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Organic-inorganic hybrid materials were prepared by com-
bining lanthanide(IIl) substituted Wells-Dawson anions as
inorganic building blocks and 3-hydroxypicolinate (picOH)
as the organic ligand. The organic-inorganic hybrids ob-
tained K,[Ln,(ay-P;M;704¢;)(picOH);]-.yH,O (MY! = W and
Ln™ = La, Ce, Sm, Eu, Tb, Er; or MV! = Mo and Ln'! = Eu)
were characterized by chemical analysis and spectroscopic
methods such as FTIR and FT-Raman, 3P and *C MAS NMR
spectroscopy. Photoluminescence measurements on the pre-

pared hybrid materials were performed showing the intra-
4fN emission in the visible (Eu™, Tb™ compounds) and in the
near-infrared (Er'™ compound) spectral regions, being, in all
the cases, sensitized by both the picOH ligand and the poly-
oxometalate moiety. A maximum quantum yield value of 0.18
was found for K;;[Euy(0,-P2Mo0170461)(picOH);]-10H,0.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Lanthanopolyoxometalates (LnPOMs) have been the
subject of many studies since they were first reported by
Peacock and Weakley in 1971.' Their chemical and struc-
tural diversity led to the publication of a large variety of
crystal structures involving all series of lanthanides coordi-
nated to polyoxometalates (POMs) such as [Ws0;3]° moie-
ties,” lacunary forms of the Keggin anion,! the Preyssler
anion™ or the lacunary forms of the Wells-Dawson
anion.P! Lanthanide coordination to a specific POM anion
may lead to different positional isomers and to different
stoichiometries, depending on the experimental conditions
and on the lanthanide ion size.l) The lanthanide ions may
also act as linkers for the construction of POM chain struc-
tures!’! and 2D or 3D networks.®!

The presence of the lanthanide confers specific function-
alities to LnPOM compounds, in particular the photolumi-
nescent properties.’l We have been working on the prepara-
tion of new photoluminescent POM materials based on
LnPOMs incorporated into layer double hydroxides,!'%! as-
sembled in layer-by-layer!''l and Langmuir—Blodget!'”! thin
films or encapsulated in core—shell silica nanoparticles. De-
tailed photoluminescence studies have shown that there is
efficient emission from the LnPOMs in those materials, in
particular for EuPOMs, with excitation paths that involve
POM-to-europium charge-transfer transitions resulting
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from the interaction between the europium ion and the
POM involving LMCT (ligand-to-metal charge-transfer)
states associated with O — Eu and O — W transitions.”)
The introduction of a specific organic ligand into LnPOMs
leads to distinct photoluminescent properties from the
starting LnPOM as a result of an additional energy transfer
mechanism originated in the organic ligand that may act as
an antenna, transferring energy to the lanthanide ion. The
latter effect has been observed by us in organic-inorganic
hybrids containing LnPOMs and 3-hydroxypicolinic acid
(HpicOH).'3-141 The sensitization of europium(I1I) lumines-
cence by the 3-hydroxypicolinate ligand (picOH) was pre-
viously shown for the [Eu(H,O)(picOH),(u-HpicO)]-
3H,0 complex, also used as a photoactive centre in nano-
composite materials with silica nanoparticles.!'”!
Sensitization of europium(IIT) luminescence by both the
picOH ligand and the POM moiety was observed in poly-
nuclear tungsten and molybdenum(VI) complexes with
picOH and europium(IIT) [M4O,,Eu(picOH);] MV = W,
Mo).["3 Our studies on organic-inorganic hybrid materials
using [Ln(W5s0O1g),]" -type lanthanopolyoxoanions as build-
ing blocks and picOH as the organic ligand have also
shown that lanthanide luminescence may be sensitized by
both the ligand and the POM.['¥] Preliminary luminescence
experiments on the interaction of the [Eu(H,O)s(0»-
P,W,06)(Eu,(H,0),)]** cluster with a set of organic li-
gands capable of sensitizing the luminescence of the europi-
um(I1I) have been recently reported by Francesconi.!'!
Here we report the preparation of new organic-inorganic
hybrid materials by using lanthanide(I1I)-substituted Wells—
Dawson anions as inorganic building blocks and picOH as
the organic ligand. The organic-inorganic hybrids obtained
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K, [Ln,(05-P,M ;706 )(picOH),]-yH,O [MY! = W and Ln'™"
= La (1), Ce (2), Sm (3), Eu (4), Tb (6), Er (7); or MVT =
Mo and Ln'™ = Eu (5)] were characterized by chemical
analysis and spectroscopic methods such as FTIR and FT-
Raman, 3'P and '*C MAS NMR spectroscopy. The corre-
sponding isolated lanthanide(IIT) complexes of the a,-iso-
mer of the monolacunary Wells—Dawson anion K;[Ln(a,-
P,M;0¢,)]'xH,O (abbreviated LnP,M,;, where MV = W
and Ln™ = La, Ce, Sm, Eu, Tb, Er; or MY! = Mo and
Ln"" = Eu) were also prepared for comparison purposes.
Photoluminescence measurements on the prepared materi-
als were performed to study the energy transfer processes
by both the picOH ligand and the POM moiety.

Results and Discussion

Table 1 presents infrared and Raman spectroscopic data
for the Wells-Dawson-derived LnPOM hybrids with 3-hy-
droxypicolinate 1-7 prepared in this work and for the re-
lated LnP,W; (prepared by literature procedures). The as-
signments of the picOH carboxylate asymmetric v,,(CO,)
and symmetric v{(CO>) stretches were based on those found
in the literature for picOH complexes.'”! For hybrid com-
pounds 1-7 the shifts of around 25 cm™' observed in v,,-
(CO,), when compared with the corresponding HpicOH IR
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band at 1654 cm™, indicates that the ligand picOH in the
hybrids is possibly coordinated to the lanthanide through a
carboxylate oxygen atom. Regarding the inorganic moiety,
the infrared and Raman spectra of the hybrid materials
(Figure 1c shows Eu' compound 4) exhibit typical bands
of the o,-isomer of the Wells—-Dawson anion, similar to
those observed for LnP,W,; (Figure 1b shows EuP,W;).
The prepared plenary Wells-Dawson anion [a-P,WgO4]°
exhibits typical P-O stretches v(P-O) at 1090 and
1020 cm™! in the infrared spectrum (Figure 1a), whereas the
P-O vibrations of the corresponding o,-lacunary com-
pound [0,-PoW ;O] are located at 1082, 1051 and
1015 cm™! (Table 1) according to the literature data.['® Both
hybrid materials 1-7 and the respective LnP,W; (Table 1)
present a pattern similar to the latter compound for the
IR bands assigned to v(P-O). The metal-terminal oxygen
stretches, v(M=0), and the bridging metal-oxygen
stretches, v(M—-O-M), of both hybrid materials 1-7 and re-
spective LnP,W,,; are also found at comparable wave-
numbers in the infrared and Raman spectra (Table 1).

The 3'P MAS NMR spectroscopic data for the solid
LnP,W,; (Ln™ = La, Sm, Eu) and corresponding picOH
hybrids (1, 3 and 4, respectively) are shown in Table 2. The
two different sets of peaks in the NMR spectra clearly indi-
cate the presence of the two phosphorus atoms from the
Wells-Dawson structure (Figure 2). The 3'P MAS data of

Table 1. Infrared and Raman data (cm ') for the Wells—Dawson derived LnPOMs and the respective 3-hydroxypicolinate compounds.!

Compound Vas(CO») v(CO,) v(P-0) v(W=0) V(W-O-W)
KgNas[Lay(0,-P,W ;706 )(picOH);-20H,O (1) 1629 (vs) 1324 (m) 1083 (s), 1054 (m), 1020 (m) 941 (vs) 885 (s), 825 (vs), 786 (vs)
1647 (m) 1325 (w) 1057 (s), 1017 (vw) 975 (vs) 876 (m), 827 (s)
KgNa;[Cey(0-P,W 1,06 (picOH);-20H,O (2) 1631 (vs) 1324 (m) 1085 (s), 1056 (m), 1018 (m) 941 (vs) 885 (vs), 823 (vs), 773 (vs)
1648 (m) 1325 (w) 1058 (s), 1021 (vw) 968 (vs) 875 (m), 829 (s)
KoNa,[Smy(0,-PW1704 )(picOH);-25H,0 (3) 1625 (s) 1332 (m) 1083 (s), 1056 (m), 1024 (m) 939 (s) 889 (m), 829 (s), 777 (vs)
1344 (w) 1061 (m), 1053 (w) 975 (vs). 873 (m), 831 (m)
K1 [Euy(0-P> W1706; )(picOH);]-20H,0 (4) 1627 (s) 1332 (m) 1083 (s), 1056 (m), 1024 (m) 941 (vs) 887 (s), 829 (vs), 771 (vs)
1623 (vw) 1343 (w) 1060 (w), 1018 (w) 977 (vs) 877 (m), 832 (m)
K1 [Euy(0-P-Mo;704; )(picOH)]- 10H,O (5) 1640 (s) 1347 (s) 1048 (m), 1024 (m) 929 (vs) 892 (m), 826 (w), 799 (m)
1648 (w) 1344 (w) 1057 (m) 927 (vs) 894 (s), 836 (m)
K 1[Tbs(02-P, W 1706 )(picOH);]-20H,0 (6) 1625 (vs) 1334 (m) 1083 (s), 1056 (m), 1025 (m) 941 (vs) 889 (s), 829 (vs), 777 (vs).
1625 (vw) 1345 (m) 1062 (s), 1012 (vw) 967 (s) 925 (m), 834 (m)
K 4[Er(05-P,W 7,06 )(picOH);]-20H,0 (7) 1627 (s) 1336 (m) 1083 (s), 1056 (w), 1027 (w) 941 (vs) 890 (s), 829 (vs), 779 (vs)
1620 (vw) 1348 (m) 1063 (m), 1016 (w) 966 (sh.) 888 (m), 836 (m)
K5[La(op-P,W,706))122H,0 1083 (s), 1054 (m), 1018 (m) 941 (vs) 885 (s), 819 (vs), 784 (vs)
1017 (vw) 976 (vs) 884 (m), 809 (vw)
K-[Ce(a,-P,W;,0¢;)]22H,0 1079 (s), 1052 (m), 1018 (w) 933 (s) 881 (s), 808 (vs), 763 (vs)
1018 (vw) 975 (vs) 875 (m), 825 (sh.)
K-[Sm(0,-P,W 706 18H,O 1083 (s), 1056 (m), 1018 (m) 941 (vs) 889 (m), 816 (sh.), 777 (vs)
1021 (w) 976 (vs) 891 (m), 825 (vw)
K-[Eu(0,-P,W,04))]- 18H,O 1085 (vs), 1056 (m), 1024 (m) 942 (vs) 890 (s), 816 (sh.), 779 (vs)
1023 (w) 967 (vs) 882 (m), 768 (vs)
K-[Eu(a,-P,Mo;,0¢;)-8H,O 1080 (sh.), 1051 (s), 1022 (m) 937 (vs) 860 (s), 784 (sh.), 728 (vs)
947 (m) 867 (m), 810 (w)
K[Tb(a,-P,W ;041" 18H,O 1083 (vs), 1056 (m), 1022 (m) 941 (vs) 890 (sh.), 819 (vs), 779 (vs)
1019 (w) 966 (s) 890 (m), 826 (w)
K-[Ex(0-P,W;,0¢;)[220H,O 1085 (vs), 1056 (m), 1016 (m) 943 (vs) 889 (sh.), 805 (vs), 779 (vs)
1024 (w) 966 (vs) 891 (m), 803 (m)
K o[o-P,W 1,06, 120H,0O 1082 (s), 1051 (m), 1015 (m) 940 (vs) 887 (s), 809 (vs), 737 (vs)
1015 (w) 967 (vs) 888 (m), 800 (w)
K[0-P,W30¢,] 14H,O 1090 (s), 1020 (sh.) 959 (s) 912 (s), 781 (vs)
1019 (w) 971 (s) 923 (m), 860 (w)

[a] Raman data in italics; v: very, s: strong, m: medium, w: weak, sh.: shoulder.
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Figure 1. Infrared (A) and FT-Raman (B) spectra of (a) the plenary
Wells—-Dawson anion in Kg[a-P,W304,]14H>0, (b) the respective
europium(IIl) a,-lacunary complex EuP,W,; and (c) the hybrid
compound Kl1[EUZ(Qz-Pzw17051)(piCOH)7]'20H20 (4)

the europium compounds show peak splitting to two signal
sets that can be due to a known disorder of the POM
framework in the solids.[”! Nevertheless, the 'P resonance
values for the hybrids indicates the retention of the POM
structure.

Table 2. 3'P MAS NMR spectroscopic data for the Wells-Dawson
derived LnPOMSs and the respective 3-hydroxypicolinate com-
pounds (P1 is assigned to the phosphorus atom closer to the lan-
thanide coordination site and P2 to the one more distant!)).

Compound J (ppm)
P1 P2
Ko[02-PsW706,120H,0 67 141
K7[La((12-P2W17061)]'22H20 -7.8 -14.0
KsNay[Lay(ay-Pa W70 (picOH)20H.0 (1) -79  —14.2
K7[Sm((12-P2W17061)]'18H20 -11.3 -14.9
KoNau[Smy(0a-Ps W06 )(picOHWJ25H,0 (3)  ~110 144
K[Eu(s-Ps W, 506, 18H,0 40  -130
1.8
K1 [Eus(05-Ps W06, (picOH);J20H,0 (4) 50 122
1.7 -13.6

The '3C CPMAS NMR spectroscopic data for the solid
picOH hybrids 1 and 3 (see Scheme 1 for carbon labelling
and Table 3 for tentative assignments) confirms the pres-
ence of the picOH ligands in the hybrid materials, showing
peak shifts from the free ligand. The shift of the C7 carbon
atom supports a carboxylate coordination of the picOH li-
gands as suggested by the vibrational spectra.

Digital photographs under 366 nm radiation of EuP,W
(Figure 3a) and TbP,W,; (identical to Figure 3a) and the
respective  picOH compounds K, [Eus(0,-P,W,04¢)-
(picOH);]-20H,O (4; Figure3b) and K [Tby(a»-
P,W,0¢)(picOH);]:20H,O (6; Figure 3c) show that the
emission properties of the compounds change in the or-
ganic-inorganic hybrid materials, when compared to the
Wells-Dawson-derived LnPOMs. Photoluminescence mea-
surements on the prepared materials were performed to
study the presence of ligands-to-Ln>* energy-transfer pro-
cesses.
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Figure 2. 3'P MAS NMR spectra of the samarium (A) and euro-

pium (B) Wells-Dawson derived LnPOMs LnP,W,; (a) and the
respective 3-hydroxypicolinate compounds 3 and 4 (b).
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Scheme 1.

Figure 4 compares the excitation spectra of the Eu** a,-
lacunary polyoxotungstate (abbreviated EuP,W;;) and
polyoxomolybdate (abbreviated to EuP,Mo;;) monitored
within the 3Dy — "F, transition. Both spectra display a
series of intra-4f° lines ascribed to transitions between the
"Fo.; ground states and the °D, |, °G, ¢ and °L excited
levels. A low intensity broad band is also observed for
EuP,W,; (240-320 nm) and EuP,Mo;; (280-330 nm). The
excitation spectrum of the Tb3* a,-lacunary polyoxotung-
state (abbreviated to TbP,W,;7) was monitored within the
5D, — ’Fs transition. The spectrum displays the intra-4f®
"F¢— D3, °Lyp (320-380 nm) and "F¢— °D, (488 nm)
transitions and a broad band, already detected in the exci-
tation spectrum of EuP,W; below 330 nm. The large broad
bands detected in the UV region of all the compounds have
also been observed in other materials containing W®* or
Mo®* ions, being attributed to the presence of ligand-to-
metal charge-transfer (LMCT) transitions resulting from
the interaction between the lanthanide (Eu**, Tb3") ions
and the POM moieties, namely, LMCT states asso-
ciated with O — Eu/Tb, O —- W and O — Mo transi-
tions.'-12:20-271 Ty the case of TbP,W,5, the contribution of
the spin-forbidden (low-spin, LS, and high-spin, HS) inter-
configurational fd transitions, discerned in the 250-310 nm
region cannot be neglected.?®! The higher relative intensity
of the Eu** and Tb3* straight lines indicate that the metal
ions are essentially excited through direct excitation into the
intra-4f® (Eu*) and intra-4f* (Tb3") levels rather than by
efficient intramolecular energy transfer involving the
LMCT states.
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Table 3. 3C CPMAS NMR spectroscopic data for the 3-hydroxypicolinate hybrid compounds.

Compound J (ppm)
C2 C3 C6 C7
HpicOH 136 158 122 128 133 181
KgNas[La,(a,-P,W 706, (picOH);]-20H,O (1) 140 159 128 128 131 175
KoNa,[Sm,(ar-P,W;706;)(picOH),]-25H,0 (3) 135 153 125 125 131 172
140 177
0
e
>
g
L x100
a o) C 2 | 280300 320 340 360
2
8
Figure 3. Digital photographs of (a) EuP,W; and the hybrid mate- = «
rials (b) K, i[Eus(tr-P,W1706)(picOH);]-20H,O (4) and (c) Iy F-°D,, L,
K 1[Tbs(05-P,W1,06)(picOH),]:20H,O (6) under 366 nm radia- 1, '
tion [the blue shadow in (a) is due to reflection of the UV light]. . ,\m . . i . C
250 300 350 400 450 500 550

The excitation spectra of the hybrid materials containing
picOH are displayed in Figure 4B. For the Eu’*-based ma-
terials the spectra are formed of a large broad band with
three main components at 255, 320 and 368 nm and of a
series of intra-4f° lines, namely, between the ’F,; and the
SLg, °Ds; levels. For the Tb*" compound a similar broad
band is also detected, being observed only a blueshift of the
high wavelength component (from 368 to 350 nm) and the
presence of the intra-4f® "Fg — Dy, transition. The broad
band can be mainly ascribed to transitions involving the
nn* states of the chelate ring of the organic ligand.['3-!3!
The higher relative intensity of the ligand excited states with
respect to that of the intra-4f lines (principally for 5 and
6) points out that for the hybrid material the lanthanide
sensitization process is the more efficient excitation path.

Figure 5 shows the emission spectra of the LnP,M;
compounds excited under UV radiation. The spectra are
composed of a series of straight lines ascribed to the Eu**
3Dy — 'F, 4 transitions for EuP,W;; and EuP,Mo;; and
assigned to the Tb3* D, — "F¢_, transitions for TbP,W.
Varying the excitation wavelength along the excitation spec-
tra in Figure 4A, no significant changes are detected in the
energy, full-width at half maximum (fwhm) and in the
number of Stark components, pointing out that all the lan-
thanide ions occupy the same average local environment
within each LnP,M,; compound. Focusing on the Eu’*-
based POMs, the Eu* local environment is characterized
by a low symmetry group without an inversion centre, as
the higher relative intensity of the °Dy, — ’F, transition in-
dicates. Further evidence of a single local Eu** local envi-
ronment is given by the presence of a single line for the
nondegenerated D, — ’F, transition, whose energy (Ey)
and fwhm (fwhmy) values were estimated by fitting a single
Gaussian function to the data in Figure SA. The E,, and
fwhmg, values are, respectively, 17239.2+0.1cm™' and

Eur. J. Inorg. Chem. 2009, 5088-5095
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Figure 4. Room-temperature excitation spectra of (A) EuP,W; (a),
EuP>Mo,; (b) and TbP,W,; (c) and of the (B) corresponding hy-
brid materials Kl 1[EH2(U.2-P2W17061 )(plCOH)7]'20H20 4 (d),
K 1[Eux(05-P.M07041)(picOH);]' 10H,O 5 (e) and Kyi[Tby(as-
P>,W504,)(picOH),]-:20H-0O 6 (f). The monitoring wavelength was
612 and 544 nm for the Eu?*- and Tb3*-based materials, respec-
tively.

249+0.1cm™! for EuP,W,; and 17242.7+0.9cm™' and
48.5+3.5cm™! for EuP,Mo;;. The larger fivhmg, value
found for the latter POM relative to that determined for
compound EuP,W;; points out a larger distribution of
Eu3* local environments in the presence of Mo. Moreover,
the different Ey, values, number and relative intensity of
Stark components readily point out that the Eu** first co-
ordination sphere is different in both compounds.
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Figure 5. Room-temperature emission spectra of (A) EuP,W,; (a)
and EuP,Mo; (b) excited at 395 nm, and of TbP,W,; (c) excited
at 320 nm; and that of the (B) corresponding hybrid materials
Ki1[Eua(05-PoW7061)(picOH);]-20H,O 4 (d),  Kyi[Eux(os-
P,Mo;70461)(picOH);]'10H,O 5 (e) and K [Tba(0,-PoW704))-
(picOH);]:20H,0 6 (f).

Figure 5B displays the emission spectra of the hybrid ma-
terials containing picOH. Similarly to that found for the
LnP>,M;; compounds, the emission spectra are formed of
the Eu** Dy — "F,_4 transitions for 4 and 5 and assigned
to the Tb3* ’D, — "Fg , transitions in the case of 6. All the
spectra are independent of the excitation wavelength (300—
465 nm), indicating a single distribution of local environ-
ments for the lanthanide ions within each hybrid material,
similarly to that found for the POMs. The nonobservation
of emission arising from the picOH ligands points out the
existence of energy transfer between the organic ligand ex-
cited states and the Eu®" intra-4f® and the Tb3* intra-4f®
levels, as the picOH ligand is known to emit at room tem-
perature.[”]

The emission features of K ;[Eu,(0,-P, W 70¢,)(picOH)/]-
20H,O (4) and K [Euy(a,-P,Mo70¢;)(picOH);]-10H,O
(5) were analysed in greater detail; in particular, the Eq and
5092
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fwhmg, values were estimated by using a single Gaussian
function yielding to 17256.0 +0.1 cm ! and 26.8 = 0.1 cm™!,
respectively, for 4 and 17267.9*0.1cm™ and
27.4+0.2 cm™!, respectively, for 5. The difference in the Ey,
values indicates that the Eu?* first coordination sphere is
different within each hybrid. Comparing these features with
those of the isolated POMs (namely, EuP,W;; and
EuP,Mo;;) a blueshift in the E,, values is observed,
whereas the Ey, value previously reported for the isolated
Eu**-derived picOH complex (17251.4 = 0.1 cm ")!!3 is red-
shifted. The previous observations are in accordance with
the fact that the Eu’* local environment in the hybrids
should involve both the picOH and POM ligands, besides
water molecules.

In order to further quantify the different photolumines-
cence features of the POMs and of the respective hybrid
materials, the lifetime values of the D, (Eu**) and °D,
(Tb3*) excited states were estimated on the basis of the
emission decay curves monitored within the more intense
Eu’* (°Dy — F») and Tb** (°D, — "F5) transitions, respec-
tively, and under direct intra-4f® (°D,, 465 nm) and intra-
4f% (°Ds, 350 nm) excitation. All the curves reveal a single
exponential behaviour (not shown), which corroborates that
all the lanthanide ions occupy the same average local envi-
ronment within each compound. For the Eu’*-containing
materials, the obtained lifetime values are gathered in
Table 4. For the Tb>*-containing materials, an increase in
the °D, lifetime from 0.233+0.005ms in TbP,W,; to
0.424 = 0.002 ms was observed after the inclusion of the or-
ganic ligand in hybrid 6.

Table 4. Lifetime (z, ms), quantum efficiency (#), radiative, (k,
ms ') and nonradiative, (k,, ms™'), transition probabilities of the
5D, level and number of water molecules coordinated to the Eu’*
ion (n,) for EuP,W;, EuP,Mo;; and the correspondent hybrid
compounds 4 and 5. The parameters were estimated by using room-
temperature spectra and excitation wavelength of 465 nm. The ab-
solute emission quantum yield (¢) is also presented for the same
excitation wavelength. The values in parentheses were acquired un-
der 320 nm excitation wavelength.

EuP2W17 EuP2M017 4 5

T 0.525*0.005 0.433£0.002 0.377%=0.004 0.536=0.003

ky 0.272 0.494 0.455 0.592

ke, 1.633 1.816 2.198 1.274

n 0.14 0.21 0.17 0.32

¢ 0.01 0.18 n.m. 0.04
(0.04) (0.08)

Ty 1.4=0.1 1.6%=0.1 2.1%x0.1 1.0x0.1

[a] Not measurable (<0.01).

The emission quantum yield was measured for all the
materials by using direct intra-4f excitation and, for the hy-
brids, excited state excitation of the organic ligands. The
maximum quantum yield value was measured for
EuP,Mo,; under intra-4f® excitation (Table 4). The mea-
sured values for hybrid 4 (smaller than that of the precursor
compound) are similar to those found for SiO,-poly(ethyl-
ene glycol) and SiO,-glycidoxypropyltrimethoxysilane sys-
tems with K 3[Eu(SiMo,W,; .Os0)-] (0.031-0.034).>°1 Al-
though the quantum yield values of TbP,W; lie below the
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detection limits of our equipment (0.01), the presence of
HpicOH moieties in hybrid 6 leads to an enhancement in
the quantum yield values to 0.08 (320-350 nm excitation
wavelength).

In order to further quantify the emission features of
Eu?*-containing materials, the radiative (k,) and nonradia-
tive (k,,) transition probabilities of the D, level and the
quantum efficiency (), n = kJ/(k. + k,,) were estimated by
using a procedure based on the room-temperature emission
spectrum and °Dj lifetime values.”®! The radiative contri-
bution may be calculated from the relative intensities of the
Dy — "Fy 4 transitions (the Dy — "Fs branching ratios
are neglected due to their poor relative intensity with re-
spect to that of the remaining Dy — "Fy 4 lines). The
5Dy — ’F; transition does not depend on the local ligand
field and thus may be used as a reference for the whole
spectrum, in vacuo Ay, = 14.65 s7'.27 An effective refrac-
tive index of 1.5 was used leading to A(°Dy— "F;) = 50 s .
The values found for 7, k. and k,, are gathered in Table 4.
Comparing the » values of the EuP,M;; materials with
those previously reported for a polyoxotungstoeuropate,'*!
the values in Table 4 are smaller. In spite of higher k, values,
EuP,W,; and EuP,Mo,; display much higher &k, values rel-
ative to those known for the polyoxotungstoeuropate,
namely, k. and k,. values of 0.153 and 0.326cm™! for
[Eu(PW;;03),]'" and 0.139 and 0.215cm™' for
[EuW (03] .14

Comparing the LnP,M; compounds and the hybrid ma-
terials, an increase in the # values is observed. For the case
of compounds EuP,Mo;; and 5, such an increase is due to
both an increase in the k, value and a decrease in the k,,
value. For EuP,W; and 4, after incorporation of the or-
ganic ligand, although an increase in the radiative transi-
tion probability k, around 40% is observed, there is a
higher increase (70%) in the nonradiative transition prob-
ability, k... On the basis of these results, we may presume
that the decrease in the absolute emission quantum yield of
the Bu®* materials after inclusion of the ligands is due to
the intrinsic nonradiative paths associated with the 3-hy-
droxypicolinic, despite the presence of ligand-to-Eu®* en-
ergy transfer.

Moreover, the variations in the # and A4, values may
be rationalized in terms of the number of water molecules
coordinated to the Eu** ions (n,) based on the empirical
formula ny, = 1.11 X (7! — k. —0.31).[26:3% The results ob-
tained for EuP,M;; indicate 1.5 water molecules, in average,
in the first Eu’* coordination sphere. The 1:1 Ln[a,-
P,W;04]'% species are described as dimers in the solid
state.B!] In the crystal structurel®' of K,3(H;O0)[Eu(H,0)s-
(05-P,W7,041)],-2KCI-50H,0, the Eu atom is bound to the
four oxygen atoms in the cap vacancy of the heteropoly-
anion, to a terminal tungsten oxygen atom and to three
water molecules. The number of 1.5 water molecules coordi-
nated to Eu?* obtained by us for EuP,W is inferior, poss-
ibly due to the fact that our solids were obtained as pow-
ders, under a different crystallization procedure. The pres-
ence of HpicOH moieties lead to an increase in the number
of water molecules belonging to the Eu’* first coordination
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shell in EuP,W,;;; the opposite result is observed for 5
(Table 4). The different n,, values indicate different Eu3*
first coordination spheres in 4 and 5, as mentioned above.

Organic-inorganic hybrids emitting in the near-infrared
(NIR) spectral region were prepared by combining Er3*-
substituted Wells—Dawson anions and picOH ligands. Fig-
ure 6 shows the excitation spectrum monitored in the NIR
spectral region for the Ki4[Er(a,-P,W;;04;)(picOH)/]
*20H,O (7) hybrid. The spectrum displays a large broad
band attributed to the ligands excited states and a series of
Er’* transitions. Similarly to that found for the Eu** and
Tb* hybrid analogous (Figure 4), the Er’* ions are sensi-
tized by the ligands. Under UV excitation through the li-
gands excited states, the emission spectrum displays the
Er3* transition.

4
|

-'G

1112

4 4
|

|13/2_> 15/2

Normalised Intensity

n 1 L 1 " 1 /s " Il L 1
340 440 5401400 1500 1600

Wavelength (nm)

240 1700

Figure 6. Room-temperature NIR emission (1400-1700 nm) and
UV/Vis excitation (240-560 nm) spectra of the K 4[Er(a,-
P>,W704,)(picOH),]-20H-0 (7) hybrid excited at 360 nm and mon-
itored at 1535 nm, respectively.

Conclusions

In this work we were able to synthesize new organic—
inorganic hybrid materials composed of lanthanide(III)-
substituted Wells-Dawson anions as inorganic building
blocks and 3-hydroxypicolinate as the organic ligand. The
hybrids are multiwavelength emitters from the UV/Vis to
the NIR spectral regions. The intra-4f emission of the Eu’*,
Tb>* and Er** ions is sensitized by the 3-hydroxypicolinate
ligand and the POM moiety. The incorporation of the 3-
hydroxypicolinate ligand induces an enhancement in the
Dy quantum efficiency (from 0.14 to 0.17 and 0.21 to 0.32
for the W and Mo containing materials, respectively),
whereas a decrease in the quantum yield value (e.g., 0.18 to
0.04 for the Mo containing materials) was observed.

Experimental Section
General: All reagents were obtained from Aldrich and used without

further purification. The Wells—Dawson polyoxotungstate was pre-
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pared according to the method described by Nadjo,*?! whereas its
a,-lacunary compound was prepared by the method of Contant.[33
The a,-lacunary polyoxomolybdate K;[0,-P,M704,]:20H,O was
synthesized by using a modified procedure from the method de-
scribed by Roméan.?4!

Synthesis of K-;|Ln(a,-P,M;;0¢,)]'xH,O (LnP,M,,), where M¥! =
W and Lo = La, Ce, Sm, Eu, Tb, Er; or M¥! = Mo and Ln'"! =
Eu: The a,-lacunary LnPOMs were prepared by using a modified
procedure based on the method described by Francesconi.’!l The
dy-lacunary salt K;o[0,-P,M;70¢,]:20H,O (0.051 mmol) was dis-
solved in a 0.5 M aqueous solution of sodium acetate (3.0 mL, pH
adjusted to 5.5) at 70 °C. A solution of the lanthanide chloride
(0.15 mmol) in water (2 mL) was added dropwise to the previous
solution followed by the addition of a solution of potassium chlo-
ride (1.50 g, 20.0 mmol) in water (10 mL). The resulting mixture
was stirred at 70 °C for 30 min, after which it was placed in the
refrigerator for 72 h with the formation of a colourless precipitate.
The precipitate was filtered, washed with ethanol and dried in a
desiccator over silica gel.

Synthesis of K,,[Ln (0,-P,M;;0¢,)(picOH)]-yH,O, where MY! = W
and Ln"' = La (1), Ce (2), Sm (3), Eu (4), Tb (6), Er (7); or MV =
Mo and Ln"™ = Eu (5): The o,-lacunary salt K;g[0-P,M ;704
20H,0 (0.051 mmol) was dissolved in a 0.5 M aqueous solution of
sodium acetate (3.0 mL, pH adjusted to 5.5) at 70 °C. A solution
of 3-hydroxypicolinic acid (98%, 0.087 g, 0.61 mmol) in water
(10 mL) and a solution of the lanthanide chloride (0.15 mmol) in
water (2 mL) were added dropwise to the previous stirring solution.
Finally, a solution of potassium chloride (1.50 g, 20.0 mmol) in
water (10 mL) was added to the resulting solution. The mixture
was stirred at 70 °C for 30 min and placed in the refrigerator for
72 h with the formation of a light beige precipitate. The precipitate
was filtered, washed with ethanol and dried in a desiccator over
silica gel.

1: KgNas[Las(0-PsW,706,)(CsH4NO3),]-20H,0 (6149.95): caled.
C 820, H 1.11, K 5.09, La 4.52, N 1.59, P 1.01, W 50.8; found C
8.90, H 1.36, K 5.20, La 4.73, N 1.58, P 1.07, W 49.9.

2: KgNﬁ}[Cez((lz'Pzwl7061)(C6H4N03)7]'20H20 (615238) calcd.
C 8.20, H 1.11, Ce 4.55, K 5.08, N 1.59, P 1.01, W 50.8; found C
9.04, H 1.12, Ce 5.93, K 5.42, N 1.77, P 1.06, W 47.4.

3: KgNaz[sz(az-Pzwl7061)(C6H4NO3)7]'25H20 (627905) calcd.
C 8.03, H 1.25, K 5.60, N 1.56, P 0.99, Sm 4.79, W 49.8; found C
8.30, H 1.41, K 5.68, N 1.55, P 0.94, Sm 4.42, W 47.1.

4: K]1[EuZ(az-Pzwl7061)(C(,H4NO3)7]'20H20 (622439) caled. C
8.10, H 1.10, Eu 4.88, K 6.91, N 1.58, P 1.00, W 50.2; found C
8.34, H 1.34, Eu 4.66, K 6.36, N 1.59, P 0.92, W 48.4.

5: K]1[EUQ(UZ'PQMOWO(,])(C6H4NO3)7]‘lono (454976) caled. C
11.1, H 1.06, Eu 6.68, K 9.45, Mo 35.8, N 2.15, P 1.36; found C
14.0, H 0.95, Eu 4.39, K 10.6, Mo 30.5, N 2.88, P 0.40.

6: K11[sz(az-Pzwl706|)(C6H4NO3)7]'20H20 (623832) caled. C
8.09, H 1.10, K 6.89, N 1.57, P 0.99, Tb 5.10, W 50.1; found C
7.40, H 1.13, K 9.00, N 1.41, P 0.90, Tb 5.33, W 42.2.

7. K14[EI'((12-P2W17061)(C6H4NO3)7]'20H20 (620502) caled. C
8.13, H 1.10, Er 2.70, K 8.82, N 1.58, P 1.00, W 50.4; found C
7.37, H 1.09, Er 1.89, K 10.7, N 1.63, P 1.02, W 48.4.

Instrumentation: FTIR spectra were obtained with a Mattson 7000
spectrophotometer with the use of KBr pellets. FT-Raman spectra
were recorded with a Bruker RFS100/S FT-Raman spectrophotom-
eter (Nd:YAG laser, 1064 nm excitation). Elemental analyses were
performed with a CHNS-932 elemental analyser (for carbon, nitro-
gen and hydrogen) at the Microanalysis Laboratory and by ICP-

5094

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AES at the Central Laboratory for Analysis of the University of
Aveiro. The 3C CPMAS and 3'P MAS NMR spectra were te-
corded at 9.4 T with a Bruker Avance 400 WB spectrometer (DSX
model) operating at 400.1 MHz by using 7 mm o.d. ZrO, rotors.
The '3C CPMAS spectra were recorded with 4 ps 90° pulses, spin-
ning rate of 7 kHz and 3 s recycle delays. The 3'P MAS NMR were
recorded with 2.5 ps 90° pulses, a spinning rate of 15 kHz and 60 s
recycle delays. The photoluminescence in the near-infrared (NIR)
and in the ultraviolet/visible (UV/Vis) spectral ranges were recorded
between 12 K and room temperature with a modular double grat-
ing excitation spectrofluorimeter with a TRIAX 320 emission mon-
ochromator (Fluorolog-3, Jobin Yvon-Spex) coupled to a H9170—
75 Hamamatsu photomultiplier and to a R928 Hamamatsu photo-
multiplier, respectively, using the front face and right angle mode.
The excitation source was a 450 W Xe arc lamp. The emission spec-
tra were corrected for detection and optical spectral response of
the spectrofluorimeter and the excitation spectra monitored in the
visible spectral range were corrected for the spectral distribution
of the lamp intensity using a photodiode reference detector. The
emission decay measurements were acquired between 14 K and
room temperature with the setup described above by using a pulsed
Xe-Hg lamp (6 ps pulse at half width and 20-30 ps tail). The abso-
lute emission quantum yields were measured at room temperature
using a Quantum Yield Measurement System C9920-02 from
Hamamatsu (experimental error 10%) with a 150 W Xenon lamp
coupled to a monochromator for wavelength discrimination, an in-
tegrating sphere as sample chamber and a multichannel analyzer
for signal detection.
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