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A Zn—Al layered double hydroxide (LDH) pillared by 2;Bipyridine-5,5%-dicarboxylate (BDC) anions
was used as a porous matrix to intercalate L{Ch = Eu, Gd). Metal loadings of 9.0 wt % for Eu and
11 wt % for Gd were achieved, which correspond to about two lanthanide ions for every three BDC
ions. The fitting of the room-temperature Egédge EXAFS for the europium-containing material revealed
one shell of 7+ 1 oxygen/nitrogen atoms at 2.41 A. No evidence for a-Elibond was found. The
emission spectra for this material display the typicat'Ened emission and a large broad band peaking
around 460 nm, which was attributed to the emission arising from the triplet levels of free ligands not
coordinated to Etf ions. Measurement of the emission spectra under different excitation wavelengths
and also at low temperature showed the existence of only one type€obdling site. ThéDo quantum
efficiency was estimated to be low (7.7%), due to a relatively high nonradiative transition probability
caused by the presence of water molecules in the first coordination shell. The number of water molecules
was calculated as 34 1, suggesting that the incorporated europium ions were 6-coordinate with four
oxygen atoms from water molecules and two nitrogen atoms from a bidentate bipyridyl ligand.

Introduction calation of a complex into the interlayer space can dramati-

In recent years, layered double hydroxides (LDHs) have cally mfluence.the properties of both the guest ‘f"”d t-he host.
LDHs containing metal complexes of chelating ligands,

been investigated for numerous applications, mainly due to  — S L2
g PP y mainly nitrilotriacetate (NTA) and EDTA (ethylenediamine-

their unique anion-exchange propertieghe structure of ot tate). h 50 b 4. either directly b
these materials is derived from that of brucite, which consists,e raacetate), have also been prepared, either directly by

of Mg(OH)s octahedral units sharing edges to form Mg(@H) intercalation of the metal complex or indirectly by forming

slabs. In LDHs, isomorphous replacement of some of the _the metal complex between the host layers following

Mg2* cations by M cations, such as At and Ga*, gives intercalation of the ligané® One of these reports describes

positively charged layers. The charge is compensated by thethe uptake of L& and NQ~ ions by an NTA-intercalated

intercalation of an appropriate number of anions into the :\/Ig—AI L?H totfo_rrrll chr(]a_lart]e cotr)n%I(Txetshwn_Zm t?]ellf?/ér.
interlayer region. There are also interlayer water molecules n general, materials which embed lanthanide chelate com-

which hydrogen-bond with the layer hydroxyl groups and plexe§ are of interesF beca_use they have the potential to be

sometimes also with the charge-balancing anions. Materialstjhsed_ n optoelgctror;lcEdel\E/lsf_§o fa(rj, (:Ecmcgrryng L DTS’

containing divalent metal cations other thanaglso exist, 1€ Incorporation 0 lf( A) an u(plc) (pic =

e.g., C&, Niz*, and Zi#*. The general formula can be picolinate) complexes into MgAl materials has been

writt’en as'[MHl ’ M3*,(OH);]A™gH,0. A large number studied’” We recently reported the synthesis and characteriza-
—X X m .
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direct synthesis, ion exchange, or reconstruction of the @ T A Ohare Do v Chem 2003 42
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dicarboxylate (BDC) anionsThe material was examined
as a “solid ligand” for the immobilization of the dioxomo-
lybdenumy1) complex MoQCIy(THF),, giving a stable
heterogeneous catalyst for the liquid-phase epoxidation of
olefins. In the present work, the Zml LDH pillared by

BDC anions has been examined as a solid-state complexation

material for europiumi) and gadolinium() ions. The

resultant organieinorganic hybrid composites have been
characterized by elemental analysis, powder XRD, TGA,
FTIR and FT Raman spectroscopy, X-ray absorption fine

Gago et al.

performed with single scattering contributions only. Phase shifts
were obtained within this program using ab initio calculations based
on the Hedin Lundqvist/von Barth scheme. For each EXAFS
simulation the validity of extra parameters was checked using a
comparative reducegf method*?

The room-temperature photoluminescence and lifetime measure-
ments were recorded on a modular double grating excitation
spectrofluorimeter with a TRIAX 320 emission monochromator
(Fluorolog-3, Jobin Yvon-Spex) coupled to a R928 Hamamatsu
photomultiplier, using front face acquisition mode. All of the spectra
were corrected for optics and detection spectral response.

structure spectroscopy, and photoluminescence spectroscopy. Materials. The lanthanide trichloride hexahydrates Lg@H,O

Experimental Section

Characterization Methods. Microanalyses for CHN were
carried out at the Instituto de Tecnologia ‘@ica e Biolmica,
Oeiras (by C. Almeida). Zn, Al, Eu, and Gd were determined by
ICP-AES at the Central Laboratory for Analysis, University of
Aveiro (by E. Soares). Powder X-ray diffraction (XRD) data were
collected at room temperature on a Philips X'pert diffractometer
with a curved graphite monochromator (CwKadiation), in a
Bragg—Brentano para-focusing optics configuration. Samples were
step-scanned in 0.026 steps with a counting timef@ s per step.
Thermogravimetric analysis (TGA) was performed using a Shi-
madzu TGA-50 system at a heating rate dfGmin~! under air.

IR spectra were measured on a Mattson 7000 FT-IR spectrometer,

using KBr pellets. Raman spectra were recorded on a Bruker
RFS100/S FT instrument (Nd:YAG laser, 1064 nm excitation and
InGaAs detector). Solid-state NMR spectra were measured at 100.6
MHz for 13C and 104.26 MHz fof’Al with a (9.4 T) wide bore
Bruker Avance 400 spectrometéfC CP MAS NMR spectra were
acquired with a 3.5s 90 proton pulse and 2 ms contact time
with spinning rates of #8.5 kHz and 4 s recycle delays. Chemical
shifts are quoted in ppm from TMS. Single-quantum (“conven-
tional”) 27Al MAS NMR spectra were acquired using short and
powerful radio frequency pulses (06, corresponding tar/12
pulses), a spinning rate of 14 kHz, and a recycle delay of 1 s.
Chemical shifts are quoted in ppm from A{B)e3".

Eu Ls-edge X-ray absorption spectra were measured in transmis-
sion mode on beamline BM29 at the ESRF (Grenoblg)erating
at 6 GeV in hybrid mode with typical currents of 17090 mA.
The low-temperature spectra were recorded using an Oxford

Instruments cryostat filled with He exchange gas. Scans were set

up to record the pre-edge at 5 eV steps and the post-edge region i
0.025-0.05 A1 steps, giving a total acquisition time of ca. 30
min per scan. The order-sorting double Si(311) crystal monochro-
mator was detuned by 50% for harmonic rejection. Solid samples
were diluted with BN and pressed into 13 mm pellets. lonization
chamber detectors were filled with,No give 30% absorbind,
(incidence) and 70% absorbirg (transmission). The programs
EXCALIB and EXBACK (SRS Daresbury Laboratory, UK) were

used in the usual manner for calibration and background subtraction

of the raw data. EXAFS curve-fitting analyses, by least-squares
refinement of the non-Fourier filterekP-weighted EXAFS data,
were carried out using the program EXCURVE (version EX-
CURV989) using fast curved wave theotyThe calculations were

(8) Gago, S.; Pillinger, M.; Valente, A. A.; Santos, T. M.; Rocha, J.;
Gonglves, I. S.Inorg. Chem.2004 43, 5422.
(9) Filipponi, A.; Borowski, M.; Bowron, D. T.; Ansell, S.; Cicco, A.D.;
Panfilis, S. D.; Itie J.-P.Rev.-Sci. Instrum200Q 71, 2422.
(10) Binsted, N. EXCURV98, CCLRC Dareshury Laboratory computer
program, 1998.
(11) Gurman, S. J.; Binsted, N.; Ross]|Phys. C1984 17, 143. Gurman,
S. J.; Binsted, N.; Ross, I. Phys. C1986 19, 1845.

.

(Ln = Eu, Gd) were obtained from Aldrich and used as received.
Literature methods were used to prepare the complex [(bipy)Eu-
(OH,)4ClL]CI-H,0 (1) (bipy = 2,2-bipyridine)® and a Zr-Al LDH
with the composition ZxniAl,(OH) (BDC)-7H,0O (BDC = 2,2-
bipyridine-5,3-dicarboxylate), designated as ZAl—BDC.2
Zn—Al—BDC/Eu. A solution of EuC}-6H,0 (0.2 g, 0.55 mmol)
in decarbonated deionized (DD) water (40 mL) was stirred for 15
min at 80°C and added dropwise to an aqueous suspension-of Zn
Al—BDC (0.35 g). The mixture was stirred under reflux for 6 h.
The solid was recovered by centrifugation, washed several times
with warm DD water, and dried under vacuum. Anal. Calcd for
Zng 1Al (OH)10 ABDC)(EUCE)o 65 14H,0: Zn, 18.56; Al, 4.94; Eu,
9.04; C, 13.19; N, 2.56; H, 4.08. Found: Zn, 18.60; Al, 4.98; Eu,
9.00; C, 14.01; N, 2.44; H, 3.14. IR (KBr, c¥): 3415 (br), 1614
(vs), 1595 (sh), 1556 (m), 1473 (w), 1397 (sh), 1381 (vs), 1303
(w), 1258 (w), 1213 (w), 1162 (w), 1129 (w), 1037 (m), 1008 (w),
51 (sh), 841 (m), 775 (m), 734 (w), 709 (w), 669 (w), 618 (m),
77 (m), 426 (vs), 400 (sh), 325 (w). Raman (djn 3088, 3065,
1602, 1495, 1418 (sh), 1406, 1379, 1362, 1320, 1282, 1263, 1237,
1172, 1145, 1040, 873, 808, 675, 650, 312, 14¥6. CP MAS
NMR: ¢ 120.2, 140.9, 148.6 (all bipy-C), 168.0{CO,") ppm.
27AI MAS NMR: 6 15.2 ppm.

Zn—Al—BDC/Gd. A solution of GdC}-6H,0 (0.26 g, 0.7 mmol)
in ethanol (10 mL) was added dropwise to a suspension ef Zn
Al—BDC (0.5 g) in ethanol. The mixture was stirred for 18 h at
room temperature. The solid was recovered by filtration, washed
several times with ethanol, and dried under vacuum. Anal. Calcd
for Zn28A|2(OH)gG(BDC)(GdClg)OGg‘gHzO Zn, 18.61; Al, 5.48;
Gd, 10.87; C, 14.65; N, 2.85; H, 3.44. Found: Zn, 18.40; Al, 5.49;
Gd, 11.00; C, 15.13; N, 2.70; H, 3.24. IR (KBr, c#): 3400 (br),
1614 (vs), 1593 (sh), 1556 (m), 1473 (w), 1405 (sh), 1382 (vs),
1304 (w), 1259 (w), 1226 (sh), 1163 (w), 1136 (w), 1038 (m), 960

Nsh), 871 (sh), 841 (w), 808 (sh), 777 (m), 710 (w), 666 (w), 620

(m), 561 (m), 425 (s), 325 (w). Raman (cHr 3080, 1599, 1493,
1428 (sh), 1403, 1361, 1318, 1288, 1262, 1170, 1146, 1041, 862
808, 673, 649, 553, 417, 312, 158, 108

Results and Discussion

The pillared LDH Zn-Al—BDC, with a Zn/Al molar ratio
of 1.45 and containing ca. 1.3 mmol of 2[#pyridine-5,5-
dicarboxylate anions per gram of material, was treated with
solutions of LnC§-6H,0 (Lh = Eu, Gd) in 16-20% excess
over that required for a 1:1 LngBDC stoichiometry.
Elemental analysis of the final materials ZAl—BDC/Ln
showed the incorporation of approximately two lanthanide
cations for every three BDC anions. The Zn/Al molar ratios

(12) O’Donnell, K. P.; Mosselmans, J. F. W.; Martin, R. W.; Pereira, S.;
White, M. E.J. Phys.: Condens. Matte&2001, 13, 6977.

(13) Semenova, L. I.; Skelton, B. W.; White, A. ust. J. Chem1999
52, 551.
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Figure 1. Powder XRD patterns of (a) ZnAl—BDC, (b) Zn—Al—BDC/ /A
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BDC/Eu. The solid line represents the experimental data and the dashed
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Wavenumber/cm line shows the best fit using parameters given in Table 1.

These changes can be attributed to a marked increase in the
electron density at the midpoint of the interlayers due to the
presence of the rare earth ions at a high loading1(B wt
%) .14

The LDH materials were also characterized by IR and
Raman spectroscopy. In the frequency range 4@IDO
cm, the IR spectrum of ZrAl—BDC is dominated by a

- : - : - - - broad band at about 3410 chnattributed to the ©H stretch

1800 1600 1400 1200 1000 of weakly hydrogen-bonded water molecules and layer

, . Wavenumberfom™ A o hydroxyl groups. A band for the €H stretch of the
Eﬁf‘lr?of'(a';TZ'S_%)_aB”DCF,T(bF;;anRI@é;‘éﬁg&? . ﬁ:)rznllel_egljg? bipyridine (bipy) rings is observed in the Raman spectrum
Eu. The changes upon incorporation of the lanthanide ions are highlighted at @about 3080 crrt. In this high-frequency region, the IR
with boxes. and Raman spectra for the final materials-zd —BDC/Ln
were unaffected by the treatment and there was no indication@ré not very different from those of the precursor pillared
that BDC ions were exchanged for chloride ions. Figure 1 LDH. Some changes were, however, observed in the region
shows the powder XRD patterns for Zi&l—BDC, Zn— between 1800 and 1000 cfywhich contains the vibrations
Al—BDC/Eu, and Zr-Al—BDC/Gd at ambient temperature  Of the bipy framework and the carboxylate groups (Figure
in the range of 3-70° 26. The basal (003) reflection for zn ~~ 2). The absence of IR bands above 1650 trm the
A|_BDC appears at 18.0 A and a further 5 equa”y Spaced Spectl’um Of ZH’Al_BDC indicates that there are no aCid
00 harmonics are observed up t0°320. As described ~ C=O bonds present. Instead, there is an intense, broad band
previously? the basal spacing is consistent with a model in at 1609 cm* (overlapping the highest bipy band), which is
which the BDC anions are arranged with their longest assigned to the antisymmetric stretch of £OThe other
dimension nearly perpendicular to the host layers. Upon intense band in this spectrum at 1397 ¢rshoulder at 1383
treatment with LnGJ, the 00 reflections are essentially €M %) is assigned as the symmetric stretch of .COThe
unshifted but significantly reduced in intensity. The first- bands for the bipy in-plane ring stretching modes (with
order peak is weaker than the second-order peak for Zn
Al—BDC/Ln, in contrast to that observed for ZAl—BDC. (14) Beaudot, P.; de Roy, M. E.; Besse, JCRem. Mater2004 16, 935.

Raman intensity (a.u.)
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Table 1. Eu Ls-Edge EXAFS-Derived Structural Parameters for Model Compounds and the Hybrid LDH Zn—Al—BDC/Eu

compound atom CN riA 20%A% EfleVe R (%)?
EuCk-6H,0, 298 K o 6.5(3) 2.427(4) 0.0187(9) -8.6(3) 20.0
cl 2.1(5) 2.765(9) 0.0241(22)
EuCk6H;0, 20 K o) 6.6(4) 2.423(5) 0.0107(8) —8.6(4) 24.2
cl 2.1(6) 2.771(10) 0.0167(22)
[(bipy)EUu(OH)4Cl5]CI-H,0, 298 K o) 5.3(3) 2.425(4) 0.0160(8) ~9.6(3) 19.0
cl 2.1(3) 2.776(5) 0.0134(10)
[(bipy)Eu(OH)4Cl2]Cl-H,0, 20 K o) 6.1(3) 2.417(3) 0.0101(5) -9.2(2) 18.6
cl 2.2(3) 2.770(4) 0.0103(8)
C 4.3(12) 3.567(20) 0.0240(64 )
Zn—Al—BDC/Eu, 298 K o) 6.9(4) 2.412(5) 0.0199(9) —7.5(3) 21.2

aCN = coordination number. Values in parentheses are statistical errors generated in EXCURVE. The true errors in coordination numbers are likely to
be of the order of 20% and those for the interatomic distances ca.1.39ebye-Waller factor;o = root-mean-square internuclear separatfd. =
edge position (Fermi energy), relative to calculated vacuum #éRo= (/[Ztheory — sexpt] k3dk/[ZexPtk3dk) x 100%.

contributions from G-H in-plane bending and ringring shell fit to the k3-weighted room-temperature EXAFS of
stretching) are observed at 1597, 1558, 1540, 1472, 1302,EuCk-6H,0 gave 6.5 oxygens at 2.43 A and 2.1 chlorines
and 1247 cm? (shoulder at 1258 cm) in the IR and at at 2.77 A, in good agreement with the crystal values (Figure
1595, 1493, 1405, 1362, 1314, 1286, and 1262'cim the 3, Table 1). Crystallographic studies showed that the first
Raman. Upon incorporation of the lanthanide ions, some shell coordination environment of europium in the adduict
marked differences can be observed in terms of the numberis not very different from that in europium chloride hexahy-
of bands in the 18001000 cm* range. For example, instead drate, except that two oxygen atoms from water molecules
of two IR bands at 1558 and 1540 chonly one band is  are replaced by two nitrogen atoms from the bipyridine ligand
observed for ZAAI-BDC/Eu and Zr-Al-BDC/Gd at  (fewo = 2.42+ 0.3 A, rex-n = 2.55 A, rep-a = 2.723,
1556 cmt. In the Raman spectrum of ZAl—-BDC/Eu, a 2.776 A)13 A good fit to the room-temperatuié-y(k) data
new band is present as a shoulder at 14181428 cnr? was obtained with 5.3 oxygen atoms at 2.43 A and 2.1
for Zn—Al—BDC/Gd). Some significant changes are also chlorines at 2.78 A. We could not discriminate between
apparent in the relative intensities of the IR bands at ca. 1400/oxygen and nitrogen atoms as possible nearest neighbors for
1382 and 1258/1247 crh These alterations in the vibra- Eu because their backscattering amplitudes and phases are
tional spectra can be tentatively interpreted as evidence of avery similar. However, for the EXAFS recorded at low
Ln3*—N(bipy) interaction. On the other hand, the stretching temperature (20 K), it was possible to add a third shell for
vibrations for the carboxylate groups are unshifted, which carbon atoms at 3.57 A (Table 1). This shell was statistically
suggests that there is no interaction between these functionabignificant as measured by the redug@dest. However, the
groups and the lanthanide ions. re,+-C distance is about 0.1 A longer than expected. The
Below 1000 cm?, the IR spectra of the LDH materials foom-temperature EXAFS of ZrnAI-BDC/Eu was best

contain some bands due to the guest species in addition tonodeled by a one shell fit comprising 6.9 oxygen atoms at
peaks arising from the host lattice. No significant changes 2-41 A. It was not possible to satisfactorily fit ECI
were observed in this region upon incorporation of the correlations using a second shell. Also, for the reasons stated
lanthanide ions. A relatively sharp band at 776 éns above, we could neither rule in nor rule out the presence of
assigned to &H 0ut-0f-p|ane bending, and a broad band at nitrogen backscatterers in the first shell. Recording the
about 620 cm! is due either to a librational mode of EXAFS at lower temperature did not reveal the presence of
hydroxy| groups and water or to a me{-ajxygen vibration Eu---C or Eu--Eu correlations. This means that if such

»(M—0) (M = Zn, Al).15 Two peaks at about 560 and 426 correlations exist, they must be very disordered and their
cm ! are attributed ta/(M—0) andd(M—O—M), respec-  contribution to the EXAFS, therefore, is below the level of

tively. statistical noise.

Eu Ls-edge EXAFS studies were carried out in the solid  AS might be expected from the EXAFS results, the
state in order to characterize the average local coordinationcomPounds [(bipy)Eu(OpLCLICI-H-0 (1) and Zn-Al—
environment of europium centers in ZAl—BDC/Eu. BDC/Eu have very different photoluminescence properties.
Europium chloride hexahydrate, Eu@H;0, and the adduct We will first describe the photophysical characterization of
[(bipy)EU(OH).Cl,]CI-H,0 (1) were measured as model the model cqm_plex. '!'he excéltanon?spe_ctrum of comlex
compounds. A single-crystal X-ray structural analysis of Mmonitored within the intra-4f°D, — 'F; lines, is composed
EuCk-6H,0 showed that the structure consists of the Of @ large broad band, with two main components in the
“complex” ions [Eu(BO)Cl;]* and “isolated” Ct ions?6 ultraviolet (UV) spectral region peaking around 300 and 335

The average of the EtH,O distances was determined as "™ and a series of sharp lines ascribed to the typicél Eu
2 44+ 0.6 A and the Eu-Cl distance was 2.76 A. A two intra-4# transitions (Figure 4). The large broad band may
result from the energy levels of the ligand(s) and/or from a

(15) Kagunya, W.; Baddour-Hadjean, R.; Kooli, F.; JonesGiem. Phys. charge transfer state. The mtenslty.Of théﬂmes IS cloger .
1998 236, 225. Kloprogge, J. T.; Frost, R. L. Inayered Double to that of the large broad band, indicating that the excitation
lk)iyttijlr_méides: NPres$ntkaggofuturi?;\éegsé V., Ed.; Nova Science  of the metal ion occurs both through direct lanthanide

ishers: New York, ; . s . .. . .

(16) Blél'skii, N. K.: StruchKov, Y. 19.%01. Phys. Crystallogr1965 10, excitation and via a sensitized process involving the lan-

15.

thanide ion ligands.
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Figure 4. Excitation spectrum monitored around 612 nm for the model Figure 6. Excitation spectrum monitored around 612 nm for—&d —
complex [(bipy)Eu(OH)4CL]CI-H,0 (1). BDC/Eu. The inset shows the excitation spectrum of-2h—BDC/Gd,

monitored around 438 nm.

energy of the emission lines are observed. In particular, the
5Dy — Fy transition undergoes a red-shift (6 chh Since
this transition occurs between non-degenerated states, the
presence of more than one line or changes in their energy
as the excitation wavelength is varied unequivocally suggest
the presence of more than one type of coordination sphere
for the metal ion. The lifetimes of thé&D, level were
monitored around theD, — “F, transition for the excitation
wavelengths used to record the emission spectra. All of the
decay curves present a typical single-exponential behavior,
revealing lifetime values that depend on the selected excita-
: SN/ AN tion wavelength (Table 2), which is compatible with the
510 560 610 660 710 presence of at least two different Ewcoordination sites in
Wavelength/nm complex1. This is in disagreement with the single-crystal
Figure 5. Emission spectra excited around 344 nm (solid line) and 395 X-ray study of1, where only one type of europium atom
?5”)" éiii?:%ggg Er7ﬁsji’3{2§r‘:5(%g&]§'g]§é (HGZ)(?(%)" g])d’ %’ég)n’o(t‘g'ﬂgd was found:® Two possibilities are that either compléhas
— 7F,_, transitions. two EU' sites with slightly different local coordination
Table 2.5Dy Lifetime Values (ms) Monitored around 612 nm at ;pher_es of the— synthesized gor_npound_ ha-s a -Eu-based
Different Excitation Wavelengths for the Complex |mpu.r|ty._The existence of two similar EUS|t§s is unlikely .
[(bipy)EU(OH 2)4Cl2]Cl-H-0 (1) and the Material Zn—Al—BDC/Eu considering the clear changes observed in the local-field
excitation wavelength (nm) spilitting of the’Fy ; levels as the excitation energy was varigd
compound 344354 395 (Figure 5). We thgrefore suggest tlhe'presence of a minor
1 0155 0.001 01295 0.001 amount of a europium-based impurity in compodn@bnly
Zn—Al—BDC/Eu 0.195+ 0.002 0.199% 0.004 detected by PL). Such a small amount is consistent with the
minor changes in the monoexponential decay curves for
The emission features of the model compléxwere different excitation energies (Table 2).
investigated under different excitation wavelengths: (i)  Figure 6 shows the excitation spectrum of the material
within the large broad band and (ii) directly in the’Elevels Zn—AlI—-BDC/Eu monitored within the Ed lines. The
(5Le, 395 nm). The spectra are composed of emission linesspectrum consists mainly of a large broad band showing at
ascribed to transitions from the first)p) and second®D;) least three components centered around 320, 340, and 375
excited states of the metal ions, and no emission arising fromnm, and of a series of intraffines. The relatively low
the ligand triplet levels could be detected, suggesting anintensity of the E&" lines with respect to the main band
efficient energy transfer between the ligands and th& Eu indicates that the metal ions are excited essentially via a
ions (Figure 5). For direct excitation into thke level, at sensitized process, rather than by direct excitation into the
least 5 Stark components can be discerned forSihe— EW' levels.
’F, transition (marked with arrows in Figure 5). The To discern the nature of the large broad band in the
maximum splitting (2 + 1) for this transition is 3 Stark  excitation spectrum, the analysis of the photoluminescent
components, and hence there are at least two differetit Eu features of the equivalent compound incorporating®'Gd
local coordination sites. Moreover, upon decreasing of the metal ions, rather than Elj is a useful tool because the
excitation wavelength, changes in the relative intensity and energetic difference between theGéxcited levels and the

Intensity (arb. units)
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Figure 7. (A) Emission spectra excited around 354 nm (solid line) and
395 nm (dashed line) for ZrAI—BDC/Eu. (1), (2), (3), (4), and (5) denote
the 5Dy — "Fo—4 transitions. The inset shows the emission spectra ef Zn
Al—BDC/Gd for the same excitation wavelengths. (B), (C), and (D) show
in detail the>Dy — "Fo_, transitions.

ground state is much higher than those typical of ligand
singlet and triplet states, disabling, therefore, any ligand-to-
metal energy transfer process and allowing the charge transfe
states and ligand levels to be distinguished. The spectrum
of Zn—Al—-BDC/Gd is composed of a large broad band

centered at 365 nm, and no sign of UV components could

Gago et al.

Based on the previous results, namely, emission and
lifetime values of the®Dy level, we can estimate the
efficiency, g, of the Ed" first-excited state. Assuming that
only nonradiative and radiative processes are essentially
involved in the depopulation of tf®, state g can be defined
as

q= k.
K+ Ko

wherek, andk,, are the radiative and nonradiative transition
probabilities, respectively (anky, (zexp 1) is the experi-
mental transition probability). The emission intensitytaken
as the integrated intensit$ of the emission lines for the
5Do—"Fo-6 transitions, is expressed by

1)

)

wherei andj represent the initial®Do) and final (Fy_4)
levels, respectivelyaw;—; is the transition energyij is
the Einstein coefficient of spontaneous emission, i
the population of théD, emitting level!®1® As the Dy —
fFse transitions are not observed experimentally, we can
ignore their influence on the depopulation of fiile excited
state and therefore the radiative contribution is estimated
based only on the relative intensities of thiey — "Fo_4

be detected. Thus, it is possible to assign the UV componentsiransitions. Since th#@, — ’F; transition can be considered

in the PLE spectra of ZnAl—BDC/Eu to charge-transfer

as a reference, due to its dipolar magnetic natigrean be

bands and the components at higher wavelengths may becalculated as

ascribed to the ligand levels, in particular, the singlet state.
Figure 7 shows the emission spectra for the materiat Zn
Al—BDC/Eu obtained under different excitation wavelengths.
The spectra display the typical Eued emission and a large
broad band peaking around 460 nm. This band resemble

(inset of Figure 7) and can therefore be attributed to the
emission arising from the triplet levels of free ligands that
are not coordinated to Etiions. The energy transfer between
these free ligands and the metal ions is likely to be inefficient,
resulting in the observation of the band in the emission
spectrum. Analyzing in greater detail the3¥emission lines
plotted in Figure 7, it is clear that varying the excitation
wavelength does not result in major changes to the lines,
suggesting that all of the lanthanide ions occupy the same
local coordination site. Moreover, upon lowering of the
temperature, the spectra resemble those measured at roo
temperature, apart from an increase in the relative intensity
of the emission band from the ligands with respect to the
Ew* lines (not shown). The higher number of Stark
components (3 and 4 for theD, — 7F;—, transitions,
respectively) and the higher intensity of thB, — F;
transition with respect to the magnetic dipdle, — “F;
suggest that the local symmetry group around the metal ions
has a low symmetry without an inversion center.

The presence of a single Euocal environment is further
confirmed by the measurement of the emission decay curve

s
that measured for the corresponding Gd-based compouan

hog 1 4 S,
1
S-1 Hhog,

where Ap-1 is the Einstein coefficient of spontaneous
mission between theD, and the’F; Stark levels. The
Do — F; transition does not depend on the local ligand
field seen by E# ions and can therefore be used as a
reference for the whole spectrum, in vaclg, = 14.65

s L.19 An average index of refraction of 1.5 was considered
for both compounds leading t&-; ~ 50 s*. It was not
possible to evaluate thg k,, andk, values for each local
environment in the complex [(bipy) Eu(QHCI;]CI-H,0 (1),

due to the presence of more than one local coordination site
for the metal ions. Since it was not possible to selectively
excite the emission ascribed to eacl¥Eion, the emission

k=Ao- ®3)

rjptensity, I, cannot be determined independently, thus

preventing any®Dy quantum efficiency calculations. For
compound Zr-Al—BDC/Eu, the’D, quantum efficiencyd),
experimental Ke.p), radiative k), and nonradiative k)
transition probabilities were estimated as 7.7%, 5.025'ms
0.389 ms?, and 4.636 ms!, respectively. The nonradiative
transition probability is 12 times higher than the radiative
one, thus contributing to the smal, quantum efficiency.
The higher nonradiative transition probability can be ascribed
to the presence of OH oscillators in the form of coordinated
water molecules, in agreement with the EXAFS results.

monitored around theD, — F, transition for the excitation
wavelengths used to record the emission spectra. All of the
decay curves present a typical single-exponential behavior,
revealing approximately the same lifetime value for e
level, independent of the excitation wavelength (Table 2).
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Scheme 1. Preparation of Zr-Al—BDC/Eu, Showing the Proposed Coordination Environment of E&" lons within the
Interlayer Region
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The number of water molecules,) coordinated to the  ions is able to chelate lanthanide ions from solution to form
metal ion can be evaluated using the empirical formula intercalated complexes. The photoluminescence results for

suggested by Supkowski and Horro&Rs: the europium-containing material show that there is only one
type of EG" binding site, probably involving 4-coordinated
n, =1.11x [Key, — k —0.31] 4) water molecules. Taking into account the EXAFS results,

we are led to the conclusion that the europium ions are

We can usé substituted for the value obtained in®@, as ~ 6-coordinate, with one bidentate bipyridyl ligand. This is
originally proposed® The number of water molecules Unexpected considering that'Ecomplexes are usually 8-
belonging to the EY first coordination sphere in ZrAl— or 9-coordinate, although complexes with lower coordination
BDC/Eu was found to be 3.6= 0.1. Considering that humbers are known. The low coordination number may be
elemental analysis of this material showed the incorporation due to the fact that the europium ions are confined within a
of approximate|y two europium atoms for every three BDC constrained environment. Work is Continuing to investigate
groups (and that the emission Spectra show the presence the ChE|ating abilities of LDH-blpy intercalates and related
free BDC ligands), we may deduce that eact'Eion is materials, with the aim of preparing lanthanide-supported
coordinated by two nitrogen atoms from a BDC ligand and hybrids with improved luminescence properties.
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