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By using the carboxyphosphonic acid as the ligand, eight new three-dimensional (3D)

lanthanide carboxyphosphonates, namely Ln[L(H2O)2]�2H2O (Ln = Ce (1), Pr (2), Nd (3),

Sm (4), Eu (5), Gd (6), Y (7), Tb (8); H3L = H2O3PCH2–NC5H9–COOH) have been synthesized

under hydrothermal conditions and structurally characterized by X-ray single-crystal diffraction,

X-ray powder diffraction, infrared spectroscopy, elemental analysis and thermogravimetric

analysis. The eight isomorphous compounds feature a 3D framework structure. In these

compounds, the inorganic chains based on LnO8 and CPO3 polyhedra are interconnected

through carboxyphosphonate ligands to form a 3D framework structure with a channel system.

The result of connections in this manner is the formation of 40- and 24-atom rings that run in the

a- and b-axis directions. The luminescence properties of compounds 5 and 8 have also been

studied.

Introduction

Metal phosphonates have received extensive research attention

in recent years due to the possibility to form interesting

structures with potential applications in the areas of catalysis,

ion exchange, proton conductivity, intercalation chemistry,

photochemistry and materials chemistry.1–5 Many efforts

have been devoted to the exploration of metal phosphonate

materials with new structural types, especially open-framework

structures.6–11 It is well-known that organic ligands play a

crucial role in the design and construction of desirable

frameworks. The strategy of attaching additional functional

groups such as amine, hydroxyl, and carboxylate groups to the

phosphonic acid has been proved to be very effective in

building open-framework and microporous structures.12–16

Among these functional groups, the carboxyl has been used

widely because of its coordination ability.

The use of carboxyphosphonic acids in the synthesis of

three-dimensional (3D) framework structures has attracted

much interest over the last few years. A series of metal

carboxyphosphonates with a framework structure (using

HOOC–CH2–PO3H2 and HOOC–CH2CH2–PO3H2 as ligands)

have been isolated, mainly by the Cheetham, Bujoli, and Sevov

groups.17–19 Results from our laboratory and other groups indicate

that carboxyphosphonic acids, such as HOOC–RNHCH2PO3H2

and HOOC–RN–(CH2PO3H2)2 (where R is an organic group),

are also good candidates for the synthesis of metal phosphonates

with open-framework structures, in which the organic part

plays a controllable spacer role and the –COOH and –PO3 groups

chelate with metal ions to form novel structure types.20–22

An investigation on the synthesis of metal phosphonate hybrids

based on H2O3PCH2–NC5H9–COOH has recently led to

the first microporous three-dimensional lanthanide carboxy-

phosphonates, Pr4(H2O)7[O2C–C5H10N–CH2–PO3]4(H2O)5.
23 By

using H2O3PCH2–NC5H9–COOH (H3L) as the building block, a

novel 3D cadmium carboxyphosphonate containing left-hand

helical chain, Cd3Cl2[(O3PCH2–N(H)C5H9–COO)2(H2O)2]�4H2O,

has also been isolated by our group.24

In recent years, our interest in metal phosphonate chemistry

has been extended to the lanthanides, and a series of

lanthanide oxalatophosphonates with a 3D framework

structure have been obtained in our laboratory.25 Lanthanide

phosphonates normally have low solubility in water and other

organic solvents; hence, it is difficult to obtain single

crystals suitable for X-ray structural analysis. To improve

the solubility and crystallinity of lanthanide phosphonates,

additional functional groups such as amine, hydroxyl,

and carboxylate groups have been attached to the phosphonic

acid ligand.26–28 As an extension of our previous work

on lanthanide phosphonates, in this work we selected

carboxyphosphonic acid, H2O3PCH2–NC5H9–COOH (H3L)

as the phosphonate ligand. Hydrothermal reactions of H3L

with lanthanide(III) chlorides resulted in eight new lanthanide

carboxyphosphonates with a 3D framework structure,

namely, Ln[L(H2O)2]�2H2O (Ln = Ce (1), Pr (2), Nd (3),

Sm (4), Eu (5), Gd (6), Y (7), Tb (8)). Herein we report

their syntheses, crystal structures and thermal stabilities. The

luminescence properties of compounds 5 and 8 have also been

studied.
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Results and discussion

Synthesis

By using the carboxyphosphonic acid as the ligand, eight new

lanthanide(III) carboxyphosphonates with a 3D framework

structures have been synthesized under hydrothermal conditions.

The compounds 1–8 were obtained as pure phases by adjusting

the synthetic conditions. Results indicate that the molar ratio

of starting materials and the pH value play an important

role during the reaction. It was found that pure phases of

compounds 1–8 can be obtained with good yields when the

molar ratio of LnCl3�6H2O and H3L is 1 : 1. NaOH was added

into the reaction system directly in the form of a solid, to

adjust the pH of the reaction mixture. The initial and final

pH values of the resultant solution are about 3.5 and 6,

respectively. In addition, the reaction temperature was very

important for the formation of suitable single crystals for

X-ray diffraction. Compounds 1–4, 6 and 7 were obtained at

140 1C under hydrothermal conditions. However, compounds

5 and 8 were obtained at 120 1C and 80 1C, respectively. The

powder XRD patterns of compounds 1–8 and the simulated

XRD patterns of compound 1 are shown in supplementary

material (Fig. S1w). The diffraction peaks on the patterns

correspond well in position, confirming that these eight

compounds are isomorphous and phase-pure. Despite all our

efforts to grow single crystals of compound 8, we were not

successful in obtaining a good sample for X-ray diffraction

study. However, X-ray powder diffraction analysis indicates

that compounds 1–8 are isomorphous. The differences in

reflection intensity are probably due to the preferred orientation

in the powder samples.

Description of the crystal structures

Compounds 1–8 are isomorphous and feature a 3D frame-

work structure; hence only the structure of 3 will be discussed

in detail as a representative example. The ORTEP diagram for

compound 3 is shown in Fig. 1. Crystallographic data and

structural refinements for compounds 1–7 are summarized in

Table 1.

As shown in Fig. 1, the asymmetric unit of 3 contains one

crystallographically unique neodymium(III) ion, one L3� anion,

and two coordinated water molecules. The Nd(III) center is

eight-coordinated by two phosphonate oxygen atoms (O1, O2)

from one L3� anion, two phosphonate oxygen atoms (O1A,

O3B) from another two L3� anions, two carboxyl oxygen atoms

(O4C, O5C) from other L3� anion, and two oxygen atoms

(O11, O12) from two coordinated water molecules. The Nd–O

distances are in the range 2.343(4)–2.581(4) Å (Table S1w),
which are comparable to those reported for other Nd(III)

phosphonates.29 Each L3� acts as a m4-bridge to link four Nd(III)

atoms through all its phosphonate oxygen atoms and carboxyl

oxygen atoms (Fig. 2). It is interesting to note that the

coordinating mode of three phosphonate oxygen atoms is

different. The phosphonate oxygen atom (O3) of the H3L ligand

bridges one Nd atom in monodentate fashion, the phosphonate

oxygen atom (O1) connects twoNd atoms, and two phosphonate

oxygen atoms (O1, O2) chelate one Nd atom. Moreover, the

carboxylate group adopts a m1–Z
1:Z1-bridging coordination

mode to ligate one Nd(III) atom.

In compound 3, two NdO8 polyhedra are interconnected

into a dimer through edge-sharing. Each edge-sharing Nd2O14

dimer is linked to each other through CPO3 tetrahedra, and

thereby form inorganic chain. As shown in Fig. 3a, such

inorganic chains are interconnected through carboxyphosphonate

ligands to form a 3D framework structure with a channel

system. The result of connections in this manner is the formation

of 40-atom rings along the a-axis (Fig. 3b). The channel is

assembled with 40 atoms [21.6 Å (Nd1–Nd1) � 13.4 Å

(P1–P1)], which is composed of four Nd, four P, four N, eight

O and twenty C atoms, and the lattice water molecules are

located in the channels. Viewed down the b-axis, the frame-

work of compound 3 also displays a channel system (Fig. 4a).

The channel is formed by 24-atom rings [11.5 Å (Nd1–P1) �
5.0 Å (N1–N1)] with the sequences Nd–O–P–O–Nd–O–

C–C–C–C–N–C–P–O–Nd–O–P–C–N–C–C–C–C–O

(Fig. 4b). The connection of alternating inorganic chains and

carboxyphosphonate ligands results in an infinite 3D six-

connected net. For a clearer representation, the Nd2O14 units

are represented by spherical SBUs, and carboxyphosphonate

ligands are represented by sticks (Fig. 5). Interestingly,

the framework can be described as a distorted primitive cubic

Fig. 1 ORTEP representation of a selected unit of compound 3. The

thermal ellipsoids are drawn at the 50% probability level. All H atoms

and solvate water molecules are omitted for clarity. Symmetry codes:

A: �x+ 1, �y+ 2, �z+ 2; B: �x, �y+ 2, �z+ 2; C: x+ 1, �y+
3
2
, z + 1

2
.

Fig. 2 Coordination fashions of carboxyphosphonate ligands in

compound 3.
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(a-Po) net in which each SBU connects six surrounding SBU

units through six carboxyphosphonate ligands.

IR spectra

The IR spectra of the eight compounds have many similar

features corresponding to the common groups (Fig. S2w), thus
only the spectrum of compound 3 will be discussed (Fig. 6).

The IR spectrum for compound 3 was recorded in the region

4000–400 cm�1. The broad band around 3365 cm�1 corresponds

to the O–H stretching vibrations of water molecules. The bands

at 1649 cm�1, 1533 cm�1 and 1442 cm�1 are observed which is

shifted from the expected value for an uncoordinated carboxylic

acid (n(C–O) typically around 1725–1700 cm�1). This shift is due

to the carboxylate function being coordinated to the metal atom,

and these bands are assigned to the asymmetric and symmetric

stretching vibrations of C–O groups when present as COO�

moieties.30 Strong bands between 1200 and 900 cm�1 are

due to stretching vibrations of the tetrahedral CPO3 groups, as

expected.31 Additional intense and sharp bands at low energy

(769, 665, 607, 511 and 464 cm�1 etc.) are found, which are

probably due to bending vibrations of the tetrahedral CPO3

groups.

Thermal properties

Thermal gravimetric analyses (TGA) were conducted to

examine the stabilities of these compounds. Except for the

final weight loss temperature and total weight losses, the TGA

curves of compounds 1–8 are very similar, with two main

continuous weight losses (Fig. S3w). Herein, we use compound

3 as an example to illuminate the weight losses in detail

Table 1 Crystal data and structure refinements for compounds 1–7

Ce[L(H2O)2]�
2H2O

Pr[L(H2O)2]�
2H2O

Nd[L(H2O)2]�
2H2O

Sm[L(H2O)2]�
2H2O

Eu[L(H2O)2]�
2H2O

Gd[L(H2O)2]�
2H2O

Y[L(H2O)2]�
2H2O

Formulaa C7H19NO9PCe C7H19NO9PPr C7H19NO9PNd C7H19NO9PSm C7H19NO9PEu C7H19NO9PGd C7H19NO9PY
Formula weight 432.32 433.11 436.44 442.55 444.16 449.45 381.11
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/c P21/c P21/c P21/c P21/c
a/Å 5.6906(8) 5.6068(8) 5.5871(6) 5.5462(10) 5.5313(7) 5.5340(10) 5.5234(10)
b/Å 12.8000(18) 13.3820(18) 13.4240(15) 13.343(3) 13.3960(17) 13.436(3) 13.349(2)
c/Å 21.550(3) 21.192(3) 21.157(2) 21.164(4) 20.934(3) 20.891(4) 20.586(4)
b/1 95.392(2) 95.892(2) 96.1480(10) 96.516(3) 96.177(2) 96.159(3) 95.290(2)
V/Å3 1562.7(4) 1581.6(4) 1577.7(3) 1556.1(5) 1542.2(3) 1544.4(5) 1511.4(5)
Z 4 4 4 4 4 4 4
Dc/g cm�3 1.838 1.819 1.837 1.889 1.913 1.933 1.675
Goodness-of-fit on F2 1.078 1.087 1.133 1.052 1.079 1.041 1.098
R1, [I > 2s (I)]b 0.0643 0.0522 0.0390 0.0626 0.0524 0.0621 0.0710
wR2[I > 2s (I)]b 0.1733 0.1414 0.1124 0.1643 0.1337 0.1460 0.2003
R1, (all data)

b 0.0982 0.0729 0.0480 0.0988 0.0788 0.1095 0.1025
wR2 (all data)

b 0.1954 0.1589 0.1192 0.1871 0.1544 0.1717 0.2247
Largest diff. peak and
hole/e Å�3

4.922/�0.905 2.909/�1.155 2.715/�0.761 4.524/�0.874 3.241/�0.951 2.920/�1.255 3.392/�0.677

a Including solvent molecules. b R1 = S(|F0| � |FC|)/S|F0|, wR2 = [Sw(|F0| � |FC|)
2/SwF0

2]1/2.

Fig. 3 (a) View of the 3D framework for compound 3 along a-axis showing channels. NdO8 polyhedra are shaded in purple and CPO3 tetrahedral

are shaded in yellow. (b) The 40-atom rings in compound 3.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010 New J. Chem., 2010, 34, 2429–2435 | 2431
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(Fig. 7). The first step started at about 50 1C and was

completed at 170 1C, corresponding to the loss of two lattice

water molecules and two coordinated water molecules. The

observed weight loss of 16.3% is very close to the calculated

value (16.5%). The second step, from 340 1C to 700 1C,

corresponds to decomposition of the phosphonate group.

The final residual of the thermal process is NdPO4 on the

basis of powder X-ray diffraction (Fig. S4w). The total weight
loss of 45.9% is close to the calculated value (45.2%). The

observed total weight losses of compounds 1, 2 and 4–8 are

47.2%, 47.5%, 45.2%, 45.9%, 44.3%, 52.5% and 44.5%,

respectively. The much larger total weight loss for compound

7 (52.5%) is due to its having a much smaller formula weight

than the other compounds. During the thermal decomposition,

an intermediate compound may be formed between 340 and

650 1C for compound 3. In order to identify the intermediate

compound, X-ray powder diffraction study was performed for

compound 3 calcined at 550 1C. However, the intermediate

compound was not identified because complicated mixtures

were obtained during the thermal decomposition. Considering

the thermal stability of these compounds, X-ray powder

diffraction studies were performed for the as-synthesized

compound 7 and the sample calcined at 200 1C for 2 h under

air (Fig. S5w). The XRD patterns for the calcined sample do

not fit well with those of the as-synthesized sample, indicating

that the structure of these eight compounds is not retained

upon dehydration.

Fig. 4 (a) Ball-and-stick view of the 3D framework for compound 3 along b-axis showing the channels. (b) The 24-atom rings in compound 3.

Fig. 5 A simplified representation of compound 3 in which the purple

spheres represent the dimer units, and the cyan sticks represent the

ligands.

Fig. 6 IR spectrum of compound 3.

Fig. 7 TGA curve of compound 3.
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D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
2 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
1 

Ju
ly

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

9N
J0

04
56

D

View Article Online

http://dx.doi.org/10.1039/b9nj00456d


Luminescence properties

The solid-state luminescence properties of compounds 5 and 8

were investigated at room temperature. Compound 5 emits red

light, which exhibits four sets of characteristic emission bands

for the Eu3+ ion in the visible region under excitation at

397 nm (Fig. 8). These emission bands arise from 5D0-
7FJ

(J = 1, 2, 3, and 4) transitions, in accordance with those

typical of the Eu3+ ion emission spectrum.32,33 Two stronger

peaks are attributed to 5D0-
7F1 (593 nm) and 5D0-

7F2

(616 nm), and the two weaker peaks belong to the transitions
5D0-

7F3 (650 nm) and 5D0-
7F4 (699 nm). The 5D0-

7F1

transition corresponds to a magnetic dipole transition, and the

intensity of this emission for 5 is medium–strong. The most

intense emission in the luminescence spectrum is the 5D0-
7F2

transition, which is the so-called hypersensitive transition and

is responsible for the brilliant-red emission of compound 5.34

It is noted that the intensity of the hypersensitive transition
5D0-

7F2 is comparable to that of 5D0-
7F1. Since the former

transition is due to an electric dipole, its intensity is strongly

influenced by the crystal field while the latter transition is due

to a magnetic dipole and is less sensitive to its environment.

The emission spectrum of compound 8 at the excited

wavelength 397 nm exhibits the characteristic emission of the

Tb3+ ion. Characteristic luminescence bands at 488 nm,

543 nm, 589 nm and 622 nm were found (Fig. 9), which

correspond to the transitions 5D4-
7F6,

5D4-
7F5,

5D4-
7F4

and 5D4-
7F3, respectively.28c,33 Of these emission lines, a

most striking green luminescence (5D4-
7F5) for compound 8

is observed in the emission spectrum.

Conclusions

By using the carboxyphosphonic acid as the ligand, eight new

lanthanide(III) carboxyphosphonates, Ln[L(H2O)2]�2H2O

(Ln = Ce (1), Pr (2), Nd (3), Sm (4), Eu (5), Gd (6), Y (7),

Tb (8), H3L = H2O3PCH2–NC5H9–COOH) have been

hydrothermally synthesized and structurally characterized.

Compounds 1–8 are isomorphous and feature a 3D framework

structure. In these compounds, two LnO8 polyhedra are

interconnected into a dimer through edge-sharing. Each

edge-sharing Ln2O14 dimer is linked to another through

CPO3 tetraheda, thereby forming an inorganic chain. Such

inorganic chains based on LnO8 and CPO3 polyhedra are

interconnected through carboxyphosphonate ligands to form

a 3D framework structure with a channel system. In addition,

compounds 5 and 8, which exhibit characteristic lanthanide-

centered luminescence, are new examples of luminescent

rare-earth carboxyphosphonates. Compounds 5 and 8 emit

red and green luminescence at room temperature, respectively,

and they could be potential fluorescent materials.

Experimental

Materials

The carboxyphosphonic acid, H2O3PCH2–NC5H9–COOH

(H3L), was prepared by a Mannich-type reaction according

to the procedures previously described.35 The lanthanide(III)

chlorides were prepared by dissolving corresponding the

lanthanide oxides (General Research Institute for Nonferrous

Metals, 99.99%) in hydrochloric acid followed by recrystallization

and drying. All other chemicals were used as received without

further purification.

Physical measurements

Elemental analyses (C, H and N) were performed using a

PE-2400 elemental analyzer. Ce, Pr, Nd, Sm, Eu, Gd, Y, Tb

and P were determined by using an inductively coupled plasma

(ICP) atomic absorption spectrometer. IR spectra were

recorded on a Bruker AXS TENSOR-27 FT-IR spectrometer

with KBr pellets in the range 4000–400 cm�1. The X-ray

powder diffraction data was collected on a Bruker AXS D8

Advance diffractometer using Cu-Ka radiation (l = 1.5418 Å)

in the 2y range 5–601 with a step size of 0.021 and a scanning

rate of 31 min�1. The luminescence spectra were reported on a

JASCO FP-6500 spectrofluorimeter (solid). TG analyses were

performed on a Perkin–Elmer Pyris Diamond TG-DTA thermal

analysis system in static air with a heating rate of 10 K min�1

from 50 1C to 1000 1C.

Synthesis

Ce[L(H2O)2]�2H2O (1). A mixture of CeCl3�6H2O (0.35 g,

1 mmol), H3L (0.26 g, 1 mmol) and NaOH (0.08 g, 2 mmol)

was dissolved in 10.0 mL distilled water. The resulting solution

was stirred for about 1 h at room temperature, sealed in a

20 mL Teflon-lined stainless steel autoclave, and then heated

at 140 1C for 5 days under autogenous pressure. After the
Fig. 8 Solid-state emission spectrum of compound 5 at room

temperature.

Fig. 9 Solid-state emission spectrum of compound 8 at room

temperature.
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mixture was cooled slowly to room temperature, colorless

blocks were filtered off, washed with distilled water, and

dried at room temperature. Yield: 53.8% based on Ce.

C7H19NO9PCe (432.32): calc. C 19.43, H 4.39, N 3.24,

P 7.17, Ce 32.41; found C 19.52, H 4.31, N 3.19, P 7.08, Ce

32.48%. IR (KBr) data: 3373 (s), 1635 (w), 1546 (m), 1431 (m),

1151 (s), 1035 (s), 941 (m), 769 (w), 584 (w), 559 (w), 457 (w)

cm�1.

Pr[L(H2O)2]�2H2O (2). The procedure was the same as that

for 1 except that CeCl3�6H2O was replaced by PrCl3�6H2O

(0.36 g, 1 mmol). Green blocks of 2 were obtained and washed

with water. Yield: 60.1% (based on Pr). C7H19NO9PPr

(433.11): calc. C 19.39, H 4.39, N 3.23, P 7.16, Pr 32.53; found

C 19.31 , H 4.45, N 3.30, P 7.09, Pr 32.48%. IR (KBr) data:

3398 (s), 1629 (w), 1533 (s), 1442 (s), 1143 (s), 1066 (m), 1041

(m), 989 (m), 950 (m), 769 (w), 665 (w), 607 (w), 574 (w), 503

(w), 459 (w) cm�1.

Nd[L(H2O)2]�2H2O (3). The procedure was the same as that

for 1 except that CeCl3�6H2O was replaced by NdCl3�6H2O

(0.36 g, 1 mmol). Purple blocks of 3 were obtained and washed

with water. Yield: 52.5% (based on Nd). C7H19NO9PNd

(436.44): calc. C 19.25, H 4.35, N 3.21, P 7.10, Nd 33.05;

found C 19.21, H 4.41, N 3.15, P 7.18, Nd 33.12%. IR (KBr)

data: 3365 (s), 1649 (w), 1533 (m), 1442 (m), 1143 (m), 1041

(m), 995 (m), 769 (w), 665 (w), 607 (w), 511 (w), 464 (w) cm�1.

Sm[L(H2O)2]�2H2O (4). The procedure was the same as that

for 1 except that CeCl3�6H2O was replaced by SmCl3�6H2O

(0.37 g, 1 mmol). Pale yellow blocks of 4 were obtained

and washed with water. Yield: 43.6% (based on Sm).

C7H19NO9PSm (442.55): calc. C 18.98, H 4.29, N 3.16,

P 7.00, Sm 33.98; found C 18.89, H 4.35, N 3.12, P 7.08, Sm

33.91%. IR (KBr) data: 3442 (s), 1654 (w), 1533 (m), 1450 (m),

1311 (w), 1265 (w), 1220 (w), 1137 (m), 1029 (m), 991 (m), 954

(m), 813 (w), 788 (w), 761 (w), 667 (w), 603 (w), 507 (w), 462

(w) cm�1.

Eu[L(H2O)2]�2H2O (5). A mixture of H3L (0.07 g,

0.25 mmol), EuCl3�6H2O (0.10 g, 0.25 mmol) and NaOH

(0.04 g, 1 mmol) in 12 mL deionized water. The resulting

solution was stirred for about 1 h at room temperature, sealed

in a 20 ml Teflon-lined stainless steel autoclave, and then

heated at 120 1C for 5 days. Colorless blocks of 5 were

obtained and washed with water. Yield: 45.7% based on Eu.

C7H19NO9PEu (444.16): calc. C 18.91, H 4.28, N 3.15, P 6.98,

Eu 34.21; found C 18.85, H 4.35, N 3.19, P 6.92, Eu 34.28%.

IR (KBr) data: 3450 (s), 1649 (w), 1533 (m), 1442 (m), 1313

(w), 1272 (w), 1217 (w), 1137 (m), 995 (m), 761 (w), 671 (w),

613 (w), 511 (w), 464 (w) cm�1.

Gd[L(H2O)2]�2H2O (6). A mixture of H3L (0.13 g,

0.5 mmol), GdCl3�6H2O (0.19 g, 0.5 mmol) and NaOH

(0.04 g, 1 mmol) in 10 mL deionized water. The resulting solution

was stirred for about 1 h at room temperature, sealed in a 20 ml

Teflon-lined stainless steel autoclave, and then heated at 140 1C

for 5 days. Colorless blocks of 6 were obtained and washed with

water. Yield: 57.4% based on Gd. C7H19NO9PGd (449.45): calc.

C 18.69, H 4.23, N 3.11, P 6.90, Gd 34.99; found C 18.61, H 4.28,

N 3.05, P 6.97, Gd 34.92%. IR (KBr) data: 3431 (s), 1647 (w),

1533 (m), 1450 (m), 1303 (w), 1271 (w), 1220 (w), 1145 (m), 1074

(w), 1035 (m), 990 (m), 960 (w), 813 (w), 788 (w), 769 (w), 667

(w), 603 (w), 507 (w), 457 (w) cm�1.

Y[L(H2O)2]�2H2O (7). The procedure was the same as that

for 1 except that CeCl3�6H2O was replaced by YCl3�6H2O

(0.30 g, 1 mmol). Colorless blocks of 7 were obtained and

washed with water. Yield: 55.6% (based on Y). C7H19NO9PY

(381.11): calc. C 22.04, H 4.99, N 3.67, P 8.13, Y 23.33; found

C 22.11, H 4.93, N 3.74, P 8.09, Y 23.38%. IR (KBr) data:

3423–3207 (s, br), 1629 (w), 1546 (m), 1450 (m), 1303 (w),

1265 (w), 1215 (w), 1157 (s), 1118 (m), 1074 (m), 1043 (m),

1010 (m), 941 (w), 819 (w), 769 (w), 655 (w), 609 (w), 507 (w),

462 (w) cm�1.

Tb[L(H2O)2]�2H2O (8). A mixture of H3L (0.26 g, 1 mmol),

TbCl3�6H2O (0.37 g, 1 mmol) and NaOH (0.10 g, 2.5 mmol) in

10 mL deionized water. The resulting solution was stirred for

about 1 h at room temperature, sealed in a 20 ml Teflon-lined

stainless steel autoclave, and then heated at 80 1C for 4 days.

The colorless powder of 8 was obtained and washed with

water. Yield: 49.7% based on Tb. C7H19NO9PTb (451.13):

calc. C 18.62, H 4.21, N 3.10, P 6.87, Tb 35.23; found C 18.68,

H 4.15, N 3.18, P 6.81, Tb 35.15%. IR (KBr) data: 3436 (m),

1654 (w), 1539 (m), 1450 (m), 1305 (w), 1267 (w), 1222 (w),

1143 (m), 1041 (m), 1002 (m), 775 (w), 671 (w), 613 (w), 516

(w), 464 (w) cm�1.

Crystallographic determinations

Data collections for compounds 1–7 were performed on a

Bruker Smart APEX II X-diffractometer equipped with

graphite-monochromated Mo-Ka radiation (l = 0.71073 Å)

at 293 � 2 K. An empirical absorption correction was applied

using the SADABS program. All structures were solved by

direct methods and refined by full-matrix least squares fitting

on F2 by SHELXS-97.36 All non-hydrogen atoms were refined

anisotropically. All hydrogen atoms were placed in geometrically

idealized positions and constrained to ride on their parent

atoms. In the structure of compounds 1, 2, 3 and 7, the oxygen

atoms of lattice water molecules are disordered, the same as

the several carbon atoms in compounds 4 and 6. Multiple

structural restraints were applied for these atoms in the

refinement. The oxygen atoms of lattice water molecules are

disordered, so the large electron density peaks remaining are in

close proximity to the oxygen atoms of lattice water molecules.
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