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3,5-Pyrazoledicarboxylic acid (HsL) reacts with nitrate salts of lanthanide(lll) (Ln = Pr, Nd, Sm, Eu, Gd, Th, Dy,
Ho, and Er) under hydrothermal conditions to form a series of lanthanide polymers 1-9. These nine polymers have
the same crystal system of monoclinic, but they exhibit three different kinds of metal—-organic framework structures.
The complexes {[Lny(HL)3(H20)4]-2H,0}, (Ln = Pr (1), Nd (2), and Sm (3)) were isostructural and exhibited
porous 3D frameworks with a Cc space group. The complexes {[Lny(HL)3(H20)3]-3H,0} , (Ln = Eu (4), Gd (5),
and Tb (6)) were isostructural and built 2D double-decker (2DD) frameworks with a P2;/c space group. The complexes
{[Ln(HL)(H2L)(H20)2]} » ((Ln = Dy (7), Ho (8), and Er (9)) were also isostructural and formed 2D monolayer (2DM)
frameworks with a P2;/n space group. The structure variation from the 3D porous framework to the 2D double-
decker to the 2D monolayer is attributed to the lanthanide contraction effect. Notably, six new coordination modes
of 3,5-pyrazoledicarboxylic acid were observed, which proved that 3,5-pyrazoledicarboxylic acid may be used as
an effective bridging ligand to assemble lanthanide-based coordination polymers. The photophysical and magnetic
properties have also been investigated.

Introduction on lanthanides possess beautiful and interesting topological
structures, such as 1D chai¥s2D grids!* 3D porous
Estructures, and interpenetrating netwok®n the other hand,

f K q hei | dination ch for lanthanide compounds, it is well-known that they exhibit
rameworks (MOFs) due to their unusual coordination charac- excellent photophysical properties, which can contribute to

teristics and exceptional optical and magnetic propetties. f—f transitions with an extremely narrow bandwidth.
Compared to transition metals, lanthanides have much higherCOmbining the above two points, the MOFs based on

coordination numbers and more flexible coordination ge-
ometry, which make it difficult to control the preparation of
lanthanide complexes but are helpful in the formation of
unusual MOF architecturés? The reported MOFs based

In recent years, increasing attention has been paid to th
design and synthesis of lanthanide-based meatajanic

lanthanides have great potential applications, such as ca-
talysis, adsorption, magnetic materials, separation sensors,
luminescent sensors, and so'én-’ Therefore, design and
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synthesis of lanthanide-based coordination polymers which The complexed—3 displayed porous 3D frameworks; the
have novel topological structures and uniqgue magnetic or complexei—6 showed 2D double-decker structures (2DD);
luminescent properties is a promising work and attracts moreand the complexeg—9 formed 2D monolayer frameworks
and more attention. (2DM). With the atomic numbers increasing, the structure

However, in the synthesis of lanthanide-based MOFs, the of nine complexes changed in the order of 3b2DD —
judicious choice of the organic linker plays a key role in the 2DM, and the coordination number of lanthanide decreased,
structural assembly. Many chemists synthesize these MOFswhich can be attributed to the lanthanide contract effect.
with a lot of different carboxylic acids, such as aromatic Complexes3, 4, 6, and7 showed the characteristic emissions
acids!®2aliphatic acidse> and heterocyclic acid$cAmong ~ for SmP*, EW**, Tb**, and Dy, respectively, and complex
those acids, the pyridinecarboxylic acids, such as pyridine- 5 exhibited a weak antiferromagnetic interaction between
2,6-dicarboxylic acid, pyridine-2,5-dicarboxylic acid, and so Gd** ions.
on, have been investigated widéRand our team has also
focused on this topic for a long time and made some
progress? On the basis of the above achievements, we just Materials and Physical TechniquesAll reagents and solvents
paid attention to the pentaheterocyclic acid, 3,5-pyrazoledi- employed were commercially available and used as received without
carboxylic acid (HL), as the multifunctional ligand. The further purification. HL was synthesized according to the literature
selection of ligand was based on the following consider- Method:* The purity was determined by elemental analysis,

ations: (i) the flexible and multifunctional coordination sites S'MR,I and IR. The (lj?”th?ni?ﬁ(”% nitra_tgs Wge prelp"ged byh
may generate multidimensional structures; (ii) it can be issolving corresponding lanthanide oxides (General Researc

deprotonated to M- and HL2-, which provide more Institute for Nonferrous Metals, 99.99%) in nitric acid followed

- . i by recrystallization and drying. The synthesed 60 were carried
coordination modes; and (iii) the lanthanide complexes of out in 20 mL Teflon-lined autoclaves under autogenous pressure.

3,5-pyrazoledicarboxylic acid have not been reported before, gjemental analysis for C, H, and N was obtained at the Institute of
to the best of our knowledge. Elemental Organic Chemistry, Nankai University. The-fRR

By reacting HL with the corresponding lanthanide(lll)  spectra were measured with a Bruker Tensor 27 spectrometer on
nitrates under hydrothermal conditions, we obtained a seriesKBr disks. The fluorescent spectra were measured on a Varian Cary
of coordination polymersl—9. Among the nine polymers, Eclipse Fluorescence spectrophotometer. The variable-temperature

complexesl—3 are isostructural witiCc space group, and magnetic susceptibilities in the temperature range8@ K were
isostructural complexe4—6 and 7—9 belong to theP2:/c measured on a Quantum Design MPMS-7 SQUID magnetometer

nd P2./n ; ; tively. An interesting oh in afield of 1 T. Diamagnetic corrections were made with Pascal’s
a YN Space groups, respectively. eresting phe- constants for all of the constituent atoms.

nomenon was observed; the structures of the nine polymers Synthesis of [Ln 5(HL) s(H20)a]2H,0} n (Ln = Pr (1), Nb (2),
varied regularly with increasing atomic number of lanthanide. an4°sm (3)).A mixture of HL (0.078 g, 0.50 mmol), 0.30 mmol

of Ln(NO3)3*6H,0 (0.130 g (), 0.131 g @), 0.133 g 8)), 0.1 mL

(14) (a) Harrison, B. S.; Foley, T. J.; Knefely, A. S.; Mwaura, J. K; of HCI (3 M), and HO (10 mL) was placed in a 20 mL acid
gg”ggﬁg?a?hg'sigaﬁigg'KT'Sﬁgrr?oh‘jlg?;g%%i 1%';2%%g0?g?ﬁt M. digestion bomb, and the pH value was 2. It was heated aPC80
5. Guo, 1. P Zhao, 2. X.: Wong, W. K.. Wong, W. Y- Lo, w. for 3 days; the suitable crystals bf-3 were obtained when cooling
K.; Li, K. F.; Luo, L.; Cheah, K. WEur. J. Inorg. Chem2004 837. to room temperature. Fdy, yield: 0.040 g, 31% based on Pr. Anal.
() Fater ot Cop e G A0 A K a0 for GOy € 211211 210N 988 P

(15) (a) Dickins, R. S.; Galillard, S.; Hughes, S P.; Badari’,OMraI.ity C,21.13; H, 2.07; N, 10.13. F&, yield: 0.045 g, 35% based on
2005 17, 357. (b) Yao, Y. M.; Zhang, Z. Q.; Peng, H. M.; Zhang, Y.;  Nd. Anal. Calcd (%) for GsH1eNeNbO1g: C, 20.96; H, 2.10; N,
ghin,gh: Lin,élnﬂrgx(_:he'\TZSOGZﬁ& 217}?- |(4|C) \(/:VEHQ, SI-_WI-:; Zhott 9.78. Found: C, 20.80; H, 2.17; N, 10.05. Ryryield: 0.039 g,

. L.; Sheng, E. H.; Xie, M. H.; Zhang, K. H.; Cheng, L.; Feng, Y.; . .

Mao, L. L.; Huang, Z. X Organometallic2003 22, 3546. (d) Tobisch, 30% ba.sed on Sm. Anal.. Calcd (%) .f0[5818N5.S|T]2018. C,20.66;
S.J. Am. Chem. So@005 127, 11979. H, 2.07; N, 9.64. Found: C, 20.51; H, 2.07; N, 9.77.

(16) (a) Pan, L.; Adams, K. M.; Hernandez, H. E.; Wang, X.; Zheng, C.; Synthesis of{[Ln »(HL) 3(H20)3s]-3H.0}, (Ln = Eu (4), Gd

Hattori, Y.; Kaneko, K.J. Am. Chem. So003 125 3062. (b) i i -
Gunnlaugsson, T.; Leonard, J. P.; Senechal, K.; Harte, A. Am. (5), and Tb (6)). An identical procedure as that fdi—3 was

Experimental Section

Chem. Soc2003 125, 12062. followed to prepard and5, except that lanthanide(lll) nitrates were
(17) () Kuriki, K.; Koike, Y.; Okamoto, YChem. Re. 2002 102, 2347. replaced by Ln(N@);:6H,O [Ln = Eu @), Gd ), and Tb 6)].
1) ((t;)) Eﬁiﬁ”?’?i;zﬂgog""f éshihw Re ZJOPéhleOn% 233535-hi W Lio, FOr4 vield: 0.026 g, 20% based on Eu. Anal. Caled (%) for

D.Z.. Yan, S. P.. Jiang, Z. FChem. Mater2005 17, 2866. (b) Daniel, ~ CisHisNeELO1s: C, 20.59; H, 2.06; N, 9.61. Found: C, 20.53; H,

T.L.; Noel, S. G.; Christopher, L. Gnorg. Chem2005 44, 258 (c) 2.06; N, 9.88. Fob, yield: 0.026 g, 20% based on Gd. Anal. Calcd

gg(\)/glh\zll.;%%ir, C.; Jan, K.; Jakub, R.; Peter, H.; lvamparg. Chem. (%) for CisH1eNeGhO1s: C, 20.34; H, 2.03; N, 9.49. Found: C,

Th ) . 19.92; H, 2.52; N, 9.47. Fa8, yield: 0.031 g, 23% based on Th.

(19) (a) Suijit, K. G.; Parimal, K. Binorg. Chem2003 42, 825Q (b) Qin,

C.; Wang, X. L.; Wang, E. B.; Su, Z. Mnorg. Chem.2005 44, Anal. Calcd (%) for Q5H18N5Tb20182 C, 20.27; H, 203, N, 9.46.

7122 Found: C, 19.84; H, 2.33; N, 9.87.

e e o S oeb St sy Synthesis o [Ln(HL)(H L)(H Okl (L1 = Dy (7). Ho (9
B Yi L Dai Y. Chen. X. V.. Che'ng. P Shi W. Liao. D. z.  and Er (9)). An identical procedure to that df-3 was followed

Yan, S. P.; Jiang, Z. Hinorg. Chem.2005 44, 911. (c) Zhao, B.; to prepare7—9, except that lanthanide(lll) nitrates were replaced
Cheng, P.; Chen, X. Y.; Cheng, C.; Shi, W, Liao, D. Z.; Yan, S. P.;  py Ln(NO3)3*6H,0 [Ln = Dy (7), Ho (8), and Er @)]. For 7,

Jarg, £ i am, e, Soatod 126 012 ) 2o B chen L5000 . 200 based on Dy, Anal. Caled 06 oG

S0c.2004 126, 15394. (e) Gao, H. L.; Yi, L.; Zhao, B.; Zhao, X. Q.;
Cheng, P.; Liao, D. Z.; Yan, S. Phorg. Chem.2006 45, 5980. (21) Ho, H. L.; Bruce, F. C.; William, A. DJ. Org. Chem1989 54, 428.
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8o & _
DyO,o C, 23.64;H,1.77; N, 11.03. Found: C, 23.57; H, 1.84; N, _ ® 2 ﬁ%ﬁ/ u g
11.23. For8, yield: 0.040 g, 26% based on Ho. Anal. Calcd (%) 4 ¢ S5 388 3 g o 3
for CioHgN4H0Oo: C, 23.52; H, 1.76; N, 10.98. Found: C, 23.12; »|Q 9 \:-}’; S S g S S et gg S
H, 2.11; N, 11.02. FoB, yield: 0.042 g, 27% based on Er. Anal. 2 P8 E¢ o o ©° °
Calcd (%) for GgHgN4ErOyo: C, 23.51; H, 1.76; N, 10.97. Found: S N ° o 44
C, 23.10; H, 2.00; N, 11.27. .
Crystallographic Analyses.Crystallographic data df—9 were ° 2 @55 L:T §
collected at 293 K on a Bruker SMART 1000 CCD diffractometer I <« 55 a5l & o N ©
with Mo Ko monochromated radiatiod & 0.71073 A) using the w|Q STRE &3 3 § =] g §
w—¢ scan technique. An empirical absorption correction was Z BRS¢ - "o T g s o
applied. The structures were solved by direct methods and refined % o Eﬁ & 8 <
by full-matrix least squares against using the SHELXS-97 and ©
SHELXL-97 programg$223 Anisotropic thermal parameters were ~ ~ <
assigned to all non-hydrogen atoms. The hydrogen atoms were set 2 e S8y 3§ ©
. " . - . S 4 5 ocqg®m o o - O
in calculated positions and refined as riding atoms with a common - CS, ~NoS S 9 :r! T $ <% 3
fixed isotropic thermal parameter. Analytical expressions of neutral z § gg g_ woa o 9 g g
atom scattering factors were employed, and anomalous dispersion ) N ) g g ©
corrections were incorporated. The crystallographic data and © i ¥
selected bond lengths far-9 are listed in Table 1. CCDC 614525 e =
(1), 614526 B), 614527 B), 614528 4), 614529 B), 614530 6), & o g2 ¢
614531 {), 614532 8), and 6145339) contain the supplementary E o E sas 8 ©
crystallographic data. These data can be obtained free of charge © go > <8 § &ad S S ‘-.9;8' J
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam- 7 %é‘:g o 38 = 9 g e 3
bridge Crystallographic Data Center, 12 Union Road, Cambridge oﬁ o § & 8 «
CB2 1EZ, UK; fax: (+44) 1223-336-033. E-mail: deposit@
ccdc.cam.ac.uk).
3 o 3588 & _
Results and Discussion § ., 0 38Y g s L.
o © ~O @ O M~ . 5 [ee]
Synthesis.The crystals ofl—9 were successfully synthe- 3 %%; g o ooo 8 € 38 3
sized by reacting kL with the corresponding lanthanide 33 ©Q°E §“ 8 8 - & e °
nitrates at 180C for 3 days under hydrothermal conditions.
The suitable crystals were not obtained when we tried to
synthesize the complexes by traditional methods such as slow ui © PN .
evaporating and diffusing at room temperature. This may S » P25 I35 8 & o ~
i ; Y12 &go o SToS 4 8 5
be ascribed to the features of hydrothermal synthesis, a z ¢TS5, 229 g @ by g
special environment with high temperature and pressure, 5 GQoE & TTTgTg™ 5o o
which encouraged the generation of large crystals. On the © °
other hand, we found the pH value was very important to
form suitable crystals. If the pH value was 4, the crystals Ué) o _
were small with some powder production. When the pH S = 838 8 £
value was adjusted to 2 via the addition of hydrochloric acid 12 8g88 $33 5 5 o 2 2
(3 M), the crystals were larger for crystallographic analyses, T B25g, 8hE 8% § 2 3
and the powder disappeared. o TYT 0 ° o <
The IR spectra of complexes—9 have been measured. o
The IR spectra o1—3 are fully identical. This indicates that 8 g
the three complexes may be isostructural, which was further = S 2 <®% 8 &
confirmed by the X-ray diffraction analysis. As expected, it RS ) &‘g S 258 I 0~ o2 8
is the same with—6 and 7—9. For example, the charac- £l |§ 2878, S8a_ = J8 J3 8
teristic bands of the carboxylate groupslin3 are all at ca. © O ®NST0 @ gP5Ng<¥o
1592 cm?® for asymmetric stretching and 1491 and 1465 E
cm! for symmetric stretching. The asymmetric stretching é L
vibrations of the carboxylate groups 4+-6 were observed 2 S 2 o O35 _
at 1585 cm? as a broad band, and the band of symmetric g2 w28 9% ¥ & < u
stretching vibrations was observed at 1442 trithe signals g |3 I595, 888 S o 85 §
in 7—9 at 1593 and 1496 cm correspond to the asymmetric % 0 #8550 Bx8888&<ms o
and symmetric stretching vibrations of carboxylate groups, I
S ® @ =
(22) Sheldrick, G. M.SHELXS 97, Program for the Solution of Crystal o ;g % 7o a T'E :@l’
Structures University of Gdtingen: Germany, 1997. 2 g E v ‘g% Bl o o X Eng
(23) Sheldrick, G. MSHELXL 97, Program for the Refinement of Crystal 2 tS8SEI5S 3588 o03xasSNIxr==2
Structures University of Gdtingen: Germany, 1997. =
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Figure 1. The coordination environments of Prl (a) and Pr2 (b)Lin
Hydrogen atoms have been omitted for clarity.

respectively. IntereStinglyj iM—9, a shar_p peak can be Figure 2. (a) The Pgunit in complexl. (b) 2D grid motif in thebc plane.
observed at 1706 cm, which can be assigned to the free Pr, green; O, red; N, blue; C, gray.

carboxylate groups. The result of crystallographic analyses
also shows that carboxylate groups ofLHigands do not
coordinate completely.

Crystal Structures of 1—3. The X-ray structure analyses
reveal thatl—3 are isomorphic; here, compléxs taken as
an example to depict the three-dimensional structure in detai
Two crystallographically independent Pr atoms (Pr1 and Pr2)
in 1 are observed (Figure 1). Prl is coordinated with three
nitrogen atoms and six oxygen atoms from six HL anions
which have two different coordination modes. Three HL
anions coordinate to Prl with both nitrogen and oxygen

atoms at the same time; the others only coordinate to PrlP 2B. and Prac) f th llel The dihedral
with oxygen atoms. Among the ligands, three crystallo- 2B, and Pr2C) form another paratielogram. The dihedra
angle between two parallelograms is Most interestingly,

graphically independent HL anions are observed. The ©, ; - ;
dihedral angles between adjacent pyrazole rings are 61.8,\/"3\’\’60I in thebc plane, the Rycluster as a building block is

119.6, and 57.8 Pr2 is coordinated with nine oxygen atoms; fAulrtherthassemblat\il |n;[j(_) a wtondlerftul 2D glr_ldk(z?urechb).
five oxygen atoms are from four HL anions, and the others ong thea axis, two adjacent Belusters are linked togetner

are from water molecules. Among the four HL anions, one with double HL ar?i"” bridges; therefore, the 2D griq s
anion chelates to Pr2 with two oxygen atoms at the Samefurther assembled into a spectacular 3D framework (Figure
time, and the others coordinate to Pr2 with one oxygen atom. )- .
Thus, both Pr atoms are nine coordinated with the coordina- Becausg the i has two n|t.rogen atpms and four oxygen
tion geometry of a distorted tricapped trigonal. Furthermore, atom; Wh'Ch can be coordmate.d with metal centers, the
Prl and Pr2 are linked together to form a binuclear unit by coordination modes of 4 are various. In the past decade,
threeu2-O bridges which are from HL anions. The distance ;4 seyawati, 1. A.: Liu, S.: Rettig, J.: Orvig, @iorg. Chem2000 39,
between two Pr atoms is 4.021(1) A, which is similar to that 496.

of the reported Pr comple®,and four units are bridged via
HL?™ and u; 7O bridges to form a unique octanuclear
homometallic Py cluster in thebc plane (Figure 2a). In the
Prs cluster, Pr1C and Prl1B (Prl1A and Prl) are linked by an
| HL anion, while Pr1A and Pr2C (Prl1 and Pr2B) are linked
by auy 3O bridge. The eight Pr atoms form two identical
parallelograms. Pr1, Pr1A, Pr2, and Pr2A atoms are coplanar
strictly and form one parallelogram: PtPrlA (Pr2-Pr2A),
8.829(1) A; Prt-Pr2 (PriA-Pr2A), 4.021(1) A; Pr2Pri1—
PriA (PriA-Pr2A—Pr2), 95.18; Pri—Prl1A—Pr2A (Pr2A-
Pr2—Prl), 84.82. The other four Pr atoms (PriB, PriC,

Inorganic Chemistry, Vol. 46, No. 9, 2007 3453
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Figure 3. The three-dimensional framework dfalong thea axis. Pr, green; O, red; N, blue; C, gray.

Chart 1. Bridging Modes of the kL Ligand. First Observed Coordination Modes in Lanthanide Compleges) (

ol 0 0, 0
AN N
9 =<
M M M
a b d
O, O-M M-0, O-M M- M-O. 0
N N N
\
Oz_/@\_s >_Q\_< N NH O O>_@H_< -M
M
f g h
>_m_< >_(§_<0 M-O ~__ P M- O™
N-NH N-NH I(\)/l O N—-NH 0~ O —~N—-NH O-M
i J k 1
the research on this topic is mainly docume#ftedth the atom and seven oxygen atoms. The nitrogen atom and four

transition metals, and to our knowledge, the coordination oxygen atoms are from HL anions, and the other three
mode of HL with lanthanide complexes has not been oxygen atoms are from water molecules. Notably, only one
reported yet. In this Article, they exhibit more coordination HL anion coordinated to the Gd atom with both N and O
modes (Chart 1). For the Pr complex, there are three different
coordination modes (i, j, I) of HL. Such tridentate and
tetradentate coordlnatlon modes are observed for the first
time and play an important role in the assembly of the 3D
network.

Crystal Structures of 4—6. The three complexes are also
isostructural, and comple® is taken as an example to
describe the crystal structure. In complgxall of the Gd
atoms are eight coordinated and have the same coordination
environment (Figure 4). The Gd atom lies in the coordination € :
geometry of a distorted square antiprism with one nitrogen Y N 0 ) _ o3

(25) (a) King, P.; Cleac, R.; Anson, C. E.; Powell, A. KDalton Trans.
2004 852. (b) Pan, L.; Ching, N.; Huang, X. Y.; Li, Chem—Eur. 048 @
J. 2001, 7, 4431. (c) King, P.; Clec, R.; Anson, C. E.; Coulon, C; Figure 4. The coordination environment of the Gd atom5inHydrogen
Powell, A. K. Inorg. Chem.2003 42, 3492. atoms have been omitted for clarity.
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Figure 5. (a) The irregular grid of Gdin the bc plane. (b) The 2D grid
network architecture dd assembled by Gdunits in thebc plane. Gd, gray;
O, red; N, blue; C, black.

atoms at the same time comparelto3, and the other three
HL anions coordinated to the Gd atom with O atoms. Four
adjacent Gd atoms (Gd1, Gd1A, Gd1B, and Gd1C), which
are strictly coplanar, form an irregular grid in the plane,

as shown in Figure 5a. The Gdnit repeats in théc plane

to form a 2D grid motif (Figure 5b), which is connected to
another parallel 2D grid via carboxylate groups of HL anions,
resulting in a special 2D double-decker motif (Figure 6).
Viewed in thebc plane, the bridging HL anions are arrayed
regularly between two layers with two different arrangement

along theb axis, and it intersects with the adjacent two planes
of the HL anions with the dihedral angle of 44 dlong the

c axis. The distance between two layers is 6.387(4) A. In
complex5, the HL anions have three different coordination
modes (k, g, h), which have not been reported.

Crystal Structures of 7—9. Among the three isostructural
complexes, compleB is taken as an example to describe
the crystal structure. All of the Ho atoms are eight coordi-
nated with the same coordination environment (Figure 7),
which lies in the coordination geometry of a distorted square
antiprism with two nitrogen atoms and six oxygen atoms.
Notably, four HL molecules in8 are deprotonated to two
different types as WL~ and HL?~, with the 1:1 ratio, which
have not been observed in-6. Therefore, each of the HL
anions provides a pairs of oxygen and nitrogen atoms, and
each of the KL ions only provides an oxygen atom. The
other two oxygen atoms are from water molecules. Compared
with the structures of4—6, there are two HL anions
coordinated with both N and O at the same time. Four
adjacent Ho atoms (Hol, HolA, HolB, and Holc), which
are almost coplanar with a mean deviation from the plane
of 0.1340 A, form an irregular square (Figure 8a). The Ho
unit as a building block is further assembled into a 2D motif
(Figure 8b). In8, HL and HL anions have two types of
bridging modes, b and g (Chart 1). The bridging mode of g
has never been observed previously.

Comparison of the Crystal Structures. A comparison
of the three different structures is shown in Table 2. In
complexesl—9, lanthanide atoms have two different coor-
dination geometries of distorted tricapped trigonal prisms (the
coordination number is nine) and distorted square antiprisms
(the coordination number is eight). Although-9 have the
same monoclinic crystal system, they show three different
types of crystal structures, which can be classified according
to the metal atoms. Fdt—3, which form 3D microporous
frameworks, the lanthanide atoms (R),(Nd (2), and Sm
(3)) belong to the light rare earths. The lanthanide atoms
(Eu (@), Gd (), and Tb §)) of 4—6, which exhibit special
2D double-decker motifs, belong to the medium rare earths,
and for7—9, which display normal 2D grids, the lanthanide
atoms (Dy 1), Ho (8), and Er 0)) belong to the heavy rare
earths. With the increasing atomic number of lanthanides,
the crystal structures of nine complexes changed from 3D
to 2D, and they exhibit three different side views of the 2D

modes. The plane of one HL anion runs parallel to the othersgrids (L—3), ladder structures#{-6), and 1D chains1—9),

Figure 6. The 2D double-decker motif consisting of two monolayers bridged by HL. The coordinated water molecules are omitted for clarity. Gd, gray;

O, red; N, blue; C, black.
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Figure 7. The coordination environment of the Ho atom8nHydrogen
atoms have been omitted for clarity.

Figure 8. (a) The irregular grid of Hg (b) The 2D motif was assembled
by Hos units. Ho, orange; O, red; N, blue; C, gray.

as shown in Figure 9. Combining the above points, it is the
lanthanide contraction effeétthat results in forming the

Xia et al.

Figure 9. Side view along thd axis of three different structures. (a) 2D
grid for 1. Pr, green; O, red; N, blue; C, gray. (b) Ladder motif fo1Gd,
gray; O, red; N, blue; C, black. (c) 1D chain f8rHo, orange; O, red; N,
blue; C, gray.

the lanthanide and O atoms are also decreasing continuously
from 2.520 () to 2.345 A Q).

Luminescent Properties.The luminescent properties of
3, 4, 6, and 7 were investigated in the solid state. The
emission spectra of the four complexes (Figure 10) at the
excited wavelength of 315 nm exhibit the characteristic
emission of S, E", T, and Dy, respectively. For
3, the emission intensity is the weakest, but three charac-
teristic bands can still be observed. They are attributed to
4G5/2_’ GHJ (J =5/2,7/2, 9/2) ,4G5/2_’ 6H5/2 (568 nm),465/2
— 8H7, (597 nm), and'Gs; — ®Hg, (645 nm) transitions.
For 4, six characteristic peaks are shown in Figure 10b. The
three stronger peaks are attributecPiiy — F; (596 nm),
Do — F» (616 nm), andDo — “F4 (703 nm), and the three
weaker peaks belong to the transitions®0f — F; (538
nm), °D; — F, (560 nm), ancPDy, — F3 (656 nm). The
intensity of the®Dy — 7F, transition (electric dipole) is
stronger than that of theDy — 7F; transition (magnetic
dipole), and it indicates that the coordination environment
of the Ed' ion is asymmetrié’ which is confirmed by
crystallographic analyses. Fér the emission intensity is
stronger than that of the other three in the same conditions.

different crystal structures. Moreover, we have compared the There are four characteristic peaks shown in Figure 10c. They

average La-N and Ln—O bond lengths among the isostruc-

are assigned to thtd, — 'F; (J = 3, 4, 5, 6),°Ds — Fe

tural complexes (Table 2). The average lengths between the(491 nm),5D, — 7Fs (546 nm),5Ds — 7F4 (584 nm), and
lanthanide and N atoms are decreasing continuously fromsD4 — 7F; (623 nm) transitions. Fof, two characteristic

2.625 (1) to 2.449 A @), and the average lengths between

bands can be seen in the emission spectra, which are

(26) Moeller, T. The Chemistry of the LanthanideBergamon Press:
Oxford, U.K., 1973.
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(27) Kirby, A. F.; Foster, D.; Richardson, F. Shem. Phys. Lettl983
95, 507.



Two- and Three-Dimensional Lanthanide Complexes
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Figure 10. Emission spectra of complex&s(a), 4 (b), 6 (c), and7 (d).
Table 2. Comparison of Complexek—9
1 3 4 5 6 7 8 9
crystal structure 3D 2DD 2DM
coordination 9 8 8
number of M
kind of M light rare earth medium rare earth heavy rare earth
bridging mode tetradentate and tridentate tridentate and bidentate bidentate
of L
Lin-n/A 2.625 2.610 2.584 2.518 2.513 2.497 2.469 2.467 2.449
Lin-o/A 2.520 2.507 2.482 2.386 2.388 2.372 2.361 2.356 2.345
(P (Nd) (Sm) (Eu) (Gd) (Tb) (Dy) (Ho) (En

attributed to transitions of 481 nMOg, — ®His,) and 577
nm (*Do;» — ®Hi31) (Figure 10d). The transition dDg/, —

decreases gradually and reduces to 1:d&t 5 K. The
curve is in agreement with an antiferromagnetic behavior of

8H15/, was split into double peaks, which can be observed gadolinium complexes. The system is treated with a binuclear

clearly. It may be the result of the Stark sublevel splitting
from the®H;s,2 energy level by the ligand field. Compared
with the emission spectra of the four complex8s4, 6,
and?7), the transition intensity changes in the order of Th
> EWw' > Dy®" > SnP'. It means that the energy transfer
from the organic ligands to Etiand T8 is more effective
than that to S and Dy". Furthermore, the intensity of
the four complexes based on thglHigand is completely

weak, possibly due to the coordinated water molecules, which

reduces the luminescent intensity of the rare earth ®ns,
and the energy transfer from thelHligand to lanthanide-
(1) ions is inefficient in the theory of energy transfér.
Magnetic Properties. The magnetic susceptibility mea-
surement ob was performed in the-5300 K range at a 1
KOe field (Figure 11). At room temperature, they (the
effective magnetic moment) value of 11.49 is close to
the theoretical value of 11.18s, which is expected for two
magnetically quasi-isolated &dions withS= 7/2 (g =
2.00). When the temperature decreases, #ghe value

(28) Du, C. X.; Wang, Z. Q.; Xin, Q.; Wu, Y. J.; Li, W. LActa Chim.
Sin. 2004 62, 2265.

(29) (a) Dexter, D. LJ. Chem. Phys1953 21, 836. (b) Brown, T. D.;
Shepherd, T. MJ. Chem. Soc., Dalton Tran&973 336.

approach (based on the spin Hamiltonkr= —JSS,), and
the least-squares fitting of the experiment data leadp=to
2.0,J = —0.1 cm! with the agreement factdR = 8.9 x
1073, The result indicates that compl&exhibits a very weak
antiferromagnetic interaction between3Gébns. The reason
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Figure 11. Plots of Xy and uest versusT for complex5. The square
represents the experiment datauef; the circle represents the experiment
data of Xwu.
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for the small] value results from the fact that the 4f electrons Six new bridging modes from g to | (Chart 1) of thelH

are influenced very little by the surrounding environm®&nt.  ligand are observed, which proves thajl Htan be used as
Theoretically, Gé" with a 4f electronic configuration is very  an effective bridging ligand in the assembly of MOFs. On
stable in energy, and unpaired electrons around*Gae the other hand, the complexes of 8n(3), E*" (4), Tb*"
very difficult to transfer to the 5d or 6s orbitals of the other (6), and Dy" (7) exhibit characteristic lanthanide-centered
Gd®**. On the other hand, the nonzero, overlapped integration luminescence, and the transition intensity changes in the
between two G¥ ions would result in an antiferromagnetic  order of T > EWw*™ > Dy3" > SnP*, which shows the
interaction within5. energy transfer from the # ligand to EF* and TB* is
more effective than that to Sthand Dy*. Furthermore,

complex 5 exhibits a weak antiferromagnetic interaction
Reaction of lanthanide(lll) nitrates with theslHligand between G#& ions.

under hydrothermal conditions results in the formation of o _ _

nine coordination polymers which can be classified into three ~ NOte Added after ASAP Publication. While this paper
types, light rare earth complexes«3), medium rare earth ~ Was in production, it was found that another paper with
complexes 4—6), and heavy rare earth complexé&s-Q). similar research results had already been publishdagew.
Three different types of crystal structures can be isolated Chem., Int. Ed(200Q 39, 527).
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