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In this work we use the sol-gel technique to develop different luminescent Eu(1ir) porous materials from
a bis(trialkoxysilyl) organic precursor synthesized from the amide of the DPA (2,6-pyridinedicarboxylic
acid) with APTES (aminopropyltriethoxysilane) in the presence or absence of the non-ionic surfactant
F-127. The emission spectrum of the luminescent Eu(ii1) complex obtained was used to sense and
compare the environment of the lanthanide in the amorphous matrices as well as the accessibility of the

material by means of the quenching of its luminescence by Cu(11). Solid devices were built to test and
compare their performances as potential sensors of Cu(11) in terms of the values of the Stern—Volmer
constants in the quenching experiments. Templated materials with F127 showed the best response

(Kgy = 1.2 10° M) when compared with the results obtained for the non-templated ones at different
synthesis conditions permitting the in situ detection of Cu(11) in solution down to the 0.05 ppm level.

Introduction

The use of bridged silsesquioxanes [(RO);Si],-R” (n > 2) as pre-
cursors to include an organic functional group inside the channel
walls of a mesoporous matrix gave rise to novel hybrid materials
known as PMOs (periodic mesoporous organosilicas)."® The
functionalisation of these frameworks to include chromophores*
with suitable optical properties has been the subject of many
studies, with particular interest in those related with lanthanide-
ion based matrices.>”

Lanthanide ions display a well-defined luminescence character-
ized by narrow and highly structured emission bands with lifetimes
in the millisecond timescale.* The excited state long lifetime is not
quenched by O,. For luminescence quenching-based sensors, this
is a great advantage compared to phosphorescence quenching of
organic compounds because it makes the detection possible in non-
degassed media. Lanthanide complexes are valuable alternative
probes to conventional dyes because the emission is observed in
the green-red region of the spectrum, where few compounds in
natural waters and biological systems emit light.

Lanthanides have low absorption coefficients but this drawback
can be overcome by including in the coordination sphere of
the metal an organic chromophore with a large absorption
cross section and with suitable energy transfer characteristics to
populate the ion-centered emitting states.'>"

The sharp and intense emission bands of Eu(1ir) complexes are
also used as a probe to sense the chemical environment in glass
films and gels'*" in which X-ray diffraction techniques cannot
reveal the structure of the system.

Undoubtedly, the lanthanides’ luminescent properties make
these compounds especially profitable for the design of lumines-
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cent labels®™* and sensors.?*** Luminescence detection of fiber
optic coated sensing layers is a very adequate approach for low
perturbation and fast measurement of analytes.””!

One of the matrices that has been most studied due to their
good thermal and mechanical properties is the silica network.%
Hybrid materials obtained by the hydrolysis and condensation
of organoalkylsilanes from a sol-gel technique, have been widely
used to immobilize organic or inorganic molecules**¢ in a porous
glass or film*” at low temperature. In particular, Eu(iir) complexes
and chelates have also been incorporated into these hybrid silica
matrices to build optical sensors of pH,*® anions* and cations.**

Transition metal ions are known to be efficient quenchers
of the emission of lanthanide complexes. Cu(ir) ions act much
more efficiently than any other fourth period transition metal
cations.** Electronic energy transfer is the quenching mechanism
postulated to operate in these cases.?"234345

In this work we use the sol-gel technique to synthesize
luminescent Eu(11) porous materials from a bis(trialkoxysilyl)
organic precursor synthesised from the diamide of DPA (2,6-
pyridinedicarboxylic acid) with APTES (aminopropyltriethoxysi-
lane) in the presence or absence of a non-ionic surfactant F-127
(EOy,POw,EOQ,;, where EO represents the ethylene oxide and PO
represents the propylene oxide) and tetraethylortosilicate (TEOS)
as crosslinker. The luminescent amorphous materials obtained
were characterized by powder X-ray diffraction (XRD), infrared
absorption and luminescence emission spectroscopy in the UV-
visible. The lifetimes of Eu(il) complex were also measured
to evaluate the number of water molecules coordinated to the
lanthanide in the matrices.* The ratio of the emission bands
"F,:"F, of the emission spectra of Eu(ii) were compared for the
different materials to evaluate the environment of the ion in the
matrix.' The accessibility of the Eu(1r) centers in the materials was
tested via the deactivation of the luminescence of the lanthanide
ion by Cu(11) in aqueous solution. Thin films of the prepared gels
were built to test and compare their performance as potential
sensors of Cu(in) in terms of the values of their Stern—Volmer
constant in the quenching experiments. The most adequate matrix
permits the in situ detection of Cu(ir) down to the 0.05 ppm level.
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Experimental
Chemicals

Copper (11) chloride-dihydrate and pyridine were obtained from
Mallinckrodt, Eu(NO;);-6H,O 99%, was obtained from Fluka
Chemie AG. They were used as received. Ethyl ether, from
Sigma, was dried under Na and immediately used. DPA (2,6-
pyridinedicarboxylic) acid and APTES (3-aminopropyltrietho-
xysilane), TEOS, TMOS and PVAc were all from Aldrich. Water
was from a Milli-Q system. F127 was obtained from Fluka
(FW 13800). Na;Eu(DPA);-15H,0 was synthesised according to
literature methods.*” C1,SO, (previously distilled) and methylene
chloride (used as received) were from Merck. HCI (¢) and NH;(c)
were from Mallinckrodt.

X-Ray diffraction measurements

The samples were analyzed by powder XRD with a Siemens D-
5000 Difractometer. Cu Ko radiation (A = 1.542 A) was used in
the analysis.

Steady state absorption and emission spectra and quenching
measurements

IR spectra were obtained in KBr pellets with a Nicolet 8700
FTIR equipment. The steady state emission spectra of all the
compounds were recorded on a PTI QuantaMaster QM-1 lumi-
nescence spectrometer. Samples were placed in a 1 cm square
quartz fluorescence cuvette and measured in right angle geometry.
Excitation wavelength was 290 nm. For quenching experiments,
the emission wavelength was 615 nm. Excitation and emission
bandwidths were set to 8 and 4 nm, respectively. The experimental
points plotted in the graphs of the quenching experiments were
obtained from the emission intensity averaged over a period of
10 minutes. These average values are affected by an error not
higher than 3%.

The linear regression coefficients of the linear fits (*) of normal
or modified Stern—Volmer graphs were 0.9989, 0.9958, 0.9909 and
0.9989 for matrices A, B, C and M, respectively.

Luminescence lifetimes. To measure the lanthanide centered
emission, samples were excited with the second harmonics of a
Nd:YAG laser (Spectron), which delivered pulses of 8 ns FWHM
at 10 Hz at 354 nm. Emitted light was collected by an optical fiber
in front face geometry, passed through a monochromator, and was
detected at 615 nm with 8 nm bandwidth. Light was measured
with a R928 Hamamatsu photomultiplier and the transient signal
was processed by a HP54502 digital oscilloscope and stored in
a PC. The traces were fitted to a single exponential decay. The
goodness of the fit was judged by a homogeneous time-distribution
of residuals.

Synthesis of the compounds

Synthesis of the hybrid DPA silanised precursor (HSP).
(3.0 mmol) of DPA were dissolved in excess C1,SO, and refluxed
for 8 hours under N,. 0.6 g (2.94 mmol) of the white solid 2,6-
pyridinedicarbonyl dichloride obtained was filtered and dissolved
in 50 mL of dry diethyl ether. 0.65 g (5.4 mmol) of APTES and
0.5 mL of pyridine (0.49 g, 6.2 mmol) were dissolved in 20 mL

of dry diethyl ether and this solution was added dropwise to the
DPA diethyl ether solution always under N, and left stirring for
4 hours. The white pyridinium chloride was filtered and the diethyl
ether and pyridine, evaporated. The transparent light-yellow oil
obtained corresponds to the DPA silanised ligand as corroborated
by "H NMR and IR spectra. Its molecular mass is 573 g mol™.*®

Synthesis of an Eu(i)-HSP matrix (A). 0.578 g (1 mmol) of
HSP obtained from the previous step was dissolved in 600 puL
of anhydrous ethanol under stirring until a transparent gel was
obtained. 75 mg (0.17 mmol) of Eu(NO;);-6H,0 dissolved in
approximately 600 pL of anhydrous ethanol were added to the
transparent HSP gel and the slightly pink final mixture was left
under stirring for 45 minutes. 18 uL of H,O and 5 uL of HCI (c)
were also added to reach a final pH = 2, under stirring. The final
mixture was left without stirring in a sealed flask and gellified in
24 h, the white powder obtained was dried under vacuum at 45 °C
for 3 days. The molar ratio in HSP: H,O: Eu(ir) is 1:2.3:0.17
(see Scheme 1).
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Scheme 1 Proposed structure for matrix A showing the antennae
mechanism for the emission of Eu(1).

Synthesis of a Eu(iin)-HSP-TEOS matrix in acid media (B).
0.6609 g (3.17 mmol) of TEOS and 0.180 g (0.314 mmol) of HSP
were dissolved in 500 puL of ethanol under stirring until a trans-
parent gel was formed. Separately, 26.5 mg of Eu(NO;);-6H,O
(6 x 10 mmol) were dissolved in 90 uL of acidified water (HCI,
pH =2-2.5) with 300 uL of ethanol. The Eu(NO;);-6H,0 solution
was added to the HSP-TEOS mixture and left under stirring for
12 hours. After 5 days, the transparent gel obtained turned into a
white powder after drying in vacuum at 40 °C. The molar ratio for
this synthesis was: 1:10:17:0.2 in HSP: TEOS : H,O : Eu(11)

Synthesis of a Eu(in)-HSP-TMOS matrix in ammonia (C).
0.2686 g (1.8 mmol) of TMOS and 0.103 g (0.18 mmol) of HSP
were mixed with 30 uL of an aqueous solution of ammonia (pH =
9.5-10) and 600 pL of anhydrous ethanol. The pH was adjusted
with microlitres of NH; (35% w/w density 0.88 g mL™).

Separately, 0.0230 g (0.052 mmol) of Eu(NO;);-6H,O were
dissolved in 130 puL of an aqueous solution of ammonia (pH =
9.5-10) and 600 uL of anhydrous ethanol. The pH was adjusted
with microlitres of NH;(c). The Eu(iir) solution was added to the
HSP-TMOS gel while stirring, a white solid particulate gel was
formed almost immediately after mixing. The powder was dried
in vacuum at 40 °C for 24 h.

The molar ratio for this synthesis was: 1:10:9.2:0.3 in
HSP: TMOS : H,O : Eu(1mn)
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Synthesis of a mesoporous hybrid Eu(ii)-HSP-TEOS silica
matrix (M). 0.1598 g (0.0013 mmol) of F127 and 2.0526 g
(9.85 mmol) of TEOS were mixed and dissolved with 0.8392 g
of an aqueous solution of HCl (pH = 1.5). After 40 min-
utes of stirring, the dissolution was complete. Then, 0.1015 g
(0.18 mmol) of HSP was added to the mixture with 43 mg
of Eu(NO;);-6H,O (9.6.102 mmol) and stirred until a clear
transparent mixture was obtained. The molar ratio in the synthe-
sis was: 1:55:255:0.07:0.5 in HSP: TEOS : H,O: F127: Eu(1m).
The excess ethanol was slowly extracted under vacuum until
the mixture became viscous. The gel formed was left at room
temperature in a sealed flask for 4 days. The transparent monolith
obtained was hydrothermally treated at 100 °C for 24 h for
better structuration. The surfactant was removed by a hot Soxhlet
extraction with acidified ethanol (0.1 M in HCI) for 3 days
and was finally washed with ethanol. A light-yellow powder was
obtained.

Preparation of a sensor layer. 500 pL of a solution of 4 g
of PVAc per 100 mL of Cl,CH, were added to 20-25 mg of
grounded luminescent powder (A, B, C or M separately) and
stirred vigorously for 30 min (particle size 1-10 um).T Portions
of this suspension (50 uL) were placed on a microscope glass slide
(9 x 20 mm) and left drying first at room temperature and then
at 50 °C for approximately 2 hours. Once the sample was dry, a
white spot was obtained on the glass. This spot (approximately
10 um thick) contains the luminescent Eu(1ir) hybrid matrix (A,
B, C or M) immersed in the PVAc supporting polymer. The white
spot kept firmly attached to the surface of the glass support and
was used as the (hereafter-called) sensor. Except when indicated,
all layers were allowed to equilibrate with distilled water overnight
prior to measurements.

Luminescence measurements with the sensors. The sensors were
fixed firmly to a diagonal slit carved in the inside of a Teflon cap
of a 1 cm square quartz fluorescence cuvette in such a way that
the sensor was placed in a front face geometry inside the cuvette
containing the test Cu(ir) aqueous solution. The luminescent
response was measured in situ. The sensors were always immersed
in the solutions and kept in the spectrofluorimeter in the same
position. A 2 mm diameter hole in the cap enables the addition and
replacement of the quencher solution while keeping the cuvette in
place. The samples were always stirred during the experiments.

The sensor was allowed to equilibrate with water to record the
zero quencher intensity (/,, no metal added). Afterwards, aliquots
of a Cu(m) solution were added to the cuvette with the sensor
in place by means of a microsyringe while stirring. The steady
state emission of each solution was measured after 500 s under
stirring.

Results
X-Ray diffraction measurements

The powder X-ray diffraction (XRD) patterns in the range of 0
to 60° (20) were measured for the four matrices A, B, C and M
(See Fig. 1). All the samples are amorphous with two broad bands
with maxima at 26, = 10° (Matrices A, B and C) and 26, = 23°
(Matrices A, B, C and M). Table 1 shows the 26, and 26, values
together with their corresponding Bragg spacing, d, and d,.
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Fig. 1 X-Ray diffraction patterns in the range of 5°< (26) < 60° for
matrices A, B, C and M.

The diffraction band at the larger angle 26, = 23° is present in
all the samples, and can be associated with the shorter structural
distances (~4 A). This 26, value is similar to that obtained for fused
silica (260 = 21.16°) and for silica xerogels obtained from 100%
TMOS (26 = 22.9°).* The diffraction band at the lower angle
26, = 10° is present in all the samples except in matrix M, where
the ratio HSP-siloxane is the lowest (0.018, compared with 0.1 of
matrices B and C). From the powder X-ray patterns of ormosils
of TMOS-MTMOS, a value of 26, = 7-10° was reported* which
was associated with the spacing between silicon atoms attached to
the organic methyl groups.

From Fig. 1 it is clear that the band at 26, = 10° dominates the
diffractogram for matrices A, B and C. For matrix A (100% HSP)
the band at 20, = 10° is 21 times more intense than the band at
26, = 23°, having this later band a very low intensity. For B and
C matrices, where the HSP-TEOS mole ratio is 1: 10, the 26,/26,
relative intensities lower to 6.5 and 9, respectively.

Table 1 Experimental synthesis ratios of reactants and XRD results for matrices A, B, C and M

Matrix Precursors HSP TEOS H,0 Eu(i) F127 20,/deg d\/A 26,/deg dy/A
Matrix A HSP 1 — 2.3 0.17 — 10.2 8.67 22 4.04
Matrix B HSP/TEOS/H* 1 10 17 0.2 — 10.6 8.35 232 3.83
Matrix C HSP/TEOS/OH~ 1 10 9.2 0.3 — 10.5 8.43 23 3.87
Matrix M HSP/TEOS/F127/H* 1 55 255 0.5 0.07 — — 23 3.87
This journal is © The Royal Society of Chemistry and Owner Societies 2008  Photochem. Photobiol. Sci., 2008, 7, 1391-1399 | 1393



According to these results, we associate the bands at 20, = 10°
(d, = 8.7 A) with the spacing between silicon atoms bound to
the organic precursor HSP, and the band at 26, = 23° (d, =
4 A) with the spacing between silicon atoms located in the
inorganic network. Similar broad reflections were obtained for
polimethylsesquioxanes (d, = 8.7 A and d, = 3.6 A) synthesized
from preaminolysis of methyltrichlorosilane.> Matrix M has only
one broad band at 260, = 23° which would correspond to the
spacing of silicon atoms of an inorganic silica network. The lack
of the second band at 26, = 10° could be interpreted in terms of
the high dilution of the organic precursor (HSP-TEOS = 1:55)
in the matrix.

Infrared spectroscopy

Fig. 2 shows the infrared transmission spectra of the powders of
matrices A, B, C and M. The assignment of the main bands of
these matrices, and of the free HSP are shown in Table 2.
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Fig. 2 Infrared spectra of matrices A, B, C and M in KBr pellets. Spectra
A, B and C are shifted in the vertical axes.

The v vibration is located at 1653 cm™ in the free HSP
and at 1637, 1642, 1637 and 1634 cm™ for matrices A, B, C
and M, respectively. In all cases, a Aveo = 15-20 cm™ to lower
wavelengths is observed which can be attributed to the formation

Table 2 IR band assignments for the matrices A, B, C and M in KBr pellets

of the Eu(111) complex in the bulk of the matrix thus lowering the
electronic density of the C=O bond due to the coordination with
the lanthanide.

In aromatic amide complexes of Eu(111) v¢o in the range 1610—
1651 cm™ are reported.®®! These values fall within the range
reported in Table 2 for matrix A (Vo = 1637 cm™), matrix B
(Veo = 1642 cm™), matrix C (Veo = 1641 cm™) and matrix M
(Veo = 1634 cm™).

The broad absorption band located in the range 1000-1200
cm™ can be assigned to the stretching of the Si-O-Si arising from
the hydrolysis and condensation reaction of HSP (matrix A) or
from the hydrolysis and condensation reactions of HSP-TEOS in
matrices B, C and M. The intensity ratio Ve_o/ Vsiosi 1S inversely
proportional to the amount of crosslinker TEOS present in the
synthesis of the gel. This ratio is the highest for matrix A where
no TEOS was added and is the lowest for matrix M where the
HSP-TEOS ratio falls to 1: 50.

The nature of a shoulder observed at =1250 cm™, resulting from
a longitudinal mode of the Si—O-Si stretching, has been attributed
to long range coupling of coulombic interactions in silica sol-gel
materials® and its intensity is enhanced at larger porosities not
only in powders but also in thin films.** From Fig. 2, the spectrum
of matrix A shows no broad shoulder at 1200-1250 cm™ (a band
at 1196 cm™ is also present in the HSP precursor) indicating
the non-porosity of the material. The rest of the matrices show
shoulders at =1200 cm™ but only in matrix M the value is shifted to
1230 cm™.

The bands associated with the Si-O-C, Si-C are overlapped
with the strong absorption bands of the Si—O-Si vibration modes
in the 1200-1000 cm™' range.

Emission properties of the Eu(1i)-silica matrices and environment
of the Eu(1n) sites

The normalized emission spectra of matrices A, B, C and M show
the characteristic Eu(1n) centered transition bands D, — 'F)) for
J=0,1,2,3and4atca. 578, 590,615, 650 and 698 nm, respectively.
Due to their similar spectral profiles only two of them are shown in
Fig. 3. In all matrices, the ratio of the intensities for the (D, — 'F,)
to that of the D, — "F,) (hereafter called I,/ Iy,) is much higher
than 1, as observed in amorphous silica materials.' The higher
this ratio, the lower is the symmetry of the local environment
of the Eu(im) ions in the matrix.'**® The values for the intensity
ratio (I, : Iy) were measured for all the matrices obtaining: 5.6,
4.9, 5.4 and 4.8 for matrices A, B, C and M, respectively (see
Table 3). These values are, as expected, all higher than the value

Free HSP Matrix A Matrix B Matrix C Matrix M
Band assignment v/cm™ v/em™ v/em™ v/em™ v/cm™
v OH 3500 3424 3449 3434 3447
v CO 1653 1637 1642 1641 1634
6 NH-v CN 1539 1554 1560 1554 1559
6 CH; 1386 1384 1384 1384 1384
Vi Si-O-Si — 1196, 1100 1070, 1200 (sh) 1090, 1200 (sh) 1079, 1230 (sh)
v Si-OH 906 942 951 951
Vags S1-O-Si 789 753, 681 793 799 796
p Si-O-Si — 446 444 463 444
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Table 3 Emission intensity ratio (Ir, : I, see text®), experimental lifetimes (7.y,), calculated radiative (k,) and nonradiative (k,,) *D, decay rate constants
and number of water molecules (n,) coordinated to the Eu(1mr) ions in matrices A, B, C and M, (see eqn (1)—(3) in the text)

Matrix Precursors I I Terp/ S k./ms™ k,./ms™ Ny

Matrix A HSP 5.6 0.66 0.23 0.78 1.4
Matrix B HSP/TEOS/H* 4.9 0.57 0.22 0.65 1.6
Matrix C HSP/TEOS/OH- 5.4 0.30 0.26 0.33 3.2
Matrix M HSP/TEOS/F127/H* 4.8 0.29 0.22 0.31 34

“See section on Emission properties of the Eu(1i)-silica matrices and environment of the Eu(in) sites.
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Fig. 3 Normalized emission spectra of matrix A (dotted line) shifted
upwards for clarity, and matrix B (solid line), at room temperature. The
characteristic Eu(111) centered emission °D, — "F; bands are also indicated.
(Aee= 290 nm).

obtained in the emission spectrum of the pure solid Na;Eu(DPA);,
complex (I, : Ir; = 3.2) but are comparable to the one obtained
in the emission spectrum of the Na;Eu(DPA), complex physically
entrapped in an inorganic silica matrix (I, : I, = 5.3). This is an
evidence that the Eu(in) ions sense a similar DPA environment
when they are simply occluded in an inorganic silica matrix as
the Na;Eu(DPA); complex or when they are added during the
synthesis to finally form the hybrid silica-DPA matrix. In both
cases the site symmetry of the Eu(iil) center lowers from the
pure solid complex to an C; or even lower point-group symmetry
in glasses. Table 3 also shows the emission lifetimes for the
Eu(1)-°D, excited state in the four matrices obtained from their
emission decays at 615 nm at room temperature. The values of
the lifetimes for the four matrices A, B, C and M (0.7-0.3 ms) are
all shorter when compared with the lifetime of Eu(1n) in the solid
Na;Eu(DPA); complex (1.3 ms).**

The values of the excited state lifetimes of the matrices suggest
that part of the Eu(i) ions would retain OH~ groups from the
alkoxides or water molecules in their first coordination sphere
causing the decrease in the excited state lifetimes of the lanthanide.
It is known that slight differences in the water content give rise to
important changes in the lifetimes of the Eu(1r) ion.*

The mean number of water molecules, n,, coordinated to the
Eu(1) ion in the matrices can be calculated from the experimental

lifetimes (k., = 1/7.,) of the excited states as suggested by
Horrocks.*

Ny = 1~05(kcxp - kr) (1)

kexp = kr + knr (2)

where k, and k,, are the radiative and non radiative decay rate
constants, respectively, expressed in units of ms™'.

The radiative contribution &, can be calculated from the relative
intensities of the Eu(1) centered transition bands** (°D, — "F))
for J = 0-4.

kr = (AO—] -Ey /Sofl)'z (S(H/EO—J) (3)

where 4, is the Einstein’s coefficient of spontaneous emission
for the °D, — "F, (in general considered as 50 s), and S, , and
E, , are the integrated intensity and the energy of the °D, — "F,
transition, respectively.

The quantum efficiency of emission from the lanthanide center
can be calculated as: @.,, = k. /k.,,. This gives values of 0.15, 0.13,
0.08 and 0.06 for matrices A, B, C and M, respectively.

Table 3 shows the summary of k,, k,, and the number of water
molecules (n,) coordinated to the Eu(1in) center in matrices A, B,
C and M, calculated with the eqn (1)—(3). These results show that
matrix A and matrix B contain only one or two water molecules
in the first coordination sphere of the Eu(1n) ion, while matrices
C and M contain both 3 water molecules. This difference in the
water content is responsible for the shorter lifetimes of Eu(il) in
matrices C and M.

The intensity of the spectra when excited at 290 nm (absorption
maximum of the DPA ligand) are more than one order of
magnitude higher than the intensity of the spectra when excited
at 394 nm (absorption band of the Eu(111) ion), indicating that the
DPA moiety of the HSP precursor efficiently coordinates the sites
of the first coordination sphere of the Eu(1i1), and that the antenna
effect is conserved.

Quenching experiments in aqueous solution

The Stern—Volmer equation has been widely used to evaluate
the relationship between the relative fluorescence intensity of
an immobilized luminescent probe and the measured analyte
concentration. Coated fiber sensors, enzyme-mediated sensors or
gas sensors are some examples.?”’

Fig. 4 shows the steady state Stern—Volmer plot for the
deactivation of the emission of thin layers of matrices A and B by
Cu(11) in aqueous solution. The Stern—Volmer constants obtained
from their slopes are Ksy = 2 x 10> M™', equal for matrices A and
B, within experimental uncertainty.

This journal is © The Royal Society of Chemistry and Owner Societies 2008
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Fig. 4 Stern—Volmer plots for the deactivation of sensors of matrices A
(black circles) and B (white circles) by Cu(ll) in aqueous solution. The
excitation and emission wavelengths are 290 and 615 nm, respectively.

Contrary to the linear dependence observed for matrices A
and B, the quenching plots of sensors of matrices C and M
show a downward curvature in their correspondent Stern—Volmer
graphs (Fig. 5 and 6, respectively). These non-linear dependence
can be rationalized in terms of the existence of two different
types of Eu(in) emitting centers in the sensor:¥’ a quenchable
one characterized by its Stern—Volmer constant Kgy; and an
unquenchable population whose luminescence is independent
of the quencher concentration. These two populations can be
analyzed using a modified form of the Stern—Volmer equation.
The two-state model represented by the modified Stern—Volmer

eqn (4)

L 1, 1 1 4
Al fa deSV |:Cu2+:| @
1.15 4
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=
_O
1.05 4 :6
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Fig. 5 Stern—Volmer plot and modified Stern—Volmer plot (inset) for the
deactivation of a sensor of matrix C by Cu(i1) in aqueous solution. The
excitation and emission wavelengths are 290 and 615 nm, respectively.
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Fig. 6 Stern—Volmer plot and modified Stern—Volmer plot (inset) for the
deactivation of a sensor of matrix M by Cu(11) in aqueous solution. The
excitation and emission wavelengths are 290 and 615 nm, respectively.

is the simplest one to describe an heterogeneous system. A plot
of I,/AI against 1/[Cu(i1)] where Al = I, — I, I, and I being
the emission intensity in the absence of added Cu(i) and in the
presence of added Cu(1) in solution, respectively, yields from
the intercept, the fraction of quenchable sites, f,, and the Stern—
Volmer constant from the slope, (f,-Ksy)™'. The representation of
this linear modified Stern—Volmer equation for the deactivation of
sensors of matrices C and M by Cu(11) in solution are shown in
the insets of Fig. 5 and 6, respectively. The corresponding K, and
f. values are: Kgy = 9.6 10° M, f, = 0.21 for sensor of matrix C
and Kgy = 1.2 10° M, f, = 0.28 for a sensor of matrix M.

The lifetimes of the Eu(i) center were measured in aqueous
solution for the sensor layer prepared with matrix M. It was
observed that the addition of quencher Cu(ir) did not modify
the value of the lifetime of the Eu(1n) ion in the sensor layer in
pure water. This result indicates that the deactivation of the Eu(11r)
ion in the sensor by Cu(1n) is not a dynamic process, contrary to
what was previously measured in aqueous solution in which the
simultaneous dynamic and static deactivation was observed.®

As expected for a class II materials, the Eu(1r) complex never
leached from the solid matrices of the sensor to the aqueous
solution even after several hours of immersion.

Discussion

Emission sensitization and emission spectra show that Eu(in) is
efficiently coordinated by DPA centers in all the matrices.

Thin layers of matrices A and B can detect approximately
30 ppm of Cu(1) in solution for a 10% emission deactivation of the
Eu(11) emission center. On the other hand, layers prepared with
matrices C and M are able to detect 0.66 and 0.05 ppm of Cu(1r)
in solution, respectively.

The linearization of the Stern—Volmer plots obtained for the
quenching experiments of the layers from matrices C and M
indicates that not all the Eu(ii) sites of the sensor matrix are
equally exposed to the metal ions. Only the fraction of accessible
complexes (ca. 1/4 for matrix M and 1/5 for matrix C) is the
responsible for the quenching of the Eu(1ir) centers of the sensors.
The remaining active centers are buried enough in the matrix of the
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sensors and do not experience any luminescence deactivation even
after long periods of hydration. The simplest heterogeneous model
for quenching, that we used in this work, involving only two types
of sensing sites, ones that can be quenched and ones that cannot be
quenched at all, gives a satisfactory description of the quenching
process. In the context of a more general microheterogeneous
model with a distribution of quenching sites, that is physically
meaningful to describe the system,* one can interpret that this
distribution is well represented by a bimodal one of quenchable
and non quenchable sites.

The difference in two or more orders of magnitude in the values
of the Stern—Volmer constants K, of the sensors must rely on
the difference in the preparation of their matrices and on their
different porosities.

The sensor of matrix M gives the lowest detection limit for
Cu(1) (0.05 ppm of Cu(u) for a 10% of deactivation, Kgy =
1.2 10° M™), which can be related with the high porosity obtained
by the inclusion of a surfactant in the matrix. The presence of a
shoulder at 1230 cm™ in matrix M also supports these results as
discussed in the IR section.

As shown in Table 3, the water content for the matrices is
different. Matrices C and M contain twice the number of water
molecules in the first coordination sphere of the Eu(1n) ion than
matrices A and B. A possible explanation for these differences
can be directly related with the Eu: HSP molar ratio used in the
synthesis of each matrix.

Matrices A and B have more than three HSP molecules
per Eu(ii) ion (Eu:HSP = 1:6 and 1:5 for matrices A and
B, respectively), matrix C is near to the stoichiometric ratio
(Eu:HSP = 1:3) and matrix M has an excess of Eu(1ir) content
(Eu:HSP = 1:2) when compared with the stoichiometric ratio.
Thus, in matrices A and B, the average number of water molecules
is the lowest (see Table 3, n,, = 1-1.5) in accordance with an almost
fully coordinated Eu(1r) sphere by the HSP ligands.

For matrices C and M, the number of water molecules is around
3 (see Table 1) pointing out that, in average, only six out of the
nine sites of the coordination sphere of the Eu(1n) are coordinated
to the HSP ligand (three sites per HSP).

In view of these results, the Eu(ii) center has HSP-free sites
that can be reached out by the Cu(i) quencher ions to replace
the water molecules and provoke the deactivation of the Eu(1n)
luminescence. The fact that the lifetime of the excited state of the
lanthanide in matrix M does not change with added Cu(I) is a
direct proof that the deactivation is carried out mainly through a
static process. Moreover, it is known that Cu(1) forms 1 : 1and 1:2
complexes with DPA as ligand with K, = 1.4.10° M™" and K, =
2.4.10" M in water." From these values and from those for the
complexes of Eu(11) with DPA (K, = 7.10* M, K, = 1.4.10’ M™!
and K; = 3.2.10° M also in water)® it can be inferred that a
ligand exchange given by the eqn (5) is favored with a K., = 100.

[Eu(DPA),]" + Cu ** — [Eu(DPA)]* + [Cu(DPA)] )

Eu(1n) localized in environments with three water molecules are
more labile to move and be displaced from the DPA coordination
by Cu(m1) than the Eu(1n) ions coordinated in a three DPA envi-
ronment with their ligands bound to the organosilicon network. A
displacement of one ligand to accommodate Cu(i1) would require
a major matrix rearrangement. Regarding the higher affinity of

Cu(n1) for DPA than Eu(in) this could explain the higher static
quenching observed.

In the labile sites, the Eu(111) complexation by the DPA centers
must be reverted upon Cu(1r) removal considering that there is no
Eu(1n) leaching from these matrices.

The sites termed as non-quenchable in the C and M matrices
might well have Kgy in the order of 10> M, typical values of
matrices A and B, which can are negligible when compared to as
10*-10° M values of the accessible sites.

Matrices A and B seem not to be porous enough to detect Cu(1r)
at a sub-ppm level.

It is known that systems prepared from base-catalyzed media
display a larger pore mean size when compared with acid catalyzed
ones.* This fact seems to apply also to hybrid materials in
view of the good performance of the sensor prepared from the
ammonia synthesized matrix C in the quenching experiments
when compared with the acid catalyzed sensors A and B. The low
accessibility of the sensors of matrices A and B to the Eu(1) centers
could be associated with a more stiff hybrid network, specially for
matrix A where no crosslinker TEOS was added.

The value 1.2 x 10° M™ for the Stern—Volmer constant of the
sensor of matrix M is very close to what was measured in aqueous
solution for the quenching of Eu[(DPA);]* by Cu(i):3.7 X
105 M71.58

In other words, the deactivation of the emission of a luminescent
center in a solid matrix is an interesting way to get an insight
to the true accessibility of the material in solution. In fact, the
accessibility of the diamine groups of several amine-functionalized
periodic mesoporous organosilicas (PMOs) has already been
estimated by Burleigh ez al®® through the adsorption of Cu(ir)
in aqueous solutions. In that work, the change in the Cu(l)
concentration before and after the immersion in the hybrid
matrix was measured spectrophotometrically at the maximum
of absorption of the 1:1 diamine complex formed between
the amino groups of the hybrid matrix and the Cu(il) ions.
Walcarius et al. also examined the influence of the structure of
five mesostructured silicas, grafted with amino and thiol groups
by means of the access of H*, Hg(11) and Cu(1) to the binding
sites.

The layers, obtained using bridged silsesquioxanes as precursors
to include an organic functional group inside the channel walls
of a matrix, showed an excellent performance in terms of
sensibility and low detection limits for the in situ detection of
ions in aqueous solution when compared with the physically
entrapped Na;Eu(DPA); in an inorganic sol-gel matrix.® It is
worth mentioning that good optical quality of the sol-gel matrices
is not necessary to build up the sensors: transparency is a non-
trivial feature to achieve when dealing with hybrid materials. As
expected for a covalently-bound active fluorophore, no leaching
of the sensing material Eu(1ir) from the matrix is observed even
after long periods of exposure to the aqueous solution, an
essential feature in favor of the long term utility of a sensor
device.

Abbreviations

DPA: 2,6-pyridinedicarboxylic acid; TMOS: tetramethoxysilane;
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