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’ INTRODUCTION

Recently, a considerable amount of the research activity on
metal phosphonate chemistry has focused on rational design and
synthesis of multifunctional coordination polymers, mainly due
to their interesting structures and potential application in the area
of catalysis, ion exchange, proton conductivity, intercalation
chemistry, photochemistry, and materials chemistry.1�4 In this
realm an encouraging research direction is the synthesis of metal
phophonates functionalized with amine, hydroxyl, and carbox-
ylate groups. Introduction of these functional groups may not
only result in new structure types of metal phosphonates but also
bring interesting properties.

A number of metal phosphonate frameworks with additional
functionality have been reported recently.5�8 Using multifunc-
tional phosphonic acids containing�NH2,�OH, and�COOH
subfunctional groups and providingmany coordinationmodes as
ligands, a series of metal phosphonates with a framework structure
have also been isolated in our laboratory.9 The diphosphonic acids,
H2O3P�R�PO3H2 (R = alkyl or aryl group), have been proved
to be very useful ligands for the synthesis of metal phosphonates
with new structure types in which the organic part plays a con-
trollable spacer role and the two inorganic�PO3 groups chelatewith
metal ions to form one-, two-, and three-dimensional structures.10

In recent years, there has been great interest in the synthesis
and properties of chiral metal phosphonates, which are generally
obtained either by enantioselective synthesis using enantiopure
chiral species or by spontaneous resolution on crystallization
without any chiral auxiliary. On the basis of enantiopure phos-
phonate ligands, a few homochiral metal phosphonates have
been prepared.11 Spontaneous resolution can also be achieved
using achiral or racemic ligands as starting materials, which
usually results in racemic conglomerates.12 The phenomenon
of spontaneous resolution is unusual in coordination chemistry,
and the products are normally a racemic mixture of left- and
right-handed helical chains, although the each crystal is a single
enantiomer.13,14 With the aim of exploring new chiral phospho-
nates with interesting structures and properties, we focus our
attention on a flexible and multifunctional bisphosphonic acid
ligand (hedpH4, Scheme 1), which has been widely used as a
strong chelating agent in the preparation of functional metal
diphosphonates, since it can adopt various kinds of coordina-
tion modes under different reaction conditions.15 Moreover, the
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ABSTRACT: Using the heptadentate ligand hedpH4 (1-hydroxyethylidenedipho-
sphonic acid) and lanthanide chloride, two isomorphous series of coordination
frameworks of the general formula [NH4][Ln(hedp)(H2O)] 3H2O (series 1, orthor-
hombic P212121, Ln = La (1), Ce (2), Pr (3), Nd (4)) and [NH4][Ln(hedp)(H2O)]
(series 2, orthorhombic Pnma, Ln = Sm (5), Eu (6), Gd (7), Tb (8), Dy (9), Y (10),
Er (11)) have been assembled and characterized with IR, elemental analysis,
thermogravimetric analysis, and single-crystal and powder X-ray diffraction methods.
In both series, each inorganic chain based on LnO8 and CPO3 polyhedra are
interconnected through phosphonate ligands to form chiral and achiral 3D open-
framework structures with left- and right-handed helical chains. Meanwhile, the two
series also exhibit two types of 3D framework structures with similar network
topologies. The crystal water molecule plays an important role to induce chiral
structure and affects the crystal packing of the molecules with extensive hydrogen
bonding. The luminescence properties of compounds 5, 6, 8 and 9 and the magnetic property of compound 7 have also been
studied.
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mobility and flexibility of the two phosphonate functions make it
easy to coordinate a large number of metal ions with various ionic
radii. Among these, many transition metal diphosphonates with
interesting magnetic properties have been prepared.16 Compara-
tively few reports are available on the magnetic and photolumi-
nescence properties of lanthanide diphosphonates prepared
under mild hydrothermal conditions with ammonium as a
template.17 As an extension to our previous work, herein, we
report the hydrothermal synthesis, crystal structure, and thermal
stability of 11 novel 3D chiral and achiral lanthanide dipho-
sphonates with left- and right-handed helical chains, namely,
[NH4][Ln(hedp)(H2O)] 3H2O (Ln = La (1), Ce (2), Pr (3),
Nd (4)) and [NH4][Ln(hedp)(H2O)] (Ln = Sm (5), Eu (6),
Gd (7), Tb (8), Dy (9), Y (10), Er (11)). The luminescence
properties of compounds 5, 6, 8, and 9 and themagnetic property
of compound 7 have also been studied.

’EXPERIMENTAL SECTION

Materials and Methods. 1-Hydroxyethylidenediphosphonic acid
solution was obtained fromTaihe Chemical Factory as a water treatment
agent (50.0 wt %) and used as received. The lanthanide(III) chlorides
were prepared by dissolving corresponding lanthanide oxides (General
Research Institute for Nonferrous Metals, 99.99%) in hydrochloric acid
followed by recrystallization and drying. All other chemicals were used as
obtained without further purification. C, H, and N were determined
byusing a PE-2400 elemental analyzer. La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Y, Er, and P were determined 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. X-ray powder diffraction data was collected
on a Bruker AXS D8 Advance diffractometer using Cu Kα radia-
tion (λ = 1.5418 Å) in the 2θ range of 5�60� with a step size of 0.02�
and a scanning rate of 3�/min. TG analyses were performed on a
Perkin-Elmer Pyris Diamond TG-DTA thermal analyses system in
static air with a heating rate of 10 K min�1 from 50 to 1000 �C. The
luminescence spectra were reported on a JASCO FP-6500 spectro-
fluorimeter (solid). Variable-temperature magnetic susceptibility
data were obtained on a SQUID magnetometer (Quantum Design,
MPMS-7) in the temperature range of 2�300 K with an applied field
of 1000 Oe.
Synthesis of [NH4][Ln(hedp)(H2O)] 3H2O (Ln=La (1), Ce (2),

Pr (3), Nd (4)). The methods used for the syntheses of compounds
1�4 are similar. A mixture of LnCl3 3 6H2O (0.09 g, 0.25 mmol),
hedpH4 solution (1 mL, 2.5 mmol), and H2C2O4 3 2H2O (0.12 g, 1
mmol) in 10mL of deionized water, adjusted to pH≈ 7 with an aqueous
solution of NH3 while stirring, was sealed in a 20 mL Teflon-lined
stainless steel autoclave and then heated at 160 �C for 78 h. After the
mixture was cooled slowly to room temperature, suitable crystals of 1�4
were obtained. For 1, yield: 61.2% based on La. Anal. Calcd for
C2H12NO9P2La: C, 6.08; H, 3.06; N, 3.54; P, 15.70; La, 35.17. Found:
C, 6.11; H, 3.10; N, 3.49; P, 15.68; La, 35.21. IR (KBr, cm�1): 3573 (w),
3345 (m), 3151 (s), 1620 (w), 1452 (m), 1081 (s), 997 (w), 946 (w),
811 (w), 661 (w), 576 (w), 459 (w). For 2, yield: 64.6% based on Ce.

Anal. Calcd for C2H12NO9P2Ce: C, 6.06; H, 3.05; N, 3.53; P, 15.65; Ce,
35.37. Found: C, 6.10; H, 3.01; N, 3.56; P, 15.62; Ce, 35.32. IR
(KBr, cm�1): 3579 (w), 3350 (m), 3190 (s), 1654 (w), 1434 (m),
1091 (s), 995 (w), 948 (w), 813 (w), 671 (w), 567 (w), 464 (w). For 3,
yield: 65.6% based on Pr. Anal. Calcd for C2H12NO9P2Pr: C, 6.05; H,
3.02; N, 3.53; P, 15.62; Pr, 35.50. Found: C, 6.07; H, 3.07; N, 3.50; P,
15.65; Pr, 35.46. IR (KBr, cm�1): 3571 (w), 3325 (m), 3184 (s),
1635 (w), 1448 (m), 1091 (s), 1009 (w), 956 (w), 819 (w), 665 (w),
574 (w), 476 (w). For 4, yield: 60.9% based on Nd. Anal. Calcd for
C2H12NO9P2Nd: C, 6.00; H, 3.00; N, 3.50; P, 15.49; Nd, 36.03. Found:
C, 6.04; H, 3.05; N, 3.54; P, 15.55; Nd, 36.06. IR (KBr, cm�1): 3574 (w),
3367 (m), 3174 (s), 1623 (w), 1434 (m), 1099 (s), 1000 (w), 964 (w),
827 (w), 671 (w), 580 (w), 470 (w).
Synthesis of [NH4][Ln(hedp)(H2O)] (Ln = Sm (5), Eu (6),

Gd (7), Tb (8), Dy (9), Y (10), Er (11)). The methods used for the
syntheses of compounds 5�11 are similar. A mixture of LnCl3 3 6H2O
(0.09 g, 0.25 mmol), hedpH4 solution (1 mL, 2.5 mmol), and H2C2O4 3
2H2O (0.12 g, 1mmol) in 10mL of deionized water, adjusted to pH≈ 7
with an aqueous solution of NH3 while stirring, was sealed in a 20 mL
Teflon-lined stainless steel autoclave and then heated at 160 �C for 78 h.
After the mixture was cooled slowly to room temperature, suitable
crystals of 5�11 were obtained. For 5, yield: 62.3% based on Sm. Anal.
Calcd for C2H7NO8P2Sm: C, 6.23; H, 1.83; N, 3.63; P, 16.09; Sm, 39.02.
Found: C, 6.25; H, 1.86; N, 3.59; P, 16.14; Sm, 39.07. IR (KBr, cm�1):
3494 (m), 3197 (s), 1662 (w), 1440 (m), 1099 (s), 1008 (w), 962 (w),
835 (w), 671 (w), 567 (w), 484 (w). For 6, yield: 63.6% based on Eu.
Anal. Calcd for C2H7NO8P2Eu: C, 6.20; H, 1.82; N, 3.62; P, 16.02; Eu,
39.27. Found: C, 6.18; H, 1.87; N, 3.57; P, 16.08; Eu, 39.31. IR
(KBr, cm�1): 3498 (w), 3197 (s), 1645 (w), 1427 (m), 1110 (s),
1014 (w), 835 (w), 665 (w), 568 (w), 487 (w). For 7, yield: 62.7% based
on Gd. Anal. Calcd for C2H7NO8P2Gd: C, 6.12; H, 1.80; N, 3.57; P,
15.81; Gd, 40.09. Found: C, 6.14; H, 1.76; N, 3.52; P, 15.78; Gd, 40.13.
IR (KBr, cm�1): 3429 (w), 3224 (s), 1654 (w), 1434 (m), 1118 (s),
1008 (w), 838 (w), 671 (w), 574 (w), 484 (w). For 8, yield: 61.8% based
on Tb. Anal. Calcd for C2H7NO8P2Tb: C, 6.09; H, 1.79; N, 3.55; P,
15.74; Tb, 40.34. Found: C, 6.14; H, 1.84; N, 3.51; P, 15.70; Tb, 40.38.
IR (KBr, cm�1): 3494 (w), 3203 (s), 1654 (w), 1429 (m), 1110 (s),
1000 (m), 846 (w), 667 (w), 578 (w), 479 (w). For 9, yield: 61.8% based
on Dy. Anal. Calcd for C2H7NO8P2Dy: C, 6.04; H, 1.77; N, 3.52; P,
15.60; Dy, 40.88. Found: C, 6.09; H, 1.81; N, 3.47; P, 15.63; Dy, 40.82.
IR (KBr, cm�1): 3498 (w), 3199 (s), 1652 (w), 1434 (m), 1110 (s),
1014 (m), 844 (w), 665(w), 576 (w), 487 (w). For 10, yield: 63.5%
based on Y. Anal. Calcd for C2H7NO8P2Y: C, 7.41; H, 2.18; N, 4.32 P,
19.14; Y, 58.32. Found: C, 7.46; H, 2.15; N, 4.36; P, 19.18; Y, 58.26. IR
(KBr, cm�1): 3468 (w), 3172 (s), 1635 (w), 1440(m), 1084 (s),
1014 (m), 844 (w), 671(w), 567 (w), 489 (w). For 11, yield: 62.7%
based on Er. Anal. Calcd for C2H7NO8P2Er: C, 5.97; H, 1.75; N, 3.48 P,
15.41; Er, 41.58. Found: C, 6.02; H, 1.79; N, 3.53; P, 15.46; Er, 41.53.
IR (KBr, cm�1): 3494 (w), 3190 (m), 1662 (w), 1440 (m), 1099 (s),
1008 (w), 837 (w), 676 (w), 561 (w), 495 (w).
Crystallographic Studies. Data collection for compounds 1�11

was performed on a Bruker AXS Smart APEX II CCD X-diffractometer
equippedwith graphite-monochromatedMoKα radiation (λ = 0.71073 Å)
at 293 ( 2K. An empirical absorption correction was applied using
the SADABS program. Structures were solved by direct methods and
refined by full matrix least-squares on F2 using the programs SHELXS-97.
All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms except those for water molecules were generated geometrically
with fixed isotropic thermal parameters and included in the structure
factor calculations. Hydrogen atoms for water molecules were not
included in the refinement. Details of crystallographic data are given
in Table 1 for compounds 1�4 and Table 2 for compounds 5�11.
Hydrogen-bonding geometric data in compounds 2 and 6 listed in
Table 3.

Scheme 1. Structure of 1-Hydroxyethylidenediphosphonic
Acid (hedpH4)
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’RESULTS AND DISCUSSION

Syntheses. Using the heptadentate ligand hedpH4 (1-hydro-
xyethylidenediphosphonic acid) and lanthanide chloride, 11
novel 3D chiral and achiral lanthanide diphosphonates with left-
and right-hand helical chains have been synthesized under
hydrothermal conditions. The best crystallinity of the reaction
product was observed in the reactions containing Ln3+, hedpH4,
and H2C2O4 3 2H2O in a molar ratio of 1:10:4. Interestingly, the
oxalic acid plays a key role in formation of compounds 1�11. We
tried to obtain them without the presence of oxalic acid, but no
good samples for X-ray diffraction study were obtained. Even
though the dicarboxylic acid was not included in the final
product, its inclusion in the reactive mixture is crucial to isolate
good-quality single crystals of all the compounds. NH3 3H2O
was employed as a template and to adjust the pH of the
reaction mixture. The ammonium template is critical to form
these crystalline materials. To further study their roles in

crystal formation, an analogous template 1,4-butanediamine
can be used in the synthesis of such materials; however, we
gained a series of 1D infinite chains with general formula
[NH3(CH2)4NH3]Ln[hedpH][hedpH2].

17b,18 Other amines
have been used to be a template in the reaction mixture, but
we failed to collect suitable single crystals for X-ray diffraction.
We also attempted to determine if the ammonium ions can be
replaced by other templates. Fortunately, a series of similar 3D
open-framework structures with general formula Na4[Ln2-
(hedp)2(H2O)2] 3 nH2O

17a was abtained when NaOH was
added to the reaction mixture.
Crystal Structures of 1�4. Compounds 1�4 are isomor-

phous; hence, only the structure of 2 will be discussed in detail as
a representation. X-ray single-crystal diffraction reveals that
compound 2 crystallizes in orthorhombic chiral space group
P212121 (No. 19) with a Flack parameter of 0.01(3). As shown in
Figure 1a, each asymmetric unit contains one Ce(III) atom, one
hedp4� ligand, one coordinated water molecule, one lattice water

Table 1. Crystal Data and Structure Refinement for Compounds 1�4

compounds 1 2 3 4

empirical formula C2H12NO9P2La C2H12NO9P2Ce C2H12NO9P2Pr C2H12NO9P2Nd

Mr 394.98 396.19 396.98 400.31

cryst syst orthorhombic orthorhombic orthorhombic orthorhombic

space group P2(1)2(1)2(1) P2(1)2(1)2(1) P2(1)2(1)2(1) P2(1)2(1)2(1)

a/Å 8.7115(10) 8.6912(11) 8.6544(16) 8.649(2)

b/Å 10.4316(13) 10.3935(13) 10.3809(18) 10.323(3)

c/Å 10.8838(13) 10.8180(13) 10.7646(19) 10.738(3)

V/Å3 989.1(2) 977.2(2) 967.1(3) 958.8(4)

Z 4 4 4 4

Dc/g cm
�3 2.653 2.693 2.726 2.773

goodness-of-fit on F2 1.034 1.032 1.001 1.023

R1 [I > 2σ (I)] a 0.0345 0.0318 0.0436 0.0386

wR2 [I > 2σ (I)]a 0.0667 0.0570 0.0660 0.0707

R1 (all data)
a 0.0432 0.0420 0.0695 0.0517

wR2 (all data)
a 0.0702 0.0600 0.0732 0.0758

a R1 = Σ(|F0| � |FC|)/ΣF0|, wR2 = [Σw(|F0| � |FC|)
2/ΣwF0

2]1/2.

Table 2. Crystal Data and Structure Refinement for Compounds 5�11

compounds 5 6 7 8 9 10 11

empirical formula C2H7NO8P2Sm C2H7NO8P2Eu C2H7NO8P2Gd C2H7NO8P2Tb C2H7NO8P2Dy C2H7NO8P2Y C2H7NO8P2Er

Mr 385.38 386.99 392.28 393.95 397.53 323.94 402.29

cryst syst orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic

space group Pnma Pnma Pnma Pnma Pnma Pnma Pnma

a/Å 10.3848(13) 10.3513(14) 10.324(2) 10.297(2) 10.2565(14) 10.2241(19) 10.196(3)

b/Å 8.3420(10) 8.3264(11) 8.3130(17) 8.3034(17) 8.2892(12) 8.2756(16) 8.260(2)

c/Å 10.5774(13) 10.5584(14) 10.534(2) 10.500(2) 10.4595(15) 10.434(2) 10.406(3)

V/Å3 916.32(19) 910.0(2) 904.1(3) 897.7(3) 889.2(2) 882.8(3) 876.4(4)

Z 4 4 4 4 4 4 4

Dc/g cm
�3 2.793 2.825 2.882 2.915 2.969 2.437 3.049

goodness-of-fit on F2 1.072 1.045 1.034 1.038 1.040 1.013 1.063

R1 [I > 2σ (I)] a 0.0567 0.0521 0.0549 0.0492 0.0473 0.0690 0.0464

wR2 [I > 2σ (I)]a 0.1508 0.1263 0.1138 0.1031 0.1146 0.1773 0.0875

R1 (all data)
a 0.0617 0.0624 0.0770 0.0598 0.0562 0.0790 0.0640

wR2 (all data)
a 0.1540 0.1318 0.1222 0.1077 0.1190 0.1832 0.0929

a R1 = Σ(|F0| � |FC|)/Σ|F0|, wR2 = [Σw(|F0| � |FC|)
2/ΣwF0

2]1/2.
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molecule, and oneNH4
+ cation. TheCe atoms are eight coordinated

by six phosphonate oxygen atoms (O2, O5, O4A, O3B, O1C,
O6C) from four separate hedp4� ligands, one hydroxyl oxygen
atom (O7) from one hedp4� ligand, and one oxygen atom (O8)
from one coordinated water molecule. The values of the Ce�O
bond lengths are in the range of 2.396(5)�2.755(4) Å, which are
comparable to those reported for other Ce(III) phosphonate
compounds.19 Each L3� anion acts as a heptadentate ligand and
connects four Ce(III) atoms via all its phosphonate oxygen
atoms and hydroxyl oxygen atoms.
In compound 2, each CeO8 polyhedron is linked to each other

through CPO3 tetrahedra and thereby to form an infinite chain
along the b axis. Such infinite chains are linked to form a three-
dimensional framework structure via CPO3 tetrahedra (Figure 2).
The result of connections in this manner is formation of two
types of 16-atom channels with dimensions of 9.5 Å� 8.5 Å and
10 Å � 9 Å along the crystallographic a and b axis, respectively
(Figure 1b and 1c). The effective free volume of 2 is 123.9 Å3

(12.7% of the unit cell volume), as calculated by PLATON. The
two types of channels have windows made up of 16 atoms, which
consist of four Ce, four P, and eight O atoms with the sequences
�Ce�O�P�O�Ce�O�P�O�Ce�O�P�O�Ce�O�P�
O� and the lattice water molecules and charge�compensating
protonated NH4

+ ions as templates being located inside this
channel with extensive hydrogen-bonding interactions (Figure 1d).
The N 3 3 3O distances are 2.836(8), 3.101(8), 2.845(8), 2.991(7),
and 2.879(9) Å for N(1)�H(1D) 3 3 3O(2)

i, N(1)�H(1B) 3 3 3
O(4)ii, N(1)�H(1B) 3 3 3O(6)

ii, N(1)�H(1C) 3 3 3O(7)
iii, and

N(1)�H(1A) 3 3 3O(1W)iv (symmetry code: (i)�x+ 3/2,�y + 1,

z � 1/2; (ii) x + 1/2, �y + 1/2, �z + 1; (iii) �x + 1, y � 1/2,
�z + 3/2; (iv) x � 1/2, �y + 1/2, �z + 1), respectively. The
hydroxyl oxygen atom (O7) also forms a hydrogen bond with a
phosphonate oxygen atom (O5): O(7)�H(7A) 3 3 3O(5)

v

(symmetry code (v) x + 1/2, �y + 3/2, �z + 2) and the bond
distances is 2.777(7) Å. Meanwhile, lattice water and coordina-
tion water also form a hydrogen bond with a distance of 2.703(7) Å
for O(8)�H(8B) 3 3 3O(1W)vi (symmetry code (vi) x + 1/2,
�y + 3/2, �z + 2). Another important hydrogen bonding inter-
action is between the lattice water (O1W)/coordination water
(O8) and coordinated phosphonate oxygen atoms (O1, O2, O5):
O(1W)�H(1WA) 3 3 3O(1), O(1W)�H(1WA) 3 3 3O(5)

iii, and
O(8)�H(8A) 3 3 3O(2)

vii (symmetry code for (vii) �x + 1,
y + 1/2, �z + 3/2), and the bond lengths are 2.823(8),
3.011(7), and 2.749(6) Å, respectively. These strong hydrogen
bonds enhance the stability of the network and affect the crystal
packing of the molecules.
Interestingly, a notable feature for compound 2 is the presence

of left- and right-handed helical chains in the structure along the b
axis, which are connected through Ce�O�P�O�Ce linkages
(Figure 3). By comparing with other series of compounds, the
chirality of compound 2 may originate from the extensive
hydrogen-bonding interactions, such as crystal water molecule,
which change the molecular steric orientation of protonated
NH4

+, and induce NH4
+ as templates to form the chiral config-

uration (Figure 1c). The interactions also influence the cerium
coordination geometry, which exhibits a chiral configuration, and
induce the distorted asymmetric framework, which transfers the
chirality to three dimensions and generates the spontaneous
resolution.
Crystal Structures of 5�11. Compounds 5�11 are also

isomorphous; hence, only the structure of 6 will be discussed
in detail as a representation. X-ray single-crystal diffraction
reveals that compound 6 crystallizes in orthorhombic achiral
space group Pnma (No. 62). As shown in Figure 4a, each

Table 3. Hydrogen-Bonding Geometric Data (Å, deg) in
Compounds 2 and 6a

D�H 3 3 3A d(D�H) d(H 3 3 3A) d(D 3 3 3A) <(DHA)

compound 2 (Ce)

O(7)�H(7A) 3 3 3O(5)
v 0.85 1.97 2.777(7) 157.5

O(8)�H(8A) 3 3 3O(2)
vii 0.85 2.00 2.749(6) 146.8

O(8)�H(8B) 3 3 3O(1W)vi 0.85 1.95 2.703(7) 146.8

O(1W)�H(1WA) 3 3 3O(1) 0.85 2.26 2.823(8) 123.5

O(1W)�H(1WA) 3 3 3O(5)
iii 0.85 2.36 3.011(7) 134.2

N(1)�H(1D) 3 3 3O(2)
i 0.90 2.24 2.836(8) 123.4

N(1)�H(1A) 3 3 3O(1W)iv 0.90 1.99 2.879(9) 169.6

N(1)�H(1B) 3 3 3O(6)
ii 0.90 2.29 2.845(8) 119.3

N(1)�H(1B) 3 3 3O(4)
ii 0.90 2.34 3.101(8) 142.4

N(1)�H(1C) 3 3 3O(7)
iii 0.90 2.14 2.991(7) 158.6

compound 6 (Eu)

O(4)�H(4A) 3 3 3O(3)
v 0.85 2.39 3.185(13) 156.7

O(5)�H(5A) 3 3 3N(1) 0.85 2.33 2.89(2) 124.0

N(1)�H(1D) 3 3 3O(5) 0.90 2.27 2.89(2) 126.0

N(1)�H(1D) 3 3 3O(2)
i 0.90 2.36 3.059(19) 135.3

N(1)�H(1D) 3 3 3O(2)
ii 0.90 2.36 3.059(19) 135.3

N(1)�H(1A) 3 3 3O(4)
iii 0.90 2.32 2.95(2) 127.2

N(1)�H(1B) 3 3 3O(3)
iv 0.90 2.58 3.322(15) 140.5

a Symmetry transformations used to generate equivalent atoms. For 2:
i �x + 3/2, �y + 1, z � 1/2; ii x + 1/2, �y + 1/2, �z + 1; iii �x + 1,
y� 1/2,�z+3/2; iv x� 1/2,�y+1/2,�z+1; vx+1/2,�y+3/2,�z+2;
vi x� 1/2,�y+3/2,�z+2; vii�x+1, y+1/2,�z+3/2. For6: i�x+3/2,
y + 1/2, z + 1/2; ii �x + 3/2, �y, z + 1/2; iii x, y, z + 1; iv �x + 1,
y + 1/2, �z + 1; v �x + 1, y + 1/2, �z.

Figure 1. (a) Fragment of the structure in compound 2 with partial
atomic labeling scheme. (b) Ball-and-stick view of the framework for
compound 2 along the a axis. (c) Ball-and-stick view of the framework
for compound 2 along the b axis. (d) Perspective view of the 1D channels
structure in compound 2 showing the hydrogen bonds along the a axis.
All H atoms are omitted for clarity.
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asymmetric unit contains one-half Eu(III) atom, one-half hedp4�

ligand, one-half coordinated water molecule, and one-half NH4
+

cation. The Eu atoms are eight coordinated by six phosphonate
oxygen atoms (O3, O3C, O1A, O1B, O2D, O2E) from four
separate hedp4� ligands, one hydroxyl oxygen atom (O4) from
one hedp4� ligand, and one oxygen atom (O5) from one
coordinated water molecule. The values of the Eu�O bond
lengths are in the range of 2.301(10)�2.685(14) Å, which are
comparable to those reported for other Eu(III) phosphonate
compounds.20 Each L3� anion acts as a heptadentate ligand and
connects four Eu(III) atoms via all its phosphonate oxygen atoms
and hydroxyl oxygen atoms.
For compound 6, it has a similar 3D framework structure with

compound 2 except they are different in the packing direction
and hydrogen-bondingmode. Each EuO8 polyhedron is linked to
each other through CPO3 tetrahedra and thereby to form an
infinite chain along the a axis. Such infinite chains are linked to
form a 3D framework structure via CPO3 tetrahedra (Figure 5).
The result of connections in this manner is formation of two
types of 16-atom channels with dimensions of 9.4 Å� 8.3 Å and
9.4 Å� 8.9 Å along the crystallographic a and b axis, respectively
(Figure 4b and 4c). The effective free volume of 6 is 39.0 Å3

(4.3% of the unit cell volume) less than compound 2, as calculated
by PLATON. The two types of channels have windows made up
of 16 atoms, which consist of four Eu, four P, and eight O atoms

with the sequences �Eu�O�P�O�Eu�O�P�O�Eu�O�
P�O�Eu�O�P�O� and the charge-compensating protonated
NH4

+ ions as templates being located inside this channel with
extensive hydrogen�bonding interactions (Figure 4d). The
N 3 3 3O distances are 3.059(19), 3.059(19), 2.95(2), and
3.322(15) Å for N(1)�H(1D) 3 3 3O(2)

i, N(1)�H(1D) 3 3 3
O(2)ii, N(1)�H(1A) 3 3 3O(4)

iii, and N(1)�H(1B) 3 3 3O(3)
iv

(symmetry code (i)�x+ 3/2, y + 1/2, z + 1/2; (ii)�x + 3/2,�y,
z + 1/2; (iii) x, y, z + 1; (iv)�x + 1, y + 1/2,�z + 1), respectively.
The hydroxyl oxygen atom (O4) also forms a hydrogen bond
with a phosphonate oxygen atom (O3): O(4)�H(4A) 3 3 3O(3)

v

(symmetry code (v)�x + 1, y + 1/2,�z), and the bond distance
is 3.185(13) Å. Another important hydrogen bonding is between
the coordination water (O5) and protonated NH4

+ ions (N1):
O(5)�H(5A) 3 3 3N(1) and N(1)�H(1D) 3 3 3O(5), and the

Figure 2. Polyhedral views of 3D framework structures of compound 2
along the b axis showing channels (10.0 Å� 9.0 Å). All H are omitted for
clarity.

Figure 3. View of the left- and right-handed helical chains of compound
2 along the b axis.

Figure 4. (a) Fragment of the structure in compound 6 with partial
atomic labeling scheme. (b) Ball-and-stick view of the framework for
compound 6 along the a axis. (c) Ball-and-stick view of the framework
for compound 6 along the b axis. (d) Perspective view of the 1D channels
structure in compound 6 showing the hydrogen bonds along the a axis.
All H atoms are omitted for clarity.

Figure 5. Polyhedral views of 3D framework structures of compound 6
along the a axis showing channels (9.4 Å� 8.3 Å). All H are omitted for
clarity.
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two bond lengths are 2.89(2) Å. These strong hydrogen bonds
enhance the stability of the network and affect the crystal packing
of the molecules.
In contrast to compound 2, the crystal structure of compound

6 is still containing left- and right-handed helical chains along the
a axis, which are connected through Eu�O�P�O�Eu linkages
(Figure 6). However, compound 6 has an achiral 3D framework
structure, despite the fact that they have similar 3D network
topologies, since the compound does not contain a crystal water
molecule; as a result, the symmetric NH4

+ is a templates to form
some parallel channels and lead to an achiral configuration
(Figure 4b). Thus, the steric orientation of protonated NH4

+ is
very important, which was adjusted by a crystal water molecule
that induces different structural packing, steric orientation, and
symmetry breaking. The phenomenon of the crystal water
molecule to induce NH4

+ as a template to form a chiral
configuration by extensive hydrogen-bonding interactions is still
rare to this day. Another reason may be related to the ionic radii
of different lanthanide ions, because lanthanide(III) ions change
significantly in size across the periodic table, with ionic radii that
range from 1.160 (LaIII) to 0.977 Å (LuIII) for eight-coordinate
ions.21 The large ionic radii for compounds 1�4may have some
influence on the chiral configuration.
IR Spectroscopy. IR spectra for compounds 1�11 are

recorded in the region 4000�400 cm�1. The IR spectra of the
11 compounds have many similar features corresponding to
the common groups; thus, only the spectrum of compound 2will
be discussed (Figure S1, Supporting Information). The broad
band in the 3579�3190 cm�1 region corresponds to the O�H
stretching vibrations of hydroxyl groups (including water mol-
ecules and 1-hydroxyethylidenediphosphonic acid) and the
vibrations of N�H stretching of NH4

+ cations. A weak band at
1620 cm�1 is attributed to the H�O�H bending vibration of
water molecules. The medium absorption band at 1434 cm�1 is
due to the bending vibration of C�H. The set of bands between
1200 and 900 cm�1 is due to stretching vibrations of the
tetrahedral CPO3 groups, as expected.

22 Additional weak bands
at low energy are found. These bands are probably due to
bending vibrations of the tetrahedral CPO3 groups.
Thermal Analysis. Thermal gravimetric analyses (TGA) are

conducted to examine the stabilities of these compounds. The
TGA curves of compounds 1�4 are similar, with three main
continuous weight losses. Herein, we use compound 2 as an
example to illuminate the weight losses in detail. As shown in
Figure S2, Supporting Information, the first step started at 50 �C

and was completed at 300 �C, corresponding to release of one
lattice water molecule and one protonated NH4

+ ion. The
observed weight loss of 8.8% is close to the calculated value
(9.1%). The second step occurred above 300 �C, during which
the compound is partially decomposed. The third step between
360 and 900 �C can be attributed to further decomposition of
phosphonate units. The total weight loss of 22.8% is close to the
calculated value (23.0%) if the final product is assumed to be a
mixture of Ce(PO3)3 and CePO4 in a molar ratio 1:1. The TGA
curves of compounds 5�11 are also similar; compound 6 was
used as an example (Figure S3, Supporting Information). It
exhibits three main continuous weight losses. The first step, in
the temperature range 50�140 �C, is due to removal of one
protonated NH4

+ ion. The observed weight loss of 5.2% is close
to the calculated value (4.7%). The second step occurred above
140 �C, during which the compound is partially decomposed.
The third step covers from 370 to 800 �C, corresponding to
further decomposition of the organic groups. The final residual of
the thermal process is the mixture of Eu(PO3)3 and EuPO4 in a
molar ratio of 1:1. The total weight loss of 18.0% is close to the
calculated value (17.8%). Considering the thermal stability of the
compounds, X-ray powder diffraction studies were performed for
the as-synthesized compound 2 and the samples calcined at 160,
180, 200, 220, 250, and 280 �C for 2 h, respectively (Figure S4,
Supporting Information). The XRD patterns for the calcined
samples fit well with that of the as-synthesized sample, indicating
that the structure of these compounds can be kept after the
dehydration process (Figure 7). Attempts to obtain precise
structures from the dehydrated crystals were unsuccessful, which
was attributed to the poor crystal quality after water molecules
were removed from the lattice.
Photoluminescence Properties. The solide-state lumines-

cence properties of compounds 5, 6, 8, and 9were investigated at
room temperature. The emission spectrum of compound 5 at the
excited wavelength of 406 nm is shown in Figure 8. There are
three characteristic bands, which are attributed to 4G5/2f

6HJ (J
= 5/2, 7/2, 9/2), 4G5/2 f 6H5/2 (563 nm), 4G5/2 f 6H7/2

(600 nm), and 4G5/2 f
6H9/2 (646 nm) transitions.9a Under

excitation of 395 nm, compound 6 displays strong red lumines-
cence properties characteristic of the Eu(III) ion (Figure 9). The
emission bands at 595, 614, 652, and 700 nm are attributed to
5D0 f 7FJ (J = 1�4) transitions.23 Two stronger peaks are
attributed to 5D0f

7F1 (595 nm) and 5D0f
7F2 (614 nm), and

the two weaker peaks belong to the transitions of 5D0 f
7F3

(652 nm) and 5D0 f
7F4 (700 nm). The 5D0 f

7F1 transition

Figure 6. View of the left- and right-handed helical chains of compound
6 along the a axis.

Figure 7. Experimental and heated (160 �C) X-ray powder diffraction
diagram of compound 2 compared to the calculated one.
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corresponds to a magnetic dipole transition, and the intensity of
this emission for 6 is medium�strong. The most intense emis-
sion in the luminescent spectrum is the 5D0 f

7F2 transition,
which is the so-called hypersensitive transition and is responsible
for the brilliant-red emission of compound 6.24 It is noted that
the intensity of the hypersensitive transition 5D0 f 7F2 is
comparable to that of 5D0 f

7F1. Since the former transition is
electric dipole in nature, its intensity is strongly influenced by the
crystal field while the latter transition is magnetic dipole in origin
and less sensitive to its environment. Compound 8 exhibits four
strong characteristic emission bands when excited at 378 nm
(Figure 10). These emission bands are assigned to the 5D4f

7FJ
(J = 3, 4, 5, and 6), 5D4 f

7F6 (486 nm), 5D4 f
7F5 (548 nm),

5D4 f
7F4 (588 nm), and 5D4 f

7F3 (615 nm) transitions.25

Among these emission lines, the most striking green lumines-
cence (5D4f

7F5) for compound 8 is observed in the emission
spectrum. Compound 9 is yellow luminescent in the solid state
when excited at 352 nm. In the emission spectrum of compound
9 (Figure 11), two characteristic bands can be seen, which are
attributed to transitions of 484 (4D9/2 f

6H15/2) and 574 nm
(4D9/2 f

6H13/2).
9a Compared with the emission spectra of the

four compounds (5, 6, 8, and 9), the transition intensity of
compound 5 is the weakest. The low emission intensity for Sm3+

ions implies that the efficiency of energy transfer from ligands to
metals is lower than that to Eu3+, Tb3+, and Dy3+. Furthermore,

the intensity of the four complexes based on the hedpH4 ligand is
completely weak, possibly due to the coordinated water molecules,
which reduces the luminescent intensity of the rare earth ions,26

and the energy transfer from the hedpH4 ligand to lanthanide(III)
ions is inefficient in the theory of energy transfer.27

Magnetic Property. The temperature dependence of the
χmT product and inverse magnetic susceptibility (1/χm) for

Figure 8. Solid-state emission spectrum of compound 5 at room
temperature.

Figure 9. Solid-state emission spectrum of compound 6 at room
temperature.

Figure 10. Solid-state emission spectrum of compound 8 at room
temperature.

Figure 11. Solid-state emission spectrum of compound 9 at room
temperature.

Figure 12. Thermal variations of χmT (0) and 1/χm (b) for com-
pound 7.
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compound 7 at 1000 Oe in the temperature range 2�300 K are
shown in Figure 12. The observed χmT value at 300 K of
14.74 cm3 K mol�1 corresponds exactly to the expected value
of 15.75 cm3Kmol�1 for two uncoupledGdIII ions (S = 7/2, 8S7/2,
and g = 2). It remains almost constant down to about 30 K, below
which the χmT value decreases with decreasing temperature. The
decline in χmT at low temperature can be attributed to anti-
ferromagnetic exchange coupling between the magnetic centers
across the O�P�Ounits. Since the O�P�Ounit is not efficient
in mediating magnetic exchange due to electron localization, the
overall antiferromagnetic interaction in two GdIII ions would be
expected to be very weak. This is indeed the case. The inverse
susceptibility plot as a function of temperature is linear above 2.0
K, following the Curie�Weiss law (χm

�1 = 0.05743 + 0.06809T)
(r = 0.99999), with C = 14.69 cm3 K mol�1 and Θ = �0.84 K,
corresponding to about two S = 7/2 spin per formula. The
decrease of the χmT value with decreasing temperature and
negativeΘ value suggest a weak antiferromagnetic interaction of
GdIII ions.28

’CONCLUSION

Using the heptadentate ligand hedpH4 and lanthanide chlor-
ide, 11 novel 3D chiral and achiral lanthanide diphosphonates
with left- and right-handed helical chains have been synthesized
under hydrothermal conditions and structurally characterized.
Compounds 1�4 are isomorphous and feature a 3D framework
formed by the interconnection of LnO8 and CPO3 polyhedra
through phosphonate ligands. Compounds 5�11 are also iso-
morphous and exhibit some similar 3D network topologies with
compounds 1�4. The charge-compensating protonated NH4

+

ions as templates located inside these channels with extensive
hydrogen-bonding interactions play important roles to induce
the 3D structure. The crystal water molecule with extensive
hydrogen-bonding interactions, which change the molecular
steric orientation of protonatedNH4

+, induceNH4
+ as templates

to form a chiral configuration. Thus, the steric orientation of
protonated NH4

+ is very important, which was adjusted by the
crystal water molecule that induces different structural packing,
steric orientation, and symmetry breaking. The phenomenon of
the crystal water molecule to induce NH4

+ as a template to form
chiral configuration by extensive hydrogen-bonding interactions
is still rare to this day. The results of our study indicate that by
introduction of NH4

+ ions as a template we can obtain chiral
lanthanide diphosphonates with good crystals and induce chiral
structure through a crystal water molecule with extensive hydro-
gen bonding. The luminescence properties of compounds 5, 6, 8,
and 9 and magnetic property of compound 7 have been studied.
The Eu and Tb compounds exhibit strong luminescence in the
red and green regions, respectively. The Gd compound exhibits a
weak antiferromagnetic interaction between two GdIII ions.
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