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Abstract

Two new lanthanum phosphite hydrates, Lax(H,O)(HPOj3); (1) and Lay(H,0),(HPOj3); (2), were synthesized by a hydrothermal
method. Their crystal structures were determined by X-ray single-crystal method (1, monoclinic, C2/¢ (No. 15); a = 20.820(5) A,
b=0671712)A, ¢ =14.123(3)A, p=101.261(3)°, V =1937.0(8)A3; Z = 8; 2, triclinic, P-1 (No. 2); a = 8.168(3)A, b = 8.439(2) A,

¢ =93373)A, o= 115.641(3)°, B =98.655(3)°, 7 = 105.124(3)°,

V= 533.87(1)1&3, Z =2). Both crystal structures present three-

dimensional open-framework structures containing channels, and 1 adopts intersecting type. In the two structures, the face-sharing
dimers of LaO, (n =28,9) were observed. Other characterizations by IR and TG-DSC were also described. Furthermore, both the
compounds doped with Ce™? showed intensive broad emission band around 340 nm under UV excitation.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Following the discovery of microporous crystalline
aluminophosphates in 1980s [1,2], new open-framework
metal phosphates have attracted considerable attention
because of their potential applications in catalysis, adsorp-
tion, ionic conduction, ion exchange, electronics and
optoelectronics. During the past decade, a large number
of new metal phosphates with open frameworks have
appeared in the literature. The metals include Ga [3], In
[4,5], Zn [6,7], Fe ([8] and references therein), Sn ([9] and
references therein), V [10-12], Mo [13], Ti[14], Mn [15] and
rare-earth elements [16,17]. In the past few years, the
pyramidal hydrogen phosphite ion [HPOs]*~ has also been
incorporated into the structural framework of these kinds
of compounds, giving rise to new purely inorganic [18] or
organically templated phases [19]. In contrast to the large
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numbers of transition-metal phosphites, the reports on
rare-earth phosphites are rare. According to the connec-
tivity way of LnO,, polyhedra, we can sort them into two
types of compounds containing chain and layer, respec-
tively. In the type of chain, LnO,, polyhedra formed into a
linear chain connected by their edges. Complexes of the
lanthanide metals (La, Ce, Pr, Nd, Eu) [20-23] with
phosphite and hypophosphite ligands were reported, such
as EU2(HP03)3(H20)2.5, Ld(HOgPH)(HPO;) 3H20 and
{Pr(H,PO,)(HPO3)H,0O}H,0. In the compounds (Pr, Nd,
Eu) [24,25] containing layers, the framework almost was
built from linear chains connected through corners or
edges, such as Ln,(HPO3)3;(H>O)(Ln = Pr, Nd) and Eu,
(HPO5)s. In all the compounds, no face-sharing polyhedra
were observed.

Recently, we have synthesized some transition-metal
phosphites, (C,H;oN»)[Zn(HPO5),] and Na,[M(HPO;),]
(M = Fe, Co) [26], with new structure types and relative
properties have also been studied. In this work, our study
was extended to the hydrothermal synthesis and crystal
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structure determination of two new lanthanum phosphite
monohydrate La,(H,O)(HPOs3); (1) and lanthanum phos-
phite dihydrate La,(H>O),(HPO3); (2), which have an open
three-dimensional (3D) framework containing face-sharing
dimers and channels. In addition, the luminescence proper-
ties of both the compounds doped with Ce*?® were
investigated.

2. Experimental section
2.1. Synthesis

All commercially available reagents and chemicals were
of analytical or reagent-grade purity and used as received.
Compounds 1 and 2 were prepared under mild hydro-
thermal conditions. Lanthanum chloride solution was
prepared by adding the excess quantity of concentrated
HCI (35% solution) to a suspension of the lanthanum
oxide in water.

In the case of 1, solution of LaCl; was used as the
starting material. The solid of H3;POj3 (0.410 g) was added
to the solution of the lanthanum chloride (1 M, 10mL)
under constant stirring. Then the mixture was transferred
into Teflon-lined stainless steel autoclave and heated for 5
days at 413K wunder autogenous pressure. Colorless
products were obtained by filtration and washed with
water and dried in air at 333 K. For the case of 2, the
product was also obtained under the same hydrothermal
conditions from a mixture of LaCls solution (1 M, 10mL),
H;P03(0.410 g), but NH4HB4O- - 3H,0(1.000 g) was added
as additive agent.

2.2. Crystal structure determination

Crystals from each product were selected under a
polarizing microscope, glued to a thin glass fiber with
cyanoacrylate (superglue) adhesive, and inspected for
singularity. Two of them were chosen (0.05 x 0.05 x
0.10mm? for 1 and 0.04 x 0.04 x 0.05 mm?® for 2), and data
sets were collected on a Nonius Kappa CCD diffract-
ometer (MoKo radiation, 0.710 73 A). The data were
corrected for absorption using the SADABS program. The
structures were solved by direct methods and refined
against |F*| with the aid of the SHELXTL-PLUS package
[27]. All hydrogen positions were located from the
difference Fourier map but were refined as riding in the
final refinement. Additional information about the data
collection and structure refinement is presented in Table 1,
while selected distances for 1 and 2 are listed in Tables 2
and 3, respectively.

2.3. Other characterizations

The products used for spectral measurements were also
examined by powder X-ray diffraction (Rigaku D/max
2550V diffractometer, CuKo) to confirm their phase
identity and purity. The diffraction patterns were consis-
tent with those calculated from the structures determined
by single-crystal X-ray diffraction. IR spectra were
collected on a Digilab-FTS-80 spectrophotometer using
pressed KBr pellets of the samples. Thermogravimetric
analysis was performed on an STA-409PC/4/H LUXX
DSC-TGA instrument at a heating rate of [0 K min~' in a
flow of N, to a maximum temperature of 1173 K. UV

Table 1

Data collection and processing parameters for La,(H,O)(HPO3)sand La,(H,O),(HPO3);

Struct. param. 1 2

Empirical formula La,(H>O)(HPOs)3 La,(H,0)2(HPO3);
Formula weight 535.77 553.79
Wavelength 0.71073 A 0.71073 A

Crystal system, space group
Unit cell dimensions

Monoclinic C2/c¢ (No. 15)
a=20.820(5 A,
b=6.717(6) A, f = 101.261(3)°
c=14.1233) A,

Volume 1937.0(8) A’
Z, Calculated density (g/cm?) 8, 3.674
Absorption coefficient (mm™") 9.234
F(000) 1952

0 range for data collection 1.99-27.10°
Limiting indices
Reflections collected/unique 4532/2096 [R(int) = 0.0167]
Goodness-of-fit on F2 1.176

Final R indices [/>20(1)] R1 =0.0231%, wR, = 0.0554°
R indices (all data) R1 = 0.0246, wR, = 0.0561
Largest diff. peak and hole 1.092 and —0.854¢ A®

U< =h< =26, 6<=k< =8, -1T<=l< =17

Triclinic P-1 (No. 2)
a=8.1682) A, o = 115.641(3)°
b=8.439Q2) A, B = 98.655(3)°
¢=93372A, y = 105.124(3)°

533.9(2) A3

2, 3.45

8.388

508

2.54-27.08°

9< =h< =10, -10< =k< =9, —-ll< =< =11
2674/2258 [R(int) = 0.0191]
1.111

R1 = 0.0350%, wR, = 0.0798°
R1 = 0.0403, wR, = 0.0826
1.486 and —1.229¢ A>

ARy = Y || Fol-Foll/> | Fol. /
"WRy = (Y w(Fo-Fo)l/ S w(Fo) 1.
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Table 2

Selected bond lengths (A) for La,(H,O)(HPO3);

La(1)-O(7)*! 2.422(4) La(1)-O(8) 2.450(3)
La(1)-0(1)* 2.467(3) La(1)-0(5)" 2.533(3)
La(1)-0(2)* 2.537(3) La(1)-0(3)" 2.547(3)
La(1)-0(10) 2.577(4) La(1)-0(9) 2.847(3)
La(2)-0(6)" 2.483(3) La(2)-0(6) 2.515(3)
La(2)-0(9) 2.528(3) La(2)-0(8) 2.551(3)
La(2)-O(4)" 2.565(3) La(2)-O(4)*¢ 2.585(3)
La(2)-0(5)% 2.611(3) La(2)-0(2) 2.648(3)
La(2)-O(1) 2.675(3)

P(1)-0(3) 1.502(3) P(1)-0(2) 1.530(3)
P(1)-0(6) 1.532(3) P(1)-H(1) 1.507
P(2)-0(5) 1.529(3) P(2)-0(4) 1.547(3)
P(2)-0(9) 1.519(3) P(1)-H(2) 1.298
P(3)-0(7) 1.498(4) P(3)-0(1) 1.527(3)
P(3)-0(8) 1.533(3) P(1)-H(3) 1.425

Symmetry transformations used to generate equivalent atoms: #1, —x+ 1,
V, —z+3/2; 82, x, —y, z+1/2; 83, —x+1/2, y—1/2, —z+3/2; #4, —x+1/2,
y+1/2, —z+3/2; 85, —x+1/2, —y+1/2, —z+1; 86, x, y—1, z; $7, x, —y,
z—1/2; #8, x, y+1, z.

Table 3

Selected bond lengths (A) for Lay(H,0)>(HPO3)s

La(1)-0(5) 2.451(5) La(1)-O(4)*! 2.459(5)
La(1)-0(1)* 2.462(5) La(1)-0(8)* 2.480(5)
La(1)-0(2)* 2.585(5) La(1)-0(11) 2.619(5)
La(1)-O(7) 2.661(5) La(1)-O(4) 2.673(5)
La(1)-0(6)* 2.812(5)

La(2)-O(9)* 2.416(5) La(2)-O(3)* 2.461(5)
La(2)-0(7) 2.512(5) La(2)-0(6)" 2.554(5)
La(2)-0(2) 2.568(5) La(2)-0(3) 2.589(5)
La(2)-0(10) 2.632(6) La(2)-0(5) 2.705(5)
La(2)-0(8) 2.878(5)

P(1)-O(5) 1.505(5) P(1)-O(6) 1.518(5)
P(1)-0(2) 1.541(5) P(1)-H(1) 1.306
P(2)-O(1) 1.514(5) P(2)-O(8) 1.517(5)
P(2)-0(3) 1.544(5) P(2)-H(3) 1.374
P(3)-0(9) 1.502(5) P(3)-O(4) 1.533(5)
P(3)-O(7) 1.537(5) P(3)-H(2) 1.362

Symmetry transformations used to generate equivalent atoms: #1, —x, —y,
—z+2; 82, x—1, y, z; 3, —x+ 1, —p+1, —z+2; #4, —x, —y, —z+ 1; %5,
—x+1, —y, —z+1; 46, x+ 1, y, z.
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luminescence spectra were recorded on a Shimadyn RF-
5301 spectrofluorophotometer at room temperature and a
450 W xenon lamp was used as an excitation source.

3. Result and discussion
3.1. Synthesis

Compound 1 was obtained through the reaction of
H;PO; with the solution of LaCls directly under mild
hydrothermal conditions. Compound 2 was obtained
under the same condition, except that NH4HB4O; - 3H,0
was added as additive agent. The precursors were stirred
for 2 h and the acidity of both precursors reached pH = 1.0
at last. According to the experiment, we can note that
NH4HB4O; - 3H,0 did not influence the pH value of the
later solution. So the addition of NH;HB4O- - 3H,0 played
an important role in producing the difference. To
investigate the influence of NH4HB4O,-3H,O on the
reaction, we replaced it by NH4Cl and Na,B,0;- 10H,0,
but we did not obtain compound 2 in both cases.
Therefore, NH4HB4O- - 3H,O acted as a sort of catalyst
in the reaction, and the mechanism is under investigation.

3.2. Structure description

3.2.1 LQQ(HZO)(HPO_;)_g

Selected bond distances are given in Table 2. There are
two types of lanthanum groups and three types of
phosphite groups in terms of their mode of coordination.
The one containing Lal atom is an eight-coordinated
bicapped trigonal prism, while the other containing La?2 is
a nine-coordinated tricapped trigonal prism as shown in
Fig. 1a. In LaOg polyhedra, seven of the oxygen atoms
bonded to La originate from phosphite groups, while the
eighth is from a coordinated water molecule (O10). In
LaO9 polyhedra, coordinated oxygen atoms originate from
seven phosphite groups, with each La2 surrounded by two
bidentate phosphite anions and five monodentate phos-
phite anions. An LaOg and an LaOy share a face bridged
by 05, O8 and O9 forming a dimer. The face-sharing
polyhedral dimers La(1)Og—La(2)Oy are the secondary

Oun

O &

(b) Ha

1g. 1. of the asymmetric unit of La,(H» 3)3(a) an a>(H,O), 3)3(b)showing o probability ellipsoids and the labeling scheme.
Fig. 1. ORTEP of th i it of La,(H,O)(HPO3)3(a) and La,(H,0),(HPO3);(b)showing 50% babili llipsoid d the labeli h

Only the hydrogen associated with the phosphorus are shown.
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building block (SBU), and they form zigzag chains by
sharing edges. These chains are connected to each other by
sharing corners and also linked by phosphite units leading
to layers parallel to the (100) plane (Fig. 2a). Then these
layers further form 3D open-framework by sharing corners
with the phosphite tetrahedra in adjacent layers (Fig. 2b),
and their linkage strengthened by hydrogen bonds
(O10-H4---010 = 2.344A,  O10-H4---O10 = 1.874A)
(Fig. 3a) through the coordinated water. This gives rise
to the formation of four-ring channels (size in
4.808 x 3.574 A) along [010] crossing with star-like four-
ring channels (size in 5.757 x 2.047 A) along [001]. From
Fig. 3a, we can see that there are two types of four-ring
channels along [010] with one of them occupied by the
coordinated water molecules and the other is hollow, and
they are arranged alternately along c-axis.

3.2.2. Laz(HZO)Z(HPO3)3

Selected bond distances are given in Table 3. There are
two crystallographically distinct La atoms and three P
atoms as can be seen in Fig. 1b. The La atoms are nine-
coordinated (both adopt tricapped triangular prism type)
by the oxygen atoms from two bidentate phosphite, four
monodentate phosphite and one water molecule (O11).

Two crystallographically distinct LaOg share a face bridged
by OS5, 06 and O7 forming a dimer. In this structure, the
face-sharing polyhedral dimer La(1)O¢—La(2)Oq is also
characteristic as SBU. Dimers share their edges and form a
layer including four-membered and eight-membered rings
parallel to (1-11). In the layer, two stagger phosphite
tetrahedra cap the four-membered ring on either side. The
eight-membered ring is incompletely filled by four phos-
phite tetrahedral (Fig. 4a). Then these layers are connected
only by phosphite polyhedra forming 3D framework
(Fig. 4b), which strengthened via hydrogen bonds (O10-
H5---09 = 2.244 A, 010-H4---03(andO8) = 2.083(1.925)A,
O11-H6---02=2.106 A, O11-H4---010=2.072 A) (Fig. 3b).
In the hydrogen bond O10-H4---O, there are two
alternative approximate oxygen atom positions, O3 and
08, for H4, and form two different strength bonds. This
gives rise to the formation of six-ring channels (size in
8.087 x 3.608 A) along [100], and two coordinated water
molecules are located in the channels (Fig. 3b).

The face-sharing connectivity of LaO,, (n = 8,9) poly-
hedra in the framework of compounds 1 and 2 is unique
while comparing other known phosphates [20-25]. In the
known phosphites, LaO,, polyhedra present linear chains in
most cases (La(H,PO3);(HPO3)(H,0); in Fig. 5a), except

(b) 4-ring

Fig. 2. The dissection and arrangement of the structure of La,(H,O)(HPO;);. (a) The edge-connected zigzag chain of face-sharing La-centered polyhedra
dimer, and the location of the chain in the structure is shown by the rectangle in (b). The manner of the connectivity of La-centered polyhedra and
phosphite polyhedra was indicated by the selected phosphite; (b) The overview of open-framework structure of the compound. The direction of projection
is indicated in figure. Only three phosphite groups were shown here for clarity. For further details see text.
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Fig. 3. The stick connectivity of La,(H,O)(HPO3); in which 4-ring could be seen (a) and La(H,0),(HPO3);, in which a 6-ring could be seen (b). Dashed

lines indicate probable hydrogen bond.
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Fig. 4. The dissection and package of the structure of La;(H,0),(HPOs);. (a) The edge-sharing connectivity of face-sharing La-centered polyhedra dimer,
and form a polyhedra layer containing 4-membered ring and 8-membered ring. The manner of the connectivity of La-centered polyhedra and phosphite
polyhedra was indicated by the selected phosphite; (b) The overview of open-framework structure of the compound. The direction of projection is
indicated in figure. Only three pairs of phosphite were shown here for clarity. For further details see text.

(a)

Fig. 5. The different way of connectivity between LaO, polyhedra in other known phosphites: (a) linear chain in La(H,PO3);(HPO3)(H,0)s; (b)layer
comprises chains connected by edge-sharing dipolyhedra through edge in Ln,(HPO3) 3(H,O)(Ln = Pr, Nd); (¢) and (d)layer comprises chains connected

through edge and corner alternately in Eu,(HPO3);.

that some other adopt layer structures (Ln,(HPO3);(H,O)
(Ln = Pr, Nd) and Eu,(HPO;); in Fig. 5b—d). The chain in
compound 1 (Fig. 2a) and layer in compound 2 (Fig. 4a)
present some new structural features in rare-earth phos-
phites. The La—La distances of 3.986 and 4.045A in the
dimer in compounds 1 and 2 are the shortest ones in known
phosphites, e.g., 9.826 A in La(H,PO3);(HPO3)(H,0); [20]
and 4.016 A in Eu,(HPO3); (Fig. 6). [25] It is interesting to
note that such short distances may lead to some attractive
properties when extended to other rare-earth systems and
the investigation is on the way.

The infrared spectrum of compounds exhibits strong and
sharp peak at v(HP), 2495, 2399, 2345cm™'; S(HP),
1030cm™"' and w(HP), 2468, 2379, 2426cm™'; S(HP),
1034cm ™', indicative of P-H linkages in structures 1 and
2, respectively, providing additional evidence for the
phosphite structure [19d]. A number of symmetric and
antisymmetric P—O stretching modes are observed in
1200-950cm ™', and symmetric and antisymmetric P-O
deformation modes in 580-450cm~' range. The “free”
H,O group has three modes of internal vibration occurring
at frequencies 3765, 3652 and 1640 cm ™' [28]. In our result,
all modes of internal vibration of H,O shift to lower
frequencies from their ideal value because of hydrogen

/.P /// 5 n
/i / -:. f/ 7 Ve 4 La,
",‘ AR X 4 ,':';“:;\. Y
\Lar -3'9861 SRS e L
\ 1 A | .
% ' _" 7_ BV \ o _y/_
(a) P (b)

Fig. 6. A view of the dimer formed by face-sharing coordination
polyhedra in the compound (a) La,(H,O)(HPO;); and (b) La,(H,0),
(HPO3)3. The dotted line show the distance between La in the dimer.

bonding. Hydrogen bonding manifests itself in the strong
and broad features at ca. 3600-2700cm ™", and the band is
broader but weaker in the spectrum of 1 than in that of 2,
with a decoupling of bands at 1658 and 1627cm™! in 2,
indicating at least two types of water molecules different
from that in compound 1 [29]. The internal vibration of
crystal water molecules in 1 is a single peak at around
1630cm ™.

Thermogravimetic analysis indicated the weight loss of
sample 1 ca. 3.45% in the temperature range from 300 to
400 °C in one step, corresponding to the lost of one water
molecule (caled. 3.36%). Similarly, the weight loss of
sample 2 ca. 6.22% in the temperature range from 200 to
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. La,(H,0)HPO,) :Ce RT
L ex=258nm(a) _ La,(H,0),(HPO ) :Ce RT
------- em=340nm(b) ex=258nm(c)
P -4 [y em=338nm(d)
H] S Gaussian fit
Er s
> >
- -
=1 =
< <
St S
£ £ |
()
200 300 400 500 200 250 300 350 400 450 500
(a) Wavelength (nm) (b) Wavelength (nm)

Fig. 7. UV excited (ex = 258 nm) emission spectrum(a) and excitation (em = 340 nm) spectrum (b) of phosphor La,(H,O)(HPO;)5:Ce* ", and UV excited
(ex = 258 nm) emission spectrum (c) and excitation (em = 358 nm) spectrum (d) of phosphor La(H,0),(HPO5);:Ce** at 293 K.

350°C in one step, corresponding to the loss of two water
molecules (calcd. 6.41%). From the X-ray diffraction
results, both the samples transferred into un-identified
phases after TG analysis.

4. Photoluminescence spectroscopy

Investigations on the luminescent properties of these two
compounds doped with Ce™? under UV excitation have
been performed. The emission and excitation spectra of
La,(H,O)(HPO;);:Ce* " and Lay(H,0),(HPO;);:Ce® " at
room temperature are presented in Fig. 7. By monitoring
the emission at 340 nm, the f~d excitation band of Ce® " can
be observed with peaks at 236, 258, 273 and 294nm in
La>(H,O)(HPO;);:Ce® ", and 240, 264 and 285nm in
La,(H,0),(HPO5);:Ce® * .The emission spectrums for La,
(H,O)(HPO3)5:Ce** show one broadband around 339 nm,
while for La,(H,0),(HPO5)5:Ce® ", the broadband around
340 nm must be divided into three peaks at about 315, 334
and 351 nm by Gaussian multi-peak fits. These emission
peaks can be attributed to the 5d-2Fs, and 5d-2F;,
transition of Ce® " occupied different sites, but the exact
mechanism caused the different emission peaks between the
two compounds is not yet understood. We also optimize
the doping concentration and get the conclusion that the
intensity reached maximum when the concentration is
around 1.8 mol% in both compounds.

5. Conclusion

Two lanthanum phosphates, 1 and 2, were synthesized
by mild hydrothermal reaction. For 1 and 2, the 3D open-
framework structures are built up from dimers of face-
sharing of La-centered polyhedra and phosphite groups
with different arrangements. For compound 1, dimers form
unique zigzag chains shared by edges, and then these chains
are connected into 3D framework by phosphite group
through corners and also between dimers. The framework
adopts intersecting channels along [010) and [001],

respectively. For compound 2, dimers form unique layer
shared by edges containing four and eight rings; then layers
are connected into 3D framework by phosphite group
through corners. The framework contains six-ring channels
along [100]. For emission spectrum of the two Ce " *-doped
compounds, both have a broadband around 340 nm.
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