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Li6Na3Sr14Al11P22O90: an oxo-centered Al3 cluster
based phosphate constructed from two types of
(3,6)-connected kgd layers†

Xiao-Ni Yao,a Yi-Gang Chen,*a Yao Guo, b Ying-Jie Jia,a Xing-Xing Jiangc and
Xian-Ming Zhang *a

A novel and thermally stable aluminum phosphate Li6Na3Sr14Al11-

P22O90 (1) has been achieved by using a solid-state molten method,

which contains an oxo-centered trinuclear cluster and an anti-

Lowenstein’s rule Al–O–Al linkage and is constructed from two types

of (3,6)-connected kgd layers [Al(Al3O)(PO4)7]
25− and [Al(PO4)2]

3−. The

good optical transparency in the whole UV range and excellent

thermal stability make the title compound a potential optical window

material.

Aluminophosphates (AlPOs) have long attracted much attention
owing to their rich structures1 and optical properties as well as
wide applications in catalysis, adsorption, separation, and ion
exchange.2 Since a new class of zeolite-like AlPO4−n molecular
sieves was developed at the beginning of the 1980s,3 more than
200 aluminophosphate structures have been prepared by using
hydrothermal, solvothermal or ionothermal synthetic techniques.4

From the viewpoint of the primary building block, AlPOs are
made up of alternate Al-centered polyhedra (three kinds: AlO4,
AlO5, and AlO6) and P-centered tetrahedra P(Ob)n(Ot)4−n (b: brid-
ging, t: terminal, n = 1, 2, 3, and 4),5 which have contributed to
fruitful structures and compositions of AlPOs. In light of the
electrostatic properties, AlPOs can be classified into neutral
framework AlPO4−n with Al/P = 1 and anionic framework AlPOs
with Al/P < 1.6 As far as bonding patterns are concerned, almost
all the AlPOs obey Lowenstein’s rule7 and avoid Al–O–Al bonds.

It is also revealed that inorganic cations and organic
templates have a great effect on the frameworks of AlPOs.8 For

example, in terms of the M–AlPO system, anionic framework
compounds with different dimensionalities such as 3D
NaCs2Al(PO4)2, 2D NaRb2Al2(PO4)3

9 and 1D RbAl3(P3O10)2
10

chains have been observed. However, the organic templates
often result in poor thermal stability. As can be seen, it
remains a big challenge to synthesize novel and thermally
stable AlPOs with the anti-Lowenstein’s rule Al–O–Al linkage.
To overcome the above limitations, a high temperature
organic-free template solid-state molten method is used herein
to synthesize novel AlPOs with good thermal stability.
Moreover, alkali and alkaline-metal cations contribute to ultra-
violet (UV) light transmission due to the absence of d–d
electron transition.11

Herein we present the solid-state molten synthesis of a
novel aluminophosphate Li6Na3Sr14Al11P22O90 (1), which con-
tains an oxo-centered trinuclear aluminum cluster with the
anti-Lowenstein’s rule Al–O–Al linkage and is constructed
from two types of (3,6)-connected kgd12 layers [Al(PO4)2]

3− and
[Al(Al3O)(PO4)7]

25−. In addition, thermo-stability, X-ray diffrac-
tion, optics and band structure from density functional theory
(DFT) were studied.

The colorless and transparent single crystals of 1 (Fig. S1†)
were obtained in platinum crucibles by melting the mixtures
of Na2CO3/SrF2/LiF/Al2O3/NH4H2PO4 at a molar ratio of
2 : 3 : 4 : 2 : 8. The purity of the crystal was proved by powder
X-ray diffraction (XRD) analysis (Fig. S2†). Inductively coupled
plasma elemental analysis provided a molar ratio of
5.76 : 3.20 : 13.81 : 10.86 : 21.98 for Li, Na, Sr, Al, and P atoms,
respectively, corresponding to the formula sum from single-
crystal XRD analysis. Bond valence calculations13 (Li,
0.806–1.011; Na, 1.177–1.299; Sr, 1.932–2.109; Al, 2.745–2.926;
P, 4.993–5.211; O, 1.804–2.149) demonstrate that the Li, Na, Sr,
Al, P, and O atoms are in the expected oxidation states of +1,
+1, +2, +3, +5 and −2, respectively.

The most remarkable feature of 1 is that it is unprecedent-
edly composed of two types of (3,6)-connected kgd layers
[Al(PO4)2]

3− and [Al(Al3O)(PO4)7]
25−. The kgd net topology is the

kagome dual net topology; the point symbol of the 2D (3,6)-
connected kgd-type topology is represented as (43)2(4

6·66·83).

†Electronic supplementary information (ESI) available: Experimental procedures
and characterisation data for compound 1. CCDC 1563911. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c7dt03854b
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The [Al(PO4)2]
3− 2D sheet can be seen as a kgd network by sim-

plifying the PO4 tetrahedron as a 3-connecting node and the
AlO6 octahedron as a 6-connecting node, while the (3,6)-
connected [Al(Al3O)(PO4)7]

25− 2D kgd layer is based on the
Al3O(PO4)7 cluster as a 3-connected node and the Al(1)O6 octa-
hedron as a 6-connected node. Compound 1 crystallizes in the
monoclinic space group of C2/m (no. 12), and the asymmetric
unit (Fig. S3†) consists of crystallographically distinct 3 Li, 2
Na, 5 Sr, and 5 Al atoms and 8 PO4 groups. The Al(3) and Al(4)
atoms show octahedral AlO6 coordination geometries, which
are linked by μ3-PO4 groups via corner-sharing oxygen to com-
plete the 2D anionic [Al(PO4)2]

3− layer14 (Fig. 1a). From the
topological point of view, the layer can be simplified as a (3,6)-
connected kgd topology (Fig. 1b).

The unique [Al(Al3O)(PO4)7]
25− layer contains oxo-centered

trinuclear aluminum clusters and has never been documented
in AlPOs to date. There are three independent Al sites in the
[Al(Al3O)(PO4)7]

25− layer. Al(1) localizes at the crossing point of
the mirror plane and two-fold axis and has a site occupancy of
0.25 (Wyck. 2b); Al(2) localizes at the mirror plane and has a
site occupancy of 0.5 (Wyck. 4i). Two square pyramidal Al(5)
and one octahedral Al(2) atoms via sharing the µ3-O(22) atom
form an oxo-centered isosceles trinuclear Al3O unit with Al⋯Al
distances of 3.0658 and 3.2371 Å and Al–O–Al angles of
115.93°–121.586(1)°. Each Al3O unit is surrounded by seven
phosphates to form trinuclear Al3O(PO4)7 clusters where six
phosphates are bridged and one phosphate is terminal
(Fig. 1c). Each Al(1)O6 octahedron is linked to six Al3O(PO4)7
clusters while each Al3O(PO4)7 cluster is linked to only three
Al(1)O6 octahedra, resulting in a [Al(Al3O)(PO4)7]

25− layer

(Fig. 1d) also with the (3,6)-connected kgd topology (Fig. 1b).
The thickness of the [Al(Al3O)(PO4)7]

25− layer is approximately
two times that of the [Al(PO4)2]

3− layer (Fig. 2a).
What should be of concern is that the anti-Lowenstein’s

rule15 and energetically unfavorable Al–O–Al linkages exist in
an oxo-centered isosceles trinuclear Al3O unit of compound 1.
This differs from almost all known AlPOs that obey the
Lowenstein’s rule and avoid Al–O–Al bonds.16 It is possible
that energetically unfavorable anti-Lowenstein Al–O–Al direct
linkages in 1 could be overcome by high temperature.17

Two crystallographically distinct Na atoms are nine- and
eight-coordinated with O atoms. And three crystallographically
unique Li atoms, Li(1), Li(2), and Li(3), are four-, three-, and
four-coordinated with O atoms, respectively (Fig. S4†). Li and
Na atoms are alternately located at the grooves inside the
[Al(PO4)2]

3− and [Al(Al3O)(PO4)7]
25− layers (Fig. 2b), with the

Li–O and Na–O bond distances in the range of 1.982(14)–
2.417(14) Å and 2.133(14)–2.710(6) Å, respectively. Five Sr
atoms including dually disordered Sr(5) possess three coopera-
tive coordination modes SrOn (n = 8, 11 and 12) with bond
lengths of 2.403(9)–3.063(2) Å (Fig. S5†). These Sr atoms are
housed not only within the [Al(Al3O)(PO4)7]

25− layers but also
in the interval of [Al(PO4)2]

3− and [Al(Al3O)(PO4)7]
25− layers as

shown in Fig. 2b. From the perspective of cation distribution,
the smaller cations Li+ and Na+ act mainly as the charge com-
pensators while the bigger ions of Sr2+ with more charges
within the interlayers play both structure-directing and charge
compensating roles.

Thermal behavior analysis (Fig. 3a) shows that compound 1
has a good thermal stability with a melting point of 846 °C.
UV transmittance spectra show that their UV cutoff edge is up
to 230 nm with a band gap of about 4.78 eV (Fig. 3b), suitable

Fig. 1 (a) 2D anionic [Al(PO4)2]
3− layer, purple and green polyhedra rep-

resent PO4 and AlO6, respectively; (b) (3,6)-connected kgd topology; (c)
the novel trinuclear Al3O(PO4)7 cluster; (d) the unique [Al(Al3O)(PO4)7]

25−

layer. Each orange Al(1)O6 octahedron is linked to six Al3O(PO4)7
clusters.

Fig. 2 (a) The thickness of the [Al(Al3O)(PO4)7]
25− layer is about two

times that of the [Al(PO4)2]
3− layer; (b) the fill-style of cations Sr2+, Li+

and Na+ in the [Al(PO4)2]
3− and [Al(Al3O)(PO4)7]

25− layers.
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for UV optical applications.18 The electronic band structure
and density of states (DOS) based on DFT methods were calcu-
lated to further explore the crystal and optical property
relationship. The band structure (Fig. S7†) indicates that 1 is a
direct-band-gap crystal with a calculated value of 3.52 eV,
smaller than that of the experimental result because of the
limitation of the DFT method. The DOS (Fig. 4) suggests that
the valence band (VB) from −8.0 eV to the maximum consists
mainly of the O 2p, P 3p, Al 3s 3p, and little Sr 5s orbitals,
whereas the conduction band (CB) bottom contains all the
constituent atomic orbitals. The optical properties derived
mostly from electronic transitions between the VB and CB are
close to the band gap, such that the bonding interactions
between O and P, Al, Sr, Li and Na determine the optical
response of 1.

In conclusion, a new aluminum phosphate crystal 1 with
good thermal stability has been synthesized by controlling
different alkali metals and alkaline-earth metal ions. It con-
tains an oxo-centered trinuclear aluminum cluster with an
anti-Lowenstein’s rule Al–O–Al linkage and is constructed
from two types of (3,6)-connected kgd layers [Al(PO4)2]

3− and
[Al(Al3O)(PO4)7]

25−. The good optical transparency in the whole
UV range and excellent thermal stability make the title com-
pound a potential optical window material.
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