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We present two porous luminescent compounds, [Lny(fumarate),(oxalate)(H,0)4]+4H,0 (Ln = Eu, Tb), prepared by
the hydrothermal method. The materials have 3D framework structure consisting of oxalate pillared lanthanide—
fumarate layers with intersected channels occupied by guest water. They exhibit framework dynamics upon several
cycles of dehydration and rehydration. The crystallinity of the as-prepared hydrated materials degrades completely
to the amorphous dehydrated phases, while it returns upon rehydration. A mechanism for de-/rehydration is proposed
on the basis of the structure and spectroscopic data. The dehydration process is accompanied by the lost of
luminescence of Ln ion, but the luminescence is recovered upon rehydration, where water molecules in fact enhance
the luminescence but not quench it. This is probably due to the softened environment of lanthanide ion in the
dehydrated amorphous phases and the recovery of the stiffness after rehydration.
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conjugated middle part of GHCH and versatile coordination  Table 1. Crystallographic Data folEu and2Th

modes, allowing possible porosity in the constructed frame- 1Eu 2Th
7,8 i
work.”® In our previous work we have demonstrated that 15;mua GoHaE 0% CroHadOnThy
PMOFs of the fum-pillared Lafum layer structure can be  molecular weight 764.18 778.10
obtained for the middle Ln ions, and they show interesting temperature, K 293 . 293 .
. B crystal system orthorhombic orhorhombic
reversible de-/rehydration processes and framework dynam-space group F ddd F ddd
ics, while oxalate (ox) has been proved to be a good bridging & A 9.6976(2) 9.6648(2)
ligand i ina PMOFSR dh b, A 15.4428(4) 15.4844(3)
ligand in constructing eported here are two new 'z 27.4205(6) 27.1305(6)
isostructural LA-fum—ox compounds, [Ls(fum),(0x)- o, deg 90 90
(H,0)4]-4H;0 (Ln = Eu, 1Eu and Ln= Tb, 2Tb). They 5 ggg o o
are porous ox-pillared Lafum layer structures with inter- v, As 4106.4(2) 4060.2(2)
sected channels occupied by water molecules. Interestingly,Z 8 8
h terials exhibit ible de-/rehvdrati e glen 2.472 2.546
e materials exhibit reversible de-/rehydration processes, and, g ko), mm- 6152 7010
the as-prepared, dehydrated, and rehydrated ones show largeystal size, mra 0.19x 0.17x 0.12 0.28x 0.27x 0.25
i i P : max and min transmission 0.480, 0.332 0.207,0.119
changes in their luminescent properties. B O G 4.46, 27,40 445, 27.47
. . total reflections collected 15956 17 548
Experimental Section unique reflectionsR) 1180 (0.0749) 1167 (0.0734)
. . . . observed reflectiond i 20(1)] 882 952
Synthesis and De-/Rehydration Experimental DetailsAll no. of refined parameters 82 82
starting materials were commercially available reagents of analytical R1LWR2 | = 20(1)] 0.0275, 0.0607 0.0212, 0.0542
grade and used without further purification. Preparationlu: g(li\'/:sz (all data) 009%,55' 0.0641 13'&294' 0.0563
a mixture of EU(NQ)s6H,0 (0.178 g, 0.40 mmol), fumaric acid max and min residual density, é/A 0.777,—1.902 0.966:-0.899
(0.142 g, 1.2 mmol), oxalic acid (0.025 g, 0.20 mmol), argDH max and mean shift/ 0.001, 0.000 0.001, 0.000

(10 mL) was sealed in a Teflon-lined stainless steel vessel (23 mL)

and heated at 158C for 2 days. Crystals ofEu were harvested ~ 12P!e 2. Selected Bond Distances (A) faEu and2Tb?

in a yield of 86% based on Eu salt. Anal. Calcd faptdz020E W: 1Eu 2Th
C, 15.72; H, 2.64. Found: C, 15.64; H, 2.64. Preparatior2fidy: Ln(1)—O(1)* 2.371(3) 2.329(2)
the compound was prepared by a similar method, using THNO Ln(1)—0(1)*2 2.371(3) 2.329(2)
6H,0. Yield 90%. Anal. Calcd for @H,00-0Th,: C, 15.44; H, tngg—gg}s 222377((%) 22232((%)

. . nl)— . .

2.59. Found: C, 1_5.67, H, 2.56. The phases of dehydratad Ln(1)-0(3) 2.454(3) 2.430(2)
and2Th were obtained by heating samplesl&u and2Tb at 120 Ln (1)-0(3)2 2.454(3) 2.430(2)
°C under a dynamic vacuum (10Torr) for 1 day. Anal. Calcd Ln(1)—0O(4) 2.478(3) 2.456(3)
for C;0H4O1.Ew: C, 19.37; H, 0.65. Found: C, 19.39; H, 0.94. Ln(1)—O(4y* 2.478(3) 2.456(3)
For CioH4O15Th,: C, 18.95; H, 0.64. Found: C, 18.41; H, 1.17. Ln(1)-0O(1) 2.944(3) 2.993(3)
. Ln(1)—-O(1)y? 2.944(3) 2.993(3)
The rehydration of the dehydrated phases was performed by o(1)-c(1) 1.248(5) 1.241(4)
exposing the dehydrated sample®db to vapor of water in sealed 0(2)-C(1) 1:255(6) 1:262(4)
vessels overnight or directly dropping water onto the dehydrated O(3)-C(3) 1.247(4) 1.247(3)
samples ofLEu in air. The de-/rehydration was performed for five C(1)-C(2 1.483(7) 1.493(5)
cycles C(2)—C(2y 1.276(10) 1.298(8)
) . . C(3)-0(3)" 1.247(4) 1.247(3)
X-ray Crystallography Study. Crystallographic data for single C(@3)-C(3f? 1.532(12) 1.545(9)

crystals oflEu and2Tb were collecte# at room temperature on as dos: x4 L —v —7+ 1 #2x 4 Yo v+ Yo —z 4

a Nonius Kappa CCD diffractometer with a 2.0 kW sealed tube . #3{”)22%2’ Sc;/ iSiM > +y'1/4 Zﬁer' iy s o yziz
source using graphite monochromated Mo Kadiation of A = Yy, ’ T ' T o
0.71073 A. Empirical absorptidhcorrections were applied using

the Sortav prograri® The structures were solved by the direct igoiropically with constrains for the ideal geometry of water
method and refined by the full-matrix least-squares methoB?on  ,5lecule with an G-H distance of 0.96 A and an-+HO—H angle

with anisotropic thermal parameters for all non-hydrogen atoms, ¢ 105 Hydrogen atoms attaching to C of fum were added by
using the SHELX prograri. Hydrogen atoms of the coordinated  ¢5icyjation positions. Hydrogen atoms of the lattice water were not
water molecule were added by difference Fourier map and refined jjyded. Crystallographic data are given in Table 1, and selected
bond distances are in Table 2. Powder X-ray diffraction (PXRD)
patterns for the as-prepared, dehydrated, and rehydrated samples,

(7) (a) Michaelides, A.; Skoulika, S.; Bakalbassis, E. G.; Mrozinski, J.
Cryst. Growth Des2003 3, 487. (b) Serre, C.; Pelle, F.; Gardant, N.;

Faey, G.Chem. Mater2004 16, 1177. and the residues dfEu and2Th heated at 600C in air for several
(8) Zhu, W.-H.; Wang, Z.-M.; Gao, Dalton Trans.2006 765. hours, were obtained on a Rigaku D/max 2000 diffractometer at
(9) (a) Song, J.-L.; Mao, J.-GChem.-Eur. J.2005 11, 1417. (b) ; iation i
Vaidhyanathan. R.: Natarajan. S.: Rao, C. NJRSoiid State Ghen. room tgmperature with Cu & radiation in a flat plate geometry.
2004 177, 1444, Physical Measurements. Elemental analyses (C, H) were

(10) (a) “Collect” data collection software; Nonius B.V.: Delft, The  performed on an Elementar Vario EL analyzer. FTIR spectra were

Netherlands, 1998. (b) “HKL2000” and “maXus” softwares; University : ~ - :
of Glasgow, Scotland, UK: Nonius B.V.: Delft, The Netherlands and  "€c0rded on a Nicolet Magna-IR 750 spectrometer equipped with

MacScience Co. Ltd.: Yokohama, Japan, 2000. a Nic-Plan microscope against the pure samples in the range of
(11) (a) Blessilng, R. Hﬁcta Crystallogr.1995 A51, 33. (b) Blessing, R. 4000-650 cnrl. Thermal analyses, TGA, and DTA were per-
H. J. Appl. Crystallogr.1997 30, 421. :
(12) (a) Sheldrick, G. MSHELXTL, Version 5.1; Bruker Analytical X-ray iormgd ona SDT 2960 Ther.mal Analyzer at a heating rate of 5
Instruments Inc.: Madison, WI, 1998. (b) Sheldrick, G. SHELX- C/min under air. The luminescence spectra of as-prepa.\red,.
97, PC Version; University of Gitingen: Germany, 1997. dehydrated, and rehydrated samples were recorded on a Hitachi
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Table 3. IR Absorption Bands (cm') and Their Assignments fatEu, 2Tb, and Their Dehydrated Phades

vibrations 1Eu dehydrated.Eu 2Tb dehydrate®Th
C/O—H str 37006-2800 br, s 3084 vw 37062900 br, s 3080 vw
2955 vw 2988 vw
COO str, asym (0x) & €C str (fum) 1672 s, 1650 s 1656 s 1675s, 1649 s 1667 s
COQO str, asym (fum) 1564 vs 1558s 1564 vs 1558 vs
COO str, sym (fum & ox) 1412 vs 1401 s 1411 vs 1401 vs
O—H bending 1350 m 1353 m
0 C—H (?) 1316 w 1313w 1317 w 1312w
g COO 1280 sh, w 1277 sh, w 1284 sh, w 1274 sh, w
1227 m 1212 m 1220 m 1213 m
6 COO oop def 1095 vw 1090 vw 1090 vw 1100 vw
C—H oop def 986 m 975 m 986 m 975m
3 COO 904 vw 898 vw 905 vw 896 vw
19 COO def, sym 806 m 800 m 807 m 802 m
Yaq 692 m 691 m
C—H oop def (?) 669 sh, w 668 w 668 sh, w 668 w

ays, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; br, broad; str, stretching; asym, asymmetric; sym, symmetric; oop, out of
plane; def, deformation.

F-4500 spectrophotometer at room temperature, under the sameas compared to the as-prepared materials, and this should

instrument and measurement conditions for each batch sample. pe related to the dehydration mechanism (see later).
Description of Structures of 1Eu and 2Th. The two

compounds are iso-structural, possessing a 3D porous

Synthesis and IR SpectraThe hydrothermal reaction of ~ framework of ox-pillared Lr-fum layers (Figure 1). The
the lanthanide nitrate, fumaric, and oxalic acids at 160  unique Lnion is 8-fold coordinated by four fum’s (two anti-O
produced the crystals of two isostructural compounds in ca. @nd two syn-O), two water, and one bis-chelating ox, in a
90% yield. It is of interest to note that the compounds contain Pi-capped trigonal prism (Figure 1a). The +® bond
both fum and ox ligands, and this was rarely observed beforelengths (Table 2) are 2.362.488 A for 1Eu and 2.336-
for lanthanide frameworks to our best knowledge, although 2-457 A for 2Tb, respectively, seemingly typical for lan-
few examples of lanthanide frameworks with oxalate and thanide carboxylatesand in good agreement with the ionic
some other carboxylates have been repcttédis well radii of the two Ln ions, smaller for T than for Ed*. In
known that lanthanide ions are easily precipitated by oxalate, the secondary coordination sphere of the Ln ion, there are
but under the condition of hydrothermal synthesis the two oxygen atoms, O1 and &lat (—x + %4, —y + Y4, 2)
preparation of new lanthanide frameworks containing both from the fum ligand (Figure 1a), with LrO distances of
oxalate and other ligands is possible, as demonstrated by2-944 (LEu) and 2.9932Tb) A, and they might be related
this work and other reporfs. to the de-/rehydration mechanism and the luminescent

The IR spectra ofLEu and 2Th and their dehydrated ~ Property _of the materials di_scussed later. The[urm_ layer
phases are presented in Figure S1, and the bands assigrXt€nds in theab plane (Figure 1b), and the Ln ions are
mentd3 are given in Table 3. The similarity reflects the iso- linked into chain by two syranti COO bridges along one
structural characteristics of the compounds discussed laterdi2gonal directiong+b), then the neighboring parallel chains
For the as-prepared compounds, the broad bands of-3700 &€ connected along the other diagonal directert), with
2800 cnT! characterize water in the structures, although these the intra- and interchain LALn separations being 4.5 and
bands contain weak-€H stretching. G-H bending at 1350,  8:279.7 A, respegtlvely. The two coordination waters and
1353 cn1! andy.q for water at 692, 691 crit are observed. the ox of eac_h Lnion stretch out of the £fum layer, Wlth
These bands disappear on the spectra of dehydrated phased1€ water pair on one side and the ox on the other side, but
leaving weak bands of €H stretching at ca. 3000 crh their orientations are opposite for the nelghbo_rmg Ln ion.
Strong bands of 17061400 cnt are characteristic of COO ~ Along the ¢ direction, the Lr-fum layers are pillared by
groups. Bands at ca. 1660 and 1560 &mre asymmetric ~ the OX, thus resulting in a 3D framework (Figure—3),
stretching of COO of ox and fum, respectively, and that at Where the interlayer LnLn distance via ox is ca. 6.3 A.
ca. 1410 cmt is from symmetric stretching of COO. Bands The 3D framework has channels, as expected for a pillared
at 1660 cm should involve vibrations of €C of fum. The ~ layer structuréalong thea, a+b, anda—b directions (Figure
remaining medium or weak bands are deformation, etc., of 1¢~€), and they are intersected. The channels are occupied
COO and G-H groups. It is worth noting that band shiftto Py lattice water molecules, that is, four per formula. The

lower wavenumbers is observed for the dehydrated phasedramework possesses a solvent accessible vdftiofeca.
400 A3, 10% of the unit cell. However, as the coordination

(13) (a) Williams, D. H.; Fleming, ISpectroscopic Method in Organic ~ Water molecules protrude into the interlayer region, they in
Chemistry 5th ed.; Beijing World Publishing Corporation/ McGraw-  fact block the channels along the direction, and the

Hill: Beijing, China, 1998. (b) Nakamoto, Kinfrared and Raman . . . .
Spectra of Inorganic and Coordination Compoundfiley: New openness of channels along the two diagonal directions is

York, 1986. (c) Viertelhaus, M.; Henke, H.; Anson, C. E.; Powell, A.
K. Eur. J. Inorg. Chem2003 2283. (d) Stoilova, D.; Koleva, \VJ. (14) Spek, A. LPLATON, A Multipurpose Crystallographic Todltrecht
Mol. Struct.200Q 553 131. University: The Netherlands, 2001.

Results and Discussion

Inorganic Chemistry, Vol. 46, No. 4, 2007 1339



Zhu et al.

Figure 1. The structure of [Le(fum)(0x)(H20)4]-4H20. (a) Local coordination environment of Ln ion. The two black thin bonds are the two lon@lln
bonds. (b) One Ln-fum layer. {ee) The views of the 3D porous framework viewed alongatexis, a+b direction, anda—b direction. Color scheme: Ln,
green; C, black; O of fum and ox, red; the coordination water, blue; and the lattice water, cyan. H atoms are omitted for clarity.

ca. 3x 7 A estimated with the exclusion of the vdW radii ing weight loss below 120°C and tailing till 280 °C.
of the surface atoms. The lattice water molecules are Regarding the porous structures, the lattice water might
supported by the coordination water and COO groups of the escape before the coordination ones in the first thermal
framework via H-bonds, with ©-O distances of ca. 2.8 A.  process, although no distinct two steps are observed. The
The lattice water molecules also form H-bonded dimer with total weight losses are 17.8%HKu) and 18.5% 2Tb), in
O--+O distances of 2.75 A. agreement with the calculated value of 18.9%k() and
Thermal Property and De-/Rehydration Behavior. The 18.5% @Th) for the total 8 water molecules per formula.
two as-prepared compounds experienced two similar thermalThe second exothermic process at ca. 4%D is the
processes in TGA-DTA runs under air (Figure 2). The first decomposition of the dehydrated phases. The final residues,
endothermic one occurs at ca. 14D, but showing continu-  46.1% (LEu) and 47.7%2Tb), are close to the 46.0% based

1340 Inorganic Chemistry, Vol. 46, No. 4, 2007
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(Figure 3). Consequently, the dehydration and rehydration
are reversible for the materials, and the porous frameworks
show framework dynamiéd?upon de-/rehydration. This is
similar to our previously reported rfum PMOF systerh
and other Ln PMOF& In the subsequent four cycles of de-/
rehydration, the weight lossses for rehydrat&di and2Tb
upon dehydration were successively 16.1%, 8.2%, 8.1%,
7.7% and 17.0%, 16.3%, 13.8%, 12.9%, and the weight gains
for dehydratedlEu and 2Tb upon rehydration were suc-
cessively 9.0%, 8.7%, 8.3%, 7.6% and 16.7%, 15.7%, 14.9%,
13.6%. The half water upload for the dehydrated Eu series
might be due to the faster evaporation of dropped water than
rehydration of the dehydrated samples open to air (see
Figure 2. Combined TGA-DTA runs on1Eu and2Tb under air flow. Experimental Section). At the same time, the dehydrated
phases showed featureless PXRD patterns and low X-ray
scattering ability, while the rehydrated materials have PXRD
patterns similar to those of the as-prepared materials (Figure
S3). The line width of the first rehydrated phase increased
significantly as compared to the as-prepared samples;
however, no further obvious broadening of line width was
observed in the subsequent de-/rehydration cycles. Therefore,
the two materials were basically reversible upon five cycles
of de-/rehydration, although some degradation might occur.
The dehydration or rehydration might occur through the
open channels in the framework&and during dehydration
the two oxygen atoms (O1 and &bf fum, Figure 1a) of
the secondary coordination sphere of the Ln ion might enter
into the first coordination sphere, with the departure of the
coordination water, and vice versa. The dehydrated frame-
Figure 3. Powder X-ray diffraction patterns ofEu and 2Tb, their works should structurally be closely related to its parents.
dehydrated and rehydrated phases, and the simulated ones based on thehe bond exchange between +0,,t.er and Ln—Ocoo has
single-crystal structure of the as-prepared compounds. been documented in some previous rep?)%vaP’”I'he shift
of those bands of the carboxylato group, several or ten‘cm
to lower wavenumbers (Table 3 and Figure S1), seemingly
supports this mechanism. This mechanism, which needs to
be proved further, can explain the de-/rehydration revers-
ibility of the materials.

Luminescence upon De-/Rehydration ProcedureThe
(I]uminescent properties of the two materials, upon the de-
and rehydration processes, are shown in Figure 4. Excited
at 394 nm,1Eu exhibited red luminescence (Figure 4a), with
emissions characterizirtd®o, — ’F; (J = 0—4) transitions of

on EypO; and 48.0% based on TBy, respectively. The
residues after thermal decomposition, identified by the PXRD
(Figure S2), are the body-centered cubic®yand face-
centered cubic TJ0;, respectively®

To investigate if the materials are robust to guest removal
or exchange, their dehydration and rehydration were studied,
and PXRD was used to check the phases. The as-prepare
materials were heated at 12C under a dynamic vacuum
(1072 Torr) for 1 day, leading to a weight loss of 17.1% and
18.3% for1Eu and 2Tb, respectively. _Thls corresponds to EW* 18 The strongest emission of thB, — 7F, transition
nearly complete loss of water, as evidenced by IR spectra

(Tale 3 and Fgure 1), e th b coresponn 0 O 17 =417z Sorger i e seconone e
water disappear in the spectra of the dehydrated phases, an e ! 9 y
PP P y b i Eu” site in 1Eu,!8 as the structure revealed. However, the

the elemental analysis results (Experimental Section). The . e :
. dehydratedLEu shows luminescence with intensity only a
dehydrated phases, with a formula of pfium),(ox)], have
. R few percent or less than that GEu, and the rehydrated
almost featureless PXRD patterns (Figure 3). This indicated . : .
that thev are verv low crvstalline or amorohous. resultin sample recovers the luminescence intensity to the same order
y y v P ’ 9 as the parent one. The excitation spectrum (Figure 4b)

from the loss of coordination water and probable collapse behaves similarlv2Th emits areen liaht when excited at
of the open frameworks However, when the dehydrated y 9 9

phases were exposed to water vapor at room temperatur?m) (@ Pan. L Zheng, N Wa. v.. Han. S.. vang, R.. Huang, . Li. 4.

for 1 day, the two samples gained their original weights, Inorg. Chem2001, 40, 828. (b) Michaelides, A.: Skoulika, Eryst.

and recovered the original structures, as indicated by grogﬂtheﬂSOOg 5, ﬁZg- EL%) Kiritéir?V-agﬂé%hggig%fdSkou"kay
. . ., Golhen, 5.; OQuanhab, Inorg. em. f .
comparing their PXRD patterns to the as-prepared ONeS 17y Serre, C.. Millange, F.; Ma"og J. Ry, G.Chem. Mater2002 14,

2409.
(15) I-centered cubic E@; ICSD#40472; F-centered cubic Ay, (18) Vicentini, G.; Zinner, L. B.; Zukerman-Schpector, J.; ZinnerQi¢ord.
ICSD#28916. Chem. Re. 2000 196, 353.
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rehydration for the two porous luminescent materials, where
water molecules in fact enhance the luminescence but not
guench it, as what is usually believednd observed in other
lanthanide PMOF&21 This interesting reverse might relate
to the amorphous feature of the dehydrated phases, where
the surrounding of L# ion becomes soft probably due to
(a) the existence of a large number of defects or hanging
bonds in the dehydrated materials and (b) the loss of the
secondary coordination sphere around'Lion, thus greatly
enhancing the radiationless procés#/hen rehydrated, the
materials rebuild the original structure and recover their
crystallinity, and the surrounding of Enbecomes stiff again,
and thus recovery of their luminescence is observed.

Conclusion

In summary, we have demonstrated that two porous
luminescent frameworks of Eu and Tb could be obtained by
the hydrothermal method employing the lanthanide ion,
fumarate, and oxalate. They possess oxalate pillared lan-
thanide-fumarate layers with crossed channels for accom-
modation of guest water. The materials exhibited framework
dynamics upon several cycles of dehydration and rehydration,
and a reversible large change in their luminescence intensities
upon de-/rehydration, where water in fact enhances the
luminescence. This unusual reverse role of water is probable
because the environment around lanthanide ion was softened
in the amorphous dehydrated phases while it recovered
stiffness upon rehydration. The significant luminescence
changes upon de-/rehydration render the materials potential
application for sensing water. Future work will investigate
the detailed characteristics of the luminescent property and
its dependence on the guest and the material crystallinity,
proving the proposed de-/rehydration mechanism, as well
as studying other Ln systems.
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