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Lanthanum phosphite microspheres with diameters of 80—
100 pm were obtained under hydrothermal conditions by
using lanthanum oxalate as precursor. The surfaces of these
spherules consist of well-orientated submicron-sized rods
with typical diameters of 300 nm and lengths of 6 pm. The
possible mechanism of formation of this morphology was
suggested. The product is a new phase, and its crystal struc-
ture was determined by ab initio methods from high-resolu-
tion conventional X-ray powder diffraction analysis. Chains

consisting of face-sharing LaOg polyhedra were observed;
these chains form three-dimensional compact frameworks by
sharing vertexes in the ab plane and edges along the c axis.
The sample doped with Ce3* showed an intensive broad
emission band with a maximum around 364 nm under UV
excitation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

As an important category of functional materials, lantha-
nide phosphates are broadly used in the production of lumi-
nescent!!! and nonlinear optical materials,”! scintillators,!
biological labels,*! photon up-conversion materials,>! fibre
coating materialsl® and so on. New compounds with
various structures are expected to meet the requirements of
emerging materials. [PO4]*" is a tetrahedral anionic group,
and phosphates can adopt structures with a great variety of
connection patterns of anionic groups.[” The phosphite ion
[HPO;]* is a pseudo-tetrahedron with only three vertexes
that are available for sharing by other polyhedra, unlike the
four in the [PO4]* tetrahedron. This feature is expected to
give rise to structures differing from four-connected poly-
hedron compounds.[”}

In contrast to the large number of transition metal phos-
phites and phosphates, reports on rare earth phosphites are
rare.® 1l We can summarize the structural features of these
limited number of lanthanide phosphites in three points.
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Firstly, according to the connectivity of LnO,, (Ln = lanthan-
ide) polyhedra, they can be sorted into two types of com-
pounds, namely those containing chains or layers, and the
layer type can also be decomposed into subunits of chains
topologically. Secondly, the 3D LnO,, polyhedra framework
is absent in all reported lanthanide phosphites except for
the example of La,(HPO3)s3, in which six-membered LaOqy
polyhedra channels align along the a axis.['8! Thirdly, face-
sharing LnO,, polyhedra are rarely observed.!'8! Limited in-
vestigations on the properties of some lanthanide phos-
phites have been reported,['®!°] and the results showed that
further research is necessary.

As a result of our ongoing investigations on structures
and properties of lanthanide phosphites,!'®!1 we report
herein the growth of lanthanum phosphite microspheres,
La(HO)(HPO3), prepared by a hydrothermal process with
lanthanum oxalate as precursor. The X-ray powder diffrac-
tion (XRPD) pattern showed that the product has a new
structure type, and its structure was solved by the ab initio
structure determination method from conventional XRPD.
The morphologies of these microspheres were described,
and their possible formation mechanisms were also phen-
omenologically presented.

Results and Discussion

Ab Initio Structure Determination

X-ray diffraction patterns (Figure 1) were recorded by
using a Rigaku D/max 2550V diffractometer with Cu-K,
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radiation of wavelength 1.5418 A. Careful evaluation of the
peak positions was carried out with a program available in
the PC software WinXpow. No known matched phase was
found, and indexing of the observed data led to the figure
of merit FOM,, = 33.6 for the cell parameters a =
7.4856 A, b = 5.1896 A and ¢ = 9.2738 A. The crystal sys-
tem was assigned as orthorhombic with systematic ab-
sences: Okl: k + [ = 2n; hk0: h = 2n; h00: h = 2n; 0kO: k =
2n; 001 | = 2n.
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Figure 1. The experimental and calculated diffractograms for 260
values ranging from 10° to 90° and the corresponding difference
diagram for La(OH)(HPO;).

The contents of the compounds were determined by en-
ergy dispersive spectroscopy (EDS), and no impurities of
elements heavier than nitrogen were found except for trace
amounts of sodium. The atomic percentages of La, P and
O are 16.66%, 15.16% and 64.55%, respectively, and the
corresponding molar ratio is La/P/O = 1:1:4. In the starting
materials, H3;PO5; was used as phosphor source, and the
presence of P-H linkages in the products was also con-
firmed by infrared spectroscopy, exhibiting strong and
sharp peaks for v(HP) at 2414cm! and &(HP) at
1041 cm™!. Thus the species of [La*302(HPO;) 2] was de-
duced, and the final formula was assumed to be La-
(HO)(HPO3) on the basis of valence balance, which agrees
with the refinement results.

According to the cell dimensions and systematic ab-
sences, the possible space groups are Pnma and Pna2,; the
former is centrosymmetric and the latter is noncentrosym-
metric. Because there were only two possible space groups,
no other measurements such as second harmonic genera-
tion were carried out to confirm the space group, and Pnma
was first chosen for its higher symmetry. After the structure
was solved with space group Pnma, symmetries among the
unique atoms were carefully checked, and the choice was
finally confirmed.

Ab initio structure determination was performed by
means of the Windows version of the Crystal Structure De-
termination program package (WinCSD).?% The structural
model obtained by direct methods in the space group Pnma
was refined by using the full-profile mode (Rp = 18.16%,
R; = 16.18%). All non-hydrogen atoms, one La site, one P
site and three O sites were obtained directly and refined.
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Table 1. Results of the crystal structure determination of
La(OH)(HPO3).[4

Space group Pnma

a(A) 7.4702(3)

b (A) 5.1778(2)

¢ (A) 9.2527(3)

v (A% 357.89(4)

zZ 4

Calculated density (g/cm?) 4.3403(5)
Radiation Cu-K,
Wavelength (A) 1.54178
Diffractometer Rigaku D/MAX
Mode of refinement Full profile
Programme WinCSD
Number of free parameters 19

20 89.34

R, R, 0.1618, 0.1816
Goodness of fit 1.030

Scale factor 0.3579(1)

[a] Cell parameters listed here are the final refined results, which
are slightly different from the results of the indexing procedure.

Table 2. Atomic coordinates and temperature factors for
La(OH)(HPO3).

Atoms Position  x ¥ z Uy, (A?)
La 4c 0.9857(3) 1/4 0.67513(2) 0.00317
P 4c 0.1271(11) 3/4 0.9229(8) 0.00317
(@] 4c 0.948(2) 1/4 0.4121(14) 0.00317
02 8d 0.181(2) 0.519(2) 0.8501(9) 0.00317
03 4c 0.328(2) 1/4 0.572(2)  0.00317

Table 3. List of calculated and observed intensities and d-spacing
of selected reflections for La(OH)(HPOs5).[a!

hkl d Ica]cd, Iobsd. hkl d Ica]cd, Iobsd.
101 5.81267 22.5 19.2 411 1.72603 17.7 20.9
002 4.62668 38.6 414 031 1.6968 8.3 8.9
011 4.51879 78.5 77.9 314 1.61077 28.8 29.8
102 3.93342 22.6 16.4 132 1.58059 12.7 124
111 3.86648 8.3 7.1 215 1.57929 22.7 21.9
200 3.73528 25 20.8 323 1.55127 11.4 11.7
112 3.13223 100 92.1 231 1.54488 11.1 11.8
210 3.02938 19.6 20.2 006 1.54223 6.8 7.5
202 2.90634 17 16.4 125 1.47592 17.6 17.2
211 2.87902 56.8 58.6 422 1.43951 7 5.8
103 2.851 97.1 89.9 206 1.4255 11.1 10
013 2.64996 14.1 15.4 134 1.36029 14.1 12.1
020 2.58911 24.4 33.1 332 1.35628 7 5.8
301 2.40463 21.6 23.6 040 1.29455 7.1 6.8
203 2.37837 5 4.6 017 1.28083 19.1 18.4
121 2.3651 9.1 10.2 035 1.26227 5.9 59
004 2.31334 22.6 27.8 431 1.25589 8.3 8.4
213 2.1613 6.2 7 226 1.24874 18.4 18.8
220 2.12791 25.3 29.9 514 1.21977 11.5 10.4
114 2.03248 75.2 81.2 217 1.21158 22.5 21
312 2.01918 15.6 17.8 235 1.19583 6.4 6.1
303 1.93756 26.5 30.6 523 1.19332 94 8.6
222 1.93324 13.8 16.1 406 1.18919 8.5 7.6
123 1.91669 52.3 62.1 143 1.17873 9.9 8.9
105 1.79637 24.6 24.5 008 1.15667 7.2 8.5

321 1.76194 8.9 9.9 341
015 1.74272 19.8 253 118
402 1.73186 5.4 6.5 208

[a] Only reflections with relative intensity greater than 5 are listed.

1.13987 5 5
1.11618 5.9 6.4
1.10491 6.2 6.2
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Hydrogen atoms were not located during the refinement but
added according to the geometry of (HPO5)> and valence
balance when describing the structure. Additional infor-
mation on data collection and structure refinement and
atomic parameters at the final stage of of crystal structure
refinement are presented in Tables 1 and 2, respectively. The
observed and calculated intensities are given in Table 3.

Structure Description and Evaluation

There are five crystallographically distinct non-hydrogen
atoms in the title compound: one lanthanum, one phosphor
in the (HPO3)?> tetrahedral anionic group and three oxygen
atoms. The La atom is ninefold coordinated by oxygen
atoms (Figure 2d): six of the oxygen atoms (O2 and O3) are
linked by six (HPOs;)?> tetrahedral anionic groups and
shared by two other La atoms at the same time, which re-
sults in two pairs of face-sharing LaOy polyhedra. The re-
maining three oxygen atoms (O1) are shared by four La
atoms, two pairs of neighbouring edge-sharing LaOy poly-
hedra forming a “VVV” shaped branch on the surface of
the centred polyhedron, where each Ol is connected by one
H atom additionally. Each of the three oxygen atoms in the
(HPO3)? tetrahedral anionic group (two O2 atoms and one
O3 atom) is shared by a pair of face-sharing LaOg polyhe-
dra. The La—O lengths range from 2.450(13) to 2.756(5) A
with an average of 2.650(11) A, and the P-O3 length is
1.42(2) A, and the P-O2 lengths are 1.429(11) A. All bond
lengths are in the normal ranges and are listed in Table 4.

As indicated by the above description, LaOgy polyhedra
connected in three ways, namely by vertex-, edge- and face-
sharing, are found in the title compound. The face-sharing
polyhedra form zigzag chains along the a axis, and these
chains are connect to each other side by side through ver-
texes in the ab plane (Figure 2c). These planes are also
linked by their edges and pile up along the ¢ axis to form
the most condensed 3D LaO,, polyhedra framework in lan-
thanide phosphites (Figure 2a). Phosphite groups are linked
to the 3D LaOy polyhedra framework through vertexes, and
no phosphite groups are connected to each other (Fig-
ure 2¢).

Because of the short interaction distances between lan-
thanide ions, compounds containing face-sharing polyhedra
are expected to show interesting properties such as magnet-
ism and photoluminescence.[*!-??l Face-sharing LnO,, poly-
hedra are rarely observed in lanthanide phosphites. The
face-sharing LaOy polyhedra are present in La(H,O),-
(HPOs); (x = 1, 2) as dimers,['8] while they extend to chains
in the title compound here. Under the same hydrothermal
conditions, Pr adopted the same structure type La(H,O),-
(HPO3); and demonstrated antiferromagnetic behaviour.['®]
Similarly, the chains of face-sharing LaOg polyhedra and
the condensed framework in the title compound are ex-
pected to be observed in other lanthanide phosphites, at
least some light lanthanides, and related investigations are
in progress.
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Figure 2. Crystal structure of La(HO)(HPOs). (a) LaOg polyhedra
layers (grey) piled up along the ¢ axis by sharing edges, and phos-
phite anionic groups (black) located in the voids between them; (b)
view of the structure along the « axis; (c) the parts indicated in (a)
and (b) by rectangles consist of face-sharing LaOgy polyhedra chains
connected to each other side by side through vertexes; (d) coordina-
tion environment of La and P atoms.

Table 4. Selected bond lengths (A) for La(OH)(HPO;).

La Ol 2.450(13) P-03 1.42(2)
La-02(x2)  2.588(10) P-02(X2) 1.429(11)
La 03 2.622(15)

La-02(X2)  2.679(12)

La 03 2.73(2)

La Ol1(X2)  2.756(5)

Spherical Microstructures

Spherical morphology is an interesting topic in crystal
growth, and it was observed in various reported systems of
both organic and inorganic compounds.?’] At the same
time, various mechanisms were proposed. Sahni et al.[>34]
suggested that crystallites were constrained to remain in a
spherule in order to occupy a minimum volume. Keith and
Padden* attributed spherical crystallization to high vis-
cosity and the presence of impurities. According to Bolotov
and Muravev,?*! spherules grow from a single crystal nu-
cleus, they are drawn out in a direction perpendicular to
the ¢ axis lying in the plane of the crystal, and the circular
shape is a result of surface tension forces acting on the dif-
ferent faces. Kniep et al.>®! explained the role of the intrin-
sic electrical fields in the formation of some spherical mate-
rials.

Here, crystallization of mixtures of lanthanum oxalate
with H;POj3 produced well-defined La(HO)(HPO3) spher-
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ules 80-100 um in diameter (Figure 3a). As shown in Fig-
ures 3a and 3b, we can see clearly the junctures (indicated
by black lines) where two hemispheres are connected to
each other. Similar aggregates were also observed at the
later stages during the growth of anisotropic fluorapatite
spheres reported by Kniep et al.l?®l and of BaCO; reported
by Yu et al.l’l According to these studies, the formation
process of the spheres begins with elongated seeds, then
progressive stages of fractal branching follow, which lead to
dumbbell-shaped aggregates. The shapes are completed by
successive and self-similar upgrowths to give notched
spheres. In our case, two features suggest that the micro-
spheres have crusts on their surface. The first one is the
difference in orientation between the textures of the interior
sphere and the exterior crust. In Figure 3f, the enlarged
electron probe microanalyzer (EPMA) image shows that the
crusts of the microspheres were built from small and elon-
gated spindly building blocks with a typical diameter of
300 nm and length of 6 um, which apparently adopted a
well-orientated appearance. The cut sections inside the
spheres reveal a texture of radial growth starting from the
centre of the spherules (Figure 3c). The radial direction is
different from the orientation of those well-orientated sub-
micron-sized rods in the crust. The second feature is that

Al
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Figure 3. (a) Electron micrograph showing the spherical mor-
phology of pure La(HO)(HPOs) (bar = 10 um). The conjuncture
tracks are highlighted by the black lines; (b) highlighted conjunc-
ture tracks 1 and 2 in (a). (c) and (d) Electron micrographs of the
half-spheres (bar = 10 pm): (c) illustrates the interior sections with
radial growth, and (d) shows the cross section of the submicron-
sized nanorods in the crust (arrow and lines indicate the thickness
of the crust). (¢) The commencement of the growth of submicron-
sized nanorods on the surface and (f) electron micrograph illustrat-
ing a small region of the panel on the surface of as-grown micro-
spheres in (a) at a higher magnification, which shows small, well-
orientated rod-like crystals (bar = 1 pm).
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the stability of the interface between the interior spheres
and exterior crust decreases under physical treatment, such
as heating.[>¢]

The La(HO)(HPOs) phase transformed into LaPO, as
confirmed by XRD (ICSD No. 31564) after it was calcined
at 500°C for 5 h, while the spherical morphology remained
intact (Figure 4a). From the EPMA micrographs, we can
see that the alignment of nanorods is denser than that in
La(HO)(HPO3). It is interesting to see that there are some
concaves and cracks on the crust of the calcined phases in
Figure 4b. This phenomenon implies the existence of an
interface between the interior spheres and the exterior crust
and shows that they can be separated by physical treatment.
As shown in Figures 3d and 4b, the thickness of the crust
is around 5 pm.

SICCA SEI  2@.8kY 800 18pm WD1lmm

3

SICCA SEI 2 1pm WD11mm

Figure 4. (a) The spherical La(HO)(HPO3;) products transformed
into LaPO, with the same morphology after being calcined at
500°C for 5h; (b) electron micrograph showing the concave and
crack on the crust of the calcined sphere, indicating the decreased
stability of the interface between the core and crust as a result of
heating.l>¢]

In this part, we will discuss the possible role of the lan-
thanum oxalate precursors in the formation of submicron-
sized rods and then bring forward the possible mechanism
for our case. Qian et al. prepared CdS, CdSe and CdTe
nanorods and observed that the obtained samples adopted
a rod-like shape only in bidentate solvents such as ethyl-
enediamine and 1,6-diaminohexane.?®! Herein, oxalic acid
is a bidentate ligand and reacts with La** to form stable
lanthanum oxalate. At some relatively high temperature and
high pressure under hydrothermal conditions, the com-
plexes dissolve in water, and the stability of the complexes
is expected to decrease. Then, phosphite anion groups coor-
4525
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dinate to the above complexes, and the coordinated ligands
come apart gradually. In the processes of the formation of
La(HO)(HPO3), the bidentate ligand oxalic acid could serve
as a capping molecule and react with the anionic species
during the nucleation and growth stages, leading to the for-
mation of nanorods or elongated crystals. These nanorods
or elongated crystals act as the seeds for the following me-
soscale growth. On the basis of the observation of the sur-
face or cross section of the as-grown microspheres described
above, the formation of the interior spherules may be due
to one of the following two possible mechanisms: (1) As
suggested by Busch and Kniep,!*®! with the growth of these
nanorods, their ends could have branched and the forma-
tion of dumbbell intermediates started, and then the two
ends of the dumbbells could have closed gradually; (2) alter-
natively, these tiny nanorods could have been constrained
to remain in a spherule in order to occupy a minimum vol-
ume by accommodating themselves in a spherical space.?3"]
As mentioned above, these interior spherules were covered
by crusts composed of submicron-sized rods. Following one
of the two possible processes above, the tips of the last gen-
eration of the interior spherules could have acted as nucle-
ation centres for the growth of the next concentric crusts.
In Figure 3e, we can see the commencement of the growth
of the submicron-sized rods in the crust. Similarly, the
shapes of the rods in the crust were controlled by the same
possible mechanism in which oxalic acid molecules act as
capping molecules.

Photoluminescence

Because of their fast decay time, Ce3* doped inorganic
materials are broadly used as scintillators for the detections
of gamma-ray and high-energy particles.*” In the course of
ongoing investigations on the development of new scintil-
lators in our group,?” studies on the photoluminescence
properties of La(HO)(HPO3) doped with Ce** under UV
excitation were carried out. The emission and excitation
spectra of La(HO)(HPO3):Ce**(1.5%) at room temperature
are presented in Figure 5. By monitoring the emission at
364 nm, the f-d excitation band of Ce** can be observed
with peaks at 239, 262 and 284 nm in La(HO)(HPO;):Ce?".
The emission spectrum shows a broad peak centred at
364 nm. A Gauss fit to the spectrum with two peaks (the
goodness of fit R = 99.54%) shows one main peak at
359 nm [FWHM (full width at half maximum) = 40 nm]
and another peak at 386 nm (FWHM = 55nm), corre-
sponding to the 5d—2Fs, (4f) and 5d—°F,, (4f) transi-
tions, respectively. The F; (J = 7/2, 5/2) energy gap of Ce’*
in the title compound is 1947 cm™!, which is close to the F;
(J = 712, 5/2) energy gap of Ce** (2000 cm™!) in most Ce*
activated phosphors.3%l When the peak in the emission
spectrum of La(HO)(HPO3):Ce* is compared with that of
Ce** doped La,(H,O)(HPO3); and La,(H,0),(HPO;);,[!®]
the positions of the peaks shift from about 340 nm in the
latter two to 364 nm in the former one. The difference be-
tween them can be explained as follows: The 5d excited
4526
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state of rare earth ions is strongly influenced by the local
vibrational mode, and the vibrational energy levels relate
to the distance between the central rare earth ion and the
coordinated oxygen atoms. The number of coordinated oxy-
gen atoms in La(HO)(HPOs) and La,(H,O)(HPOs); and
La,(H,0),(HPOs); are 9, 8 and 9, 9 and 9, and the average
distances d(La-O) are 2.650(11), 2.548(3) and 2.573(3),
2.578(5) and 2.591(5) A, respectively. The La—O bonds in
La(HO)(HPOs) are obviously longer than those in the latter
two compounds; in turn, the configuration coordinate of 5d
in La(HO)(HPO;) is broader. As a result, the emission
peaks in La(HO)(HPO5) shift toward long wavelengths. All
results show the influence of the local environment of the
dopant ions on the positions of their emission peaks in
these compounds, and doping or co-doping with other lan-
thanide ions are worthy of investigation.

6004a Aem= 364 nm
- =284 nm 7
b A ex y 359
’3? 500 4-———- Gauss fit peaks
I I Gauss fit curve
~ 400
=
2 300
2
c
— 2004 386
100 4
ol?2 T N TS
200 250 300 350 400 450 500

Wavelength (nm)

Figure 5. The UV excitation (a) and emission (b) spectra of La-
(HO)(HPO3): Ce**.

Conclusions

A new compound, La(HO)(HPO;), was obtained by hy-
drothermal treatment with lanthanum oxalate as precursor.
The structure of this new compound was solved by ab initio
methods from X-ray powder diffraction data. The vertex-,
edge- and face-sharing LaOy polyhedra form a compact 3D
framework, and phosphite groups share all their oxygen
vertexes with LaOg polyhedra. The products crystallize in
microspheres with crusts made of well-orientated submic-
ron-sized rods. After they were calcined at 500°C for 5 h,
these spherical La(HO)(HPO3) products can transform into
LaPOy; however, the morphology remains intact, and the
crust can be separated from the interior spheres partially.
The title compound doped with Ce** showed an intensive
broad emission band with a maximum around 364 nm un-
der UV excitation.

Experimental Section

Synthesis: Inorganic chemicals and oxalic acid were reagent grade
and used without further purification. Lanthanum chloride stock
solutions of 0.5 M were prepared by dissolving the corresponding
metal oxide in hydrochloric acid at elevated temperature, and the
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stock solution of 0.8 M oxalic acid was prepared by dissolving ox-
alic acid (1.44 g) in deionized water (20mL).

In a typical procedure for the preparation of the products, H;PO3
(0.82 g, 0.01 mol) was dissolved in deionized water (10mL). Lan-
thanum oxalate complexes were prepared by mixing together LaCls
(20 mL, 0.5 m) and oxalic acid (20 mL, 0.8 m) stock solutions. The
precipitate of lanthanum oxalate was filtered and washed with dis-
tilled water, then added into a solution of H3;PO; and the initial
pH of the solution was adjusted by NaOH to about 12 while stir-
ring. The mixture was stirred for 1 h at room temperature with
the addition of NaCl as mineralizer. After that, the mixture was
transferred into a Teflon-lined stainless steel autoclave with a vol-
ume of 20mL and heated for 5 d at 180°C under autogenous pres-
sure. After cooling, the solids were washed with distilled water, and
once with anhydrous ethanol, and dried overnight at 70°C in air
before further characterization. In order to get the LaPO,, the La-
(HO)(HPO;) phase was calcined for 5 h at 500°C in muftle furnace,
and the structure was confirmed by XRPD.

Characterization: The morphologies of the grown crystals were ex-
amined by an electron probe microanalyzer (EPMA, model JSM-
6700F, JEOL, Japan). Energy dispersive spectroscopy (EDS) data
were recorded with an INCA analyzer having an attachment of an
EPMA (model 8705QH,, Shimadzu, Japan) for carrying out the
elemental analysis of the grown crystals. The IR spectrum was col-
lected with a Digilab-FTS-80 spectrophotometer by using pressed
KBr pellets of the samples. UV luminescence spectra were recorded
with a Shimadyn RF-5301 spectrofluorophotometer at room tem-
perature, and a 450 W xenon lamp was used as an excitation source.

Supporting Information (see footnote on the first page of this arti-
cle): EDS and FTIR spectra for La(HO)(HPO3), and XRPD spec-
trum for LaPO,.
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