europium clustering which was already speculated

with the DR-UV/vis spectra (Fig. 4).

Further differences between dried and calcined Eu–OSP1 and
Eu–OSP2 in terms of the spectral dynamics of europium PL are
shown in Figs. 6 and 7.

Fig. 7. Evolution with time delay after the laser pulse (�t) of the asymmetry ratio,
R, for the Eu–OSP1 and Eu–OSP2. Thermal treatment is indicated on the figure. The
initial delay was set to 30 �s for the dried Eu–OSP1 and Eu–OSP2.
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ig. 8. PL decays of Eu–OSP1 following thermal treatment (�ex = 394 nm,
em = 614 nm).

It is well-known that the 5D0–7F0 transition is a useful diag-
ostic tool for determining the number of Eu sites, i.e. there is
ne-to-one correspondence between the number of peaks associ-
ted with this transition in the emission spectrum and the number
f distinct europium environments. For disordered solids like amor-
hous silica, multiple peaks can rarely be distinguished due to
he inhomogeneous broadening effects. Instead, we have recently
hown that the time-resolved luminescence spectra may be useful
ool for assessing the distribution of europium species in various

esoporous materials [29]. Thus, for Eu in one chemical envi-
onment or single average Eu species, the asymmetry ratio R is
xpected to remain constant with time delay �t measured after
he laser pulse, In contrast, for a system with a discrete or con-
inuous distribution of luminescent Eu species, R becomes time
ependent. According to Fig. 7, the R value obtained from the TRES
f the dried samples are time delay-dependent, while upon calci-
ation the TRES can be assumed constant, irrespective the support.
he evolution of the TRES and the non-exponential PL decays shown
n Figs. 6 and 8, respectively, can be explained by the existence of
europium species distributed on a large distribution of environ-
ents. The longest-lived europium has a small contribution (less

han 10–15% of the total amplitude) and a highly distorted environ-
ent (R = 5.2). For the calcined samples (450 and 900 ◦C) the time

volution of R depicted in Fig. 7 point to a single average europium
pecies for the dried samples.

.2.3. Excited-state dynamics and intrinsic quantum yields of
mission

The europium PL decays measured at �em = 614 nm are non-
xponential (Fig. 8), regardless the support or treatment and were
atisfactorily fitted by using two up to three exponentials (Eq. (1)).
he departure of the europium PL decays from a single exponen-
ial observed for the calcined simple can result from europium ions
ith a distribution of closely related temporal properties. The aver-

ge PL decay times calculated with Eq. (2) are listed in Table 2.

The average lifetimes measured for the calcined samples at

00 ◦C are relatively high being comparable to those obtained for
he europium doped phosphosilicate glasses [30]. It is generally
nown, that the thermal treatment of various lanthanides-
xchanged micro/mesoporous materials induces lengthening of the

able 2
elevant photophysical properties of Eu–OSP1 and Eu–OSP2.

Sample 〈�〉 (�s) (±5%) Arad (s−1) � (%)

Dried Eu–OSP1 370
Calcined Eu–OSP1 (450 ◦C) 540 300 16
Calcined Eu–OSP1 (900 ◦C) 1060 360 30
otobiology A: Chemistry 215 (2010) 17–24 23

PL decays due to water removal from the first coordination shell. In
addition, calcination of the Eu–OSP1 and Eu–OSP2 materials leads
to the removal of the reacted surfactant, modifying both the short-
and long-range environments at the Eu sites as evidenced from the
NMR, DR-UV/vis and PL spectra.

For the special case of the europium ion, the shape of the (cor-
rected) emission spectrum is related to its radiative lifetime (and
thus to the intrinsic quantum efficiency of emission, �) via the
simple equation of Werts and co-authors [31].

� = � ∗ Arad = A01 ∗ � ∗ Itot

I01
(3)

where � is the experimental lifetime, Arad is the radiative relax-
ation rate, Itot and I01are the integrated area corresponding to the
total emission spectrum and 5D0–7F1 transition, respectively. A01
is the Einstein coefficient of spontaneous emission for the 5D0–7F1
transition. Since A01vac is 14.65 s−1 in vacuo and when an aver-
age refraction index n equal to 1.506 is considered, the value of
A01 = n3(A01vac) is approx. 50 s−1 [32]. Due to subtle differences in
the spectral properties of the Eu–OSP1 and Eu–OSP2, the quantum
efficiency of emission and Arad values can be regarded as similar
within the experimental error and only the data for the Eu–OSP1
are listed in Table 2. The low luminescence quantum efficiency
observed with the lanthanides-exchanged materials is generally
related to the vibrational coupling to OH groups directly bound to
Eu ions. From the comparison of the radiative relaxation rates at 450
and 900 ◦C, we can conclude that the decrease of the non-radiative
relaxation rate due to OH removal is the main factor responsible for
the increase by almost 100% of the average PL lifetime of europium
(from 540 �s at 450 ◦C to 1060 �s at 900 ◦C).

4. Conclusions

Two mesoporous silicon-phosphate materials (OSP1 and
OSP2) were synthesized by using two different groups of mix-
ture surfactants, i.e. (CH3)3C13H27NBr with HO-PO(i-C3H7)2 and
(CH3)3C13H27NBr with (C2H5)3(C6H5)PCl respectively, and sub-
jected to ion-exchange with europium to obtain Eu–OSP1 and
Eu–OSP2. All textural and PL data evidence a major contribution
of the surfactant to the specific morphology of the solids. While the
morphology of the OSP2 sample is more spherical, the structure of
OSP1 obtained with a mixture of cationic and anionic surfactants
corresponds to more compact solid and larger pores. 31P and 29Si
CP/MAS NMR spectra indicate that these materials are amorphous
with mesoporous properties in which the phosphorous is present as
Q0 or Q1 unit. The PL properties of Eu–OSP1 and Eu–OSP2 were also
drastically changed with the thermal treatment. While for the dried
samples subtle differences between the radiative and non-radiative
relaxation pathways were observed according to surfactant, follow-
ing calcination the differences became negligible. Finally, a strong
increase of the intrinsic quantum efficiency of europium emission
was measured: from 16 to 30% in the calcined samples at 450 and
900 ◦C, respectively.
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